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The generation of properly functioning circuits during brain development requires precise timing of cell migration and differentiation.
Disruptions in the developmental plan may lead to neurological and psychiatric disorders. Neocortical circuits rely on inhibitory
GABAergic interneurons, the majority of which migrate from subcortical sources. We have shown that the pleiotropic molecule hepato-
cyte growth factor/scatter factor (HGF/SF) mediates interneuron migration. Mice with a targeted mutation of the gene encoding uroki-
nase plasminogen activator receptor (uPAR), a key component in HGF/SF activation and function, have decreased levels of HGF/SF and
a 50% reduction in neocortical GABAergic interneurons at embryonic and perinatal ages. Disruption of interneuron development leads
to early lethality in most models. Thus, the long-term consequences of such perturbations are unknown. Mice of the uPAR�/� strain
survive until adulthood, and behavior testing demonstrates that they have an increased anxiety state. The uPAR�/� strain also exhibits
spontaneous seizure activity and higher susceptibility to pharmacologically induced convulsions. The neocortex of the adult uPAR�/�

mouse exhibits a dramatic region- and subtype-specific decrease in GABA-immunoreactive interneurons. Anterior cingulate and parietal
cortical areas contain 50% fewer GABAergic interneurons compared with wild-type littermates. However, interneuron numbers in
piriform and visual cortical areas do not differ from those of normal mice. Characterization of interneuron subpopulations reveals a near
complete loss of the parvalbumin subtype, with other subclasses remaining intact. These data demonstrate that a single gene mutation
can selectively alter the development of cortical interneurons in a region- and cell subtype-specific manner, with deficits leading to
long-lasting changes in circuit organization and behavior.
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Introduction
Functional circuits in the CNS depend on a delicate balance of
synaptic excitation and inhibition. Inherited disruption of these
interactions in the cerebral cortex commonly leads to human
neurological and psychiatric disorders such as epilepsy, anxiety,
and depression (Sanacora et al., 2000; Sandford et al., 2000; Bal-
lenger, 2001; Holmes and Ben-Ari, 2001), with a developmental
onset during childhood or adolescence (Hauser, 1995; Heim and
Nemeroff, 2001). Animal models of human disorders have been
used to perturb circuit function by the mutation of genes encod-
ing ion channels, neurotransmitter receptors, and developmen-
tally essential molecules, or by environmental manipulations
(Mehta and Ticku, 1999; Liu et al., 2000; Steinlein and Noebels,

2000; Anagnostopoulos et al., 2001). Several experimental ap-
proaches, including focal cortical freezing (Prince and Jacobs,
1998; Jacobs et al., 1999), methylazoxymethanol treatment
(Chevassus-au-Louis et al., 1999; Baraban et al., 2000), and ge-
netic disruption of critical developmental molecules such the
transcription factor BETA2/NeuroD (Liu et al., 2000), lead to
forebrain malformations and epileptic phenotypes. These studies
also provide paradigms for studying adaptive changes that result
from the developmental perturbations.

In the cerebral cortex, excitatory glutamatergic neurons arise
from the proliferative zone of the neuroepithelium and migrate
radially to form the cortical plate (Sidman and Rakic, 1973; Rakic,
1990; Tan et al., 1998). Simultaneously, the inhibitory GABAer-
gic neurons relocate from their origin in the ganglionic eminence
of the ventral telencephalon into the developing cortex by mi-
grating tangentially before infiltrating the newly formed individ-
ual laminas of the cortex (Anderson et al., 1997; Tamamaki et al.,
1997; Lavdas et al., 1999). Several molecules have been implicated
in controlling interneuron migration, including the transcription
factors DLX1 and DLX2 (Anderson et al., 1997; Sussel et al.,
1999), the extracellular matrix molecule slit1 (Zhu et al., 1999),
growth factors neurotrophin-4 (NT-4) (Brunstrom et al., 1997;
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Polleux et al., 2002) and hepatocyte growth factor/scatter factor
(HGF/SF) (Powell et al., 2001), guidance molecules semaphorin
3A and semaphorin 3F, and the neuropilins (Marin et al., 2001).
Disruption of GABAergic interneuron migration and differenti-
ation could alter the balance of excitatory to inhibitory neuro-
transmission, leading to behavioral deficits. However, this hy-
pothesis has not been directly tested, primarily because of the
embryonic or perinatal lethality of many gene mutations that
disrupt neural development more broadly than do GABAergic
interneurons.

We have shown previously that HGF/SF mediates interneu-
ron migration (Powell et al., 2001). Genetic deletion of HGF/SF
results in midgestation lethality before the onset of interneuron
migration. However, inactivation of the urokinase plasminogen
activator receptor (uPAR) gene, which regulates HGF/SF activa-
tion (Blasi, 1993), leads to diminished levels of HGF/SF and a
50 – 65% reduction in cortical GABAergic interneurons begin-
ning at embryonic day 16.5 (E16.5) (Powell et al., 2001). Because
the uPAR�/� mouse survives to adulthood, it provides a unique
opportunity for studying developmental perturbations of the
cortical GABAergic interneurons in the mature brain. Here we
demonstrate that the uPAR�/� mouse lacks specific subpopula-
tions of cortical interneurons, displays increased anxiety, and
exhibits a novel pattern of spontaneous myoclonic seizures.
These deficits demonstrate the importance of the normal assem-
bly of cortical interneurons in the establishment of functional
circuits and the inability of the developing organism to induce
adaptive responses that completely correct the defects.

Materials and Methods
Unless otherwise noted, all chemicals and reagents were purchased from
Sigma (St. Louis MO).

Animals. C57BL/6 J mice were purchased from The Jackson Labora-
tory (Bar Harbor, ME). uPAR�/� mice were a generous gift from P.
Carmeliet (Center for Transgene Technology and Gene Therapy,
Flanders Interuniversity Institute for Biotechnology, KU Leuven, Bel-
gium). The mice were genotyped via PCR as described previously (Suh et
al., 1994; Dewerchin et al., 1996) using the primer set 5�-
GATGATAGAGAGCTGGAGGTGGTGAC-3� (nucleotides 5054 –5079)
and 5�-CACCGGGTCTGGGCCTGTTGCAGAGGT-3� (nucleotides
5201–5175). All mice used in the experiments were littermates that had
been obtained from heterozygous matings. The uPAR�/� mice were
backcrossed onto the C57BL/6 J background strain for �15 generations.

Behavior experiments. Mice were housed in a central animal facility
with a 12 hr light cycle (from 7:00 A.M. to 7:00 P.M.) with ad libitum
access to food and water. Before all behavioral testing, mice were accli-
mated to the behavior facility for at least 1 hr. At least six male mice of
each genotype were tested between the ages of postnatal day 90 (P90) and
P120. Each animal was evaluated once for each test, beginning with open
field, then light– dark anxiety assessment, and finally elevated plus maze.
In all tests, the observer was blinded to the genotypes of the mice. Sample
sizes are noted in figure legends.

Open-field exploration test. Mice were placed in the center of a 25 � 25
cm activity arena (TruScan; Colbourn Instruments, Allentown, PA)
equipped with a computerized laser photobeam tracking system. Hori-
zontal and vertical movements of the subject were automatically re-
corded. Activity of each mouse was assessed for 10 min in a brightly lit
room between 9:00 A.M. to 12:00 P.M. Measurements of total distance
traveled and time spent moving were calculated and analyzed with a
Student’s t test. Ethological parameters such as amount of defecation and
time spent grooming were recorded manually.

Light– dark exploration test. The activity arena was partitioned into a
darkened area with a black Plexiglas insert (Colbourn Instruments). The
mouse was placed in the brightly lit area of the box at the start of the test
and was allowed to explore both the light and dark sides for 10 min. The
position of the subject was automatically recorded with the computer-

ized laser photobeam tracking system. The time spent on each side was
calculated and analyzed with a Student’s t test.

Elevated plus maze exploration test. A standard elevated maze (San
Diego Instruments, San Diego, CA) designed for mice was used. All arms
were 50 cm long and 10 cm wide, with two arms enclosed by 40-cm-high
opaque walls. The maze was raised 50 cm from the floor. The mouse was
placed in the center of the maze and allowed to explore for 5 min. Each
session was recorded on videotape and scored by at least two observers
who were blinded to the genotype of the animals. Each mouse was al-
lowed to explore the maze once; if the mouse fell off the maze, it was
disqualified from the study. The position of the mouse in the maze was
noted every 5 sec to calculate the percentage of time the mouse was
located in the open arms, closed arms, or center of the maze. Statistical
differences were evaluated with a two-way ANOVA followed by Student–
Newman–Keuls post hoc analysis. Ethological parameters such as rearing
and grooming also were recorded.

Electrocorticographic recordings. Adult mice were anesthetized with
Avertin (0.02 ml/gm, i.p.) and Teflon-coated silver wire electrodes sol-
dered to a microminiature connector positioned on the skull were im-
planted bilaterally into the subdural space. After several days of recovery,
simultaneous digital EEG and video recordings of awake, freely moving
mice were obtained during multiple 2– 4 hr sessions taken over a 2 week
period.

Pentylenetetrazol susceptibility. Pentylenetretrazol (PTZ) dissolved in
buffered saline was administered subcutaneously at a dose of 50 mg/kg.
Animals were monitored for up to 30 min after injection. Behavioral
responses were scored using the following scale: 0, no signs of motor
seizure; 1, isolated twitches; 2, tonic– clonic convulsions; 3, tonic exten-
sion or death (Erickson et al., 1996). The latency to the onset of the first
seizure was recorded. Mice that did not develop seizures during the ob-
servation period were excluded from the latency analysis. The seizure
severity data were analyzed for significance with an ANOVA test, whereas
the seizure latency data were evaluated with a Student’s t test.

Immunocytochemistry. Adult mice (�P90) were transcardially per-
fused using a fixative of 2% paraformaldehyde, 2% glutaraldehyde, and
0.2% picric acid in 0.1 M sodium phosphate, pH 7.2, and the brains were
postfixed overnight at 4°C. Coronal sections were cut on a vibratome at
50 �m and stained using previously published protocols (Stanwood et
al., 2001). Primary antibodies were used at the following dilutions: rat
anti-GABA (1:1500; Protos Biotech, New York, NY), mouse anti-
parvalbumin (PV) (1:1500; Sigma), rabbit anticalretinin (anti-CR) (1:
2000; Sigma), and rabbit antisomatostatin (anti-SST) (1:5000; Bachem,
Torrance, CA). Appropriate Cy3- or Cy2-conjugated secondary antibod-
ies (Jackson ImmunoResearch, West Grove, PA) were used at a 1:3000
dilution. Sections were counterstained with 4�,6�-diamidino-2-
phenylindole (DAPI) to visualize cell nuclei and cytoarchitecture. Images
were obtained with an Olympus Optical (Melville, NY) Provis confocal
microscope (with Fluoview version 3.0 software; Olympus Optical) and
extended views through 25 �m depth-of-section were shown.

Cell counting. Profiles of immunoreactive cells were counted in four
areas of cortex: anterior cingulate, parietal (motor and somatosensory),
piriform (at bregma levels �1.50, �0.50, �0.50, and �1.50 mm), and
visual (at bregma levels �3.00, �3.50, �4.00, and �4.50 mm) using
stereotaxic coordinates (Paxinos and Franklin, 2001). For each area, a
200 �m strip of cortex from the white– gray matter interface to the pial
surface was counted on a Nikon (Tokyo, Japan) E800 microscope
equipped with epifluorescent illumination. Brains from at least five dif-
ferent mice were counted for each genotype. All sections were coded such
that the observer was blinded to the genotype. Statistical analysis was
performed using a two-way ANOVA followed by a Student–Newman–
Keuls post hoc analysis. Sample sizes are noted in the figure legends.

Results
uPAR�/� mice show increased anxiety
The uPAR�/� mouse has been reported to be grossly normal,
without an obvious phenotype, thus enabling behavioral testing
(Dewerchin et al., 1996; Crawley, 2000). Behavior of uPAR�/�

mice and their wild-type (WT) littermates was assessed in a stan-
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dard open-field paradigm. Both WT and uPAR�/� mice moved
similar distances, 2004 � 102 cm and 1950 � 109 cm, respectively
(Fig. 1A). The time spent moving was also equivalent: 410 � 7 sec
for WT mice compared with 417 � 10 sec for uPAR�/� mice.
Thus, the uPAR�/� mutation did not affect generalized motor
activity. In addition, the percentage of time that mice spent at the
margin of the arena (within 6 cm of the wall) compared with the
center of the arena was calculated. WT mice occupied the margin
for 66% of the time and the center for 34%, whereas uPAR�/�

mice were found in the margin area for 76% of the time and the
center 24% of the experiment time, which is significantly differ-

ent from that of WT mice ( p � 0.01). The decrease in time that
uPAR�/� mice spent in the center of the arena indicates de-
creased exploratory behavior and can be interpreted as an in-
crease in anxiety (Crawley and Davis, 1982; Crawley, 1985; Craw-
ley and Paylor, 1997).

Anxiety was also assessed with the classic light– dark avoid-
ance test and the elevated plus maze paradigms. In both assays,
the test provides a conflict between the desire to explore an un-
known area and the aversion of a brightly lit open space (Crawley
and Davis, 1982; Zhuang et al., 1999; Crawley, 2000; Sibille and
Hen, 2001). In the light– dark avoidance test, WT mice spent
equivalent time (50%) between the light and dark sides of the
open field. In contrast, uPAR�/� mice explored only the light
part of the open field for 25% of the time, preferring the less
aversive, darkened area (Fig. 1B), suggesting that uPAR�/� mice
displayed a more anxious phenotype (Crawley and Davis, 1982).

The elevated plus maze serves as another measure of anxiety
based on the same naturalistic conflict of exploring a novel,
brightly lit, elevated region (open arms) versus the defined space
of the closed arms (Pellow et al., 1985; Lister, 1987). Both WT and
uPAR�/� mice actively traveled in the maze for the majority of
the test period. Although WT mice explored the open arms for
�25–30% of the test period, the uPAR�/� mice ventured into the
open space �5% of the time (Fig. 1C), and none of the uPAR�/�

mice explored the most distal end of the open arms. By all mea-
sures, uPAR�/� mice display behaviors consistent with increased
anxiety compared with their WT littermates.

uPAR�/� mice display spontaneous seizures
Of �200 uPAR�/� mice observed, 5.9% were noted to exhibit
overt convulsive activity, compared with none of their WT litter-
mates. In a few instances the seizures were lethal. These observa-
tions were made during short (1–2 min), routine handling pro-
cedures. Although 24 hr surveillance of mice was not performed,
the electroclinical correlation of these episodes was also explored
with chronic video/electrographic recordings of freely moving
uPAR�/� mice that had previously demonstrated convulsive ac-
tivity. The baseline cortical activity of the mice showed periods of
normal, low-amplitude desynchronized EEG with the frequent
appearance of abnormal slow waves and interictal discharges
(Fig. 2A). A spontaneous bilateral tonic clonic seizure lasting
�75 sec was captured, revealing an orderly buildup of periodic
interictal discharges and the abrupt initiation of high-voltage
rhythmic spike and spike-wave seizure discharges, terminating
abruptly with no postictal depression (Fig. 2B). During the elec-
trographic seizure, mice maintained a tonic posture of flexion
with an arched back and intermittent truncal myoclonus, some
bilateral clonic forelimb movements accompanied by a Straub
tail, followed by behavioral arrest until the seizure terminated.

uPAR�/� mice have an increased susceptibility for PTZ-
induced seizures
uPAR�/� mice were challenged with the convulsant PTZ, a
GABA antagonist. After a single threshold dose (50 mg/kg, s.c.),
all (n 	 10) of the uPAR�/� mice displayed motor convulsions,
compared with only 50% of their WT littermates (Fig. 3A). The
severity of the seizure activity was also characterized using a 0 –3
rating system with 0 defined as no signs of motor seizure, 1 as
isolated limb twitches, 2 as tonic– clonic convulsions, and 3 as
tonic extension or death (Erickson et al., 1996). WT animals
received scores of either 1 (50%) or 2 (50%), with no animals
exhibiting tonic extension, whereas 90% of the uPAR�/� mice

Figure 1. uPAR mutant mice display increased anxiety. A, Open-field test of WT and
uPAR�/� animals demonstrates no significant difference in generalized motor activity. At least
six mice were tested for 10 min, and the total distance moved was calculated with an automated
photobeam tracking system. B, uPAR�/� mice do not remain on the light side of the light–
dark avoidance box. WT mice spend �50% of the 10 min session exploring the lit side of the
chamber, whereas uPAR�/� mice occupy the lit side for only 25% of the time. C, uPAR�/�

mice show reduced exploration of the open arms on the elevated plus maze. Mice were placed
in the center of the plus maze and allowed to explore the arena for 5 min. The percentage of time
that the mice spent in each of three areas is shown. WT mice spent �35% of the time in the
open arms, whereas uPAR�/� mice spent �5% of the time in the open arms. uPAR�/� mice
spent �75% of the time in the closed arms. Both genotypes occupy the center of the maze
�25% of the time. At least eight animals were tested for each genotype. Asterisks denote a
significant difference ( p � 0.05).
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had seizures scored as tonic extension. The time to the first fore-
limb clonus was also recorded, with the uPAR�/� mice exhibiting
a significantly decreased latency of 67% (456 � 60 sec) compared
with that of WT mice (681 � 19 sec) (Fig. 3B).

Neocortical GABAergic interneurons are decreased in
uPAR�/� mice
Increased anxiety behavior and susceptibility to spontaneous and
induced seizures suggested a defect in the balance between exci-
tatory and inhibitory neurotransmission in the forebrain. Several
transgenic mouse lines in which GABA modulation is altered,
such as the GAD65 and NPY null mutants (Asada et al., 1996;
Erickson et al., 1996; Kash et al., 1997), exhibit behavioral phe-
notypes similar to our observations of the uPAR�/� mouse. In
addition, the uPAR�/� brain has a decrease in the number of
neocortical GABAergic interneurons at birth (Powell et al.,
2001). Gross anatomical observation of coronal brain sections
with Nissl staining did not reveal any obvious morphological
defects (Dewerchin et al., 1996) (Fig. 4A,B). Nevertheless, immu-
nocytochemical analysis of the cerebral cortex with anti-GABA
antibodies demonstrated a substantial decrease in GABA-
immunopositive cells in the adult uPAR�/� parietal cortex (Fig.
4D) compared with WT littermates (Fig. 4C). Although the de-
crease in GABA� cells appeared uniform across all cortical lam-
inas within the frontal cortex, regional variation in the reduction
of GABA� cells between frontal and visual cortices was evident.

The extent of GABA� cell loss was quantified by counting 200

�m strips from the pial surface to the white– gray matter interface
in several distinct cortical subregions. In the anterior cingulate
and parietal regions, there was a reduction of �50% in GABA�

cells in the uPAR�/� mice compared with their WT littermates
(Fig. 5A). However, there were no significant differences in num-
bers of GABA� cells in WT and uPAR�/� mice in either piriform
or visual cortex (Fig. 5C,D). Thus, the uPAR mutation resulted in
a selective deficit of GABA� cells in distinct cortical areas, sug-
gesting the possibility that specific interneuronal subtypes may be
differentially impaired.

Cortical GABAergic interneurons can be identified using the
molecular markers PV, CR, or SST (Kubota et al., 1994; Kawagu-
chi and Kubota, 1997). These subpopulations of interneurons
possess distinct electrophysiological and neuroanatomical prop-
erties (Kawaguchi, 2001; Amitai et al., 2002; Pawelzik et al., 2002).
Calbindin (CB) can be used as a marker for embryonic interneu-
rons, but in adults, CB is expressed by both GABAergic and glu-
tamatergic neurons, thus making it a poor marker for mature
interneurons. The CB� interneuron subpopulation also overlaps
with expression of PV and SST (Kubota et al., 1994). Immuno-
cytochemical localization of either CR or SST showed no obvious
difference in labeling between WT and uPAR�/� mice in any of
the cortical areas examined (Fig. 4G,H and data not shown).
However, the PV� population was greatly diminished in the
uPAR�/� parietal (Fig. 4E,F) and anterior cingulate cortex.
Quantitative analysis demonstrated that the cingulate and pari-

Figure 2. Myoclonic seizure activity in uPAR�/� mutant mice. A, Electrocorticographic monitoring of control (WT) and adult uPAR�/� mice reveals abnormal bilaterally synchronous interictal
discharges during waking behavior. In B, a spontaneous seizure episode displays a clear acceleration in the frequency of cortical discharges and a rapid progression from isolated to continuous spike
and spike-wave rhythmic discharges, with abrupt return to normal cortical activity at the termination of the seizure. Representative stages of the seizure (76 sec in duration) are shown. At right,
posture of a uPAR�/� mutant mouse during the final stage of a seizure. Calibration: 500 �V, 1 sec. Two mice of each genotype were recorded in separate sessions.
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etal regions had a �90% decrease in the number of PV� cells
(Fig. 6A,B). The PV� subpopulation accounts for 45–50% of the
GABAergic interneurons in the WT rodent cortex (Kawaguchi
and Kubota, 1993; Kubota et al., 1994) (Table 1). Thus, the near
complete loss of the PV� population may account for the missing
50% of the GABA� cells in the uPAR�/� cingulate and parietal
cortical regions.

To test the hypothesis that the absent GABA� cells in the
uPAR�/� cortex were comprised specifically of the PV� subtype,
we performed double-label immunohistochemistry and counted
the number of cells that expressed combinations of GABA and
PV, GABA and CR, and GABA and SST (Fig. 7 and Table 1). In
WT mice, �46% of the GABA� cells were also PV�, 12% were
CR�, and 11% were SST�. In uPAR�/� mice, the PV� subtype
comprised only 2% of the GABA� cells (Table 1). Because the
uPAR�/� parietal cortex exhibited a 50% reduction in the total
number of GABA� cells but the same absolute number of CR�

and SST� cells as that in WT mice, the percentage of GABA�

cells that also double-labeled with either CR or SST would be
expected to double compared with that of WT mice. However,
the percentage of GABA�/CR� cells decreased significantly from
12 to 7%. The GABA�/SST� fraction was not affected. Thus, it
appears that some neurons that express calcium-binding protein
markers do not produce detectable quantities of GABA in the
uPAR�/� mouse.

The double-labeled sections were counted to determine the
number of cells that coexpressed PV, CR, or SST and GABA. In
the WT parietal cortex, 83% of the PV� cells and 88% of the
SST� cells were also GABA�, whereas only 51% of CR� cells
demonstrated GABA immunoreactivity. These values are in close
agreement with previous studies in prefrontal areas of the rat
(Kawaguchi and Kubota, 1993; Kubota et al., 1994). In uPAR�/�

mice, the degree of colocalization of the calcium-binding marker
proteins with GABA was decreased for all subtypes. Only 11% of
the remaining PV� cells expressed GABA, whereas 18% of CR�

and 45% of SST� cells were GABA� (Table 1). The shift in sub-
types from GABA-expressing to GABA-nonexpressing is shown
visually in Figure 7. The data suggest that the uPAR�/� mouse
parietal cortex has an overall decrease in GABA� interneurons,
which is attributable both to a drastic reduction in the number
of PV � cells and to a decrease in detectable GABA immuno-
reactivity in the PV �, CR �, and SST � subtypes.

Figure 3. uPAR�/� mice are more susceptible to PTZ-induced seizures. Mice were admin-
istered PTZ (50 mg/kg, i.p.) and observed for up to 30 min. A, The behavioral responses were
scored (Erickson et al., 1996), with 0 indicating no motor seizure and 3 indicating tonic exten-
sion. The histogram shows the percentage of mice exhibiting each behavior. WT mice (n 	 6)
displayed isolated twitches or tonic– clonic convulsions, with none proceeding to tonic exten-
sion. The majority of uPAR�/� mice (n 	 8) showed tonic extension. B, The latency time to
seizure was defined as the time to the first tonic– clonic convulsion. In WT animals, the latency
is shown for the 50% that displayed seizure activity. All uPAR�/� mice seized and exhibited a
shortened latency time. Asterisks denote a significant difference between the two genotypes
( p � 0.05).

Figure 4. GABAergic neurons are decreased in the neocortex of uPAR�/� mice. A, B, Thionin
staining shows no obvious gross differences between cortices of WT and uPAR�/� mice. Con-
focal images of 50 �m coronal vibratome sections of adult parietal cortex show immunohisto-
chemistry for GABA (C, D), PV (E, F ), and SST (G, H ). The uPAR�/� mouse has fewer GABA-
immunoreactive cells (compare C and D). The number of PV-immunoreactive cells is also
decreased (E, F ), whereas there is no difference in the SST-immunoreactive population (G, H ).
Roman numerals denote the cortical laminas. Scale bars: A, B, 400 �m; C–H, 100 �m. Five
animals of each genotype were analyzed quantitatively.
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Discussion

The present study provides behavioral and neuroanatomical ev-
idence that deletion of the gene encoding uPAR causes develop-
mental defects in interneuron maturation and long-term disrup-
tion of cortical circuit function. Initial characterization studies
reported no obvious phenotype in uPAR�/� mice; however,
slight deficits in immune responses were observed during chal-
lenges with infectious agents (Gyetko et al., 2000, 2001). Our
analysis of uPAR�/� mice demonstrated no gross anatomical ab-
normalities (Powell et al., 2001). Behavioral testing showed over-
all normal levels of motor activity, but increased anxiety in three
paradigms: the open field, light– dark exploration, and the ele-
vated plus maze. uPAR�/� mice also exhibited spontaneous myo-
clonic seizures and a greater susceptibility to pharmacologically
induced convulsions. Morphological analyses uncovered a 50%
deficit in GABA� cells in both anterior cingulate and parietal
cortical regions, with a highly preferential effect on the PV sub-
type, and a sparing of changes in visual and piriform areas. These
data indicate that uPAR, in addition to being an active participant
in the biochemical pathways mediating thrombolysis, angiogen-
esis, and metastasis, also plays a critical role during cortical de-
velopment. The cortical interneuron deficit that we described
previously in uPAR�/� mice at prenatal and perinatal periods
(Powell et al., 2001) does not reflect merely a developmental
delay, but rather a permanent absence of a specific interneuron
population that is maintained in the adult and produces signifi-
cant functional consequences.

Several studies report a critical role for the plasminogen sys-
tem in brain development and function, including HGF/SF (also
known as plasminogen-related growth factor 1) (Achim et al.,

1997; Thewke and Seeds, 1999; Powell et al.,
2001) and tissue-type plasminogen activator
(tPA) (Baranes et al., 1998; Thewke and Seeds,
1999). The present study provides an additional
role for the plasminogen system. Although uPA
and tPA are both expressed in the developing
forebrain (Seeds et al., 1992) and both can acti-
vate plasminogen and HGF/SF (Pepper et al.,
1992), each system appears to have distinct roles.
tPA has been shown to be important in the estab-
lishment of long-term potentiation in the hip-
pocampus, whereas no role was found for uPA
(Qian et al., 1993). The tPA null mouse is distinct
in a number of ways from the uPAR�/� mouse.
For example, the tPA mutant does not exhibit an
anxious, seizure-prone behavioral phenotype,
and it is less sensitive to pharmacologically in-
duced hippocampal seizures, with reduced exci-
totoxic cell death and mossy fiber sprouting
(Tsirka et al., 1995). In addition, the tPA null
mouse does not appear to have a deficit in corti-
cal GABAergic interneurons (Tsirka et al., 1995;
Baranes et al., 1998). In contrast, uPA is the main
ligand for uPAR, and uPA mRNA was increased
after kainate-induced seizures (Masos and
Miskin, 1997). These data demonstrate critical
yet distinct roles for the tPA and uPA/uPAR sys-
tems in cortical development and function.

Role of uPAR in cerebral cortical
interneuron development
We previously reported a migration defect of the
interneurons in the uPAR�/� forebrain at em-
bryonic and early postnatal ages (Powell et al.,

2001). The number of GABAergic interneurons, assessed by cal-
bindin immunoreactivity, was diminished by �50% in frontal
and parietal neocortices at E16.5 and P0, whereas the cells ap-
peared to differentiate and remain in or near the ganglionic em-
inence. uPAR can mediate cell migration in non-neuronal cells
through either proteolytic- or nonproteolytic-mediated mecha-
nisms (Blasi, 1993; Waltz et al., 2000). uPAR, via interactions
with several �- and �-integrin subunits, increases cell migration
in vitro and possibly in vivo during metastasis (Chapman et al.,
1999). Lack of uPAR reduces neutrophil migration, a process
normally mediated through uPAR–integrin interactions (Gyetko
et al., 2000). uPAR, as the receptor for uPA, mediates the proteo-
lytic activity of uPA and tPA, thus increasing the activated con-
centrations of the zymogen plasmin and several matrix metallo-
proteases, which can then digest extracellular matrix molecules to
clear a pathway for migrating cells. In addition, zymogens can
activate latent growth factors such as HGF/SF into their active
forms (Naldini et al., 1992; Mars et al., 1993), which then can
function as a motogenic or differentiation factor. HGF/SF is ex-
pressed in a pattern that is consistent with a role in directing
interneurons from their subpallial origins in the ganglionic emi-
nence into the neocortex (Powell et al., 2001). HGF/SF activation,
by either uPA or tPA (Seeds et al., 1992), is more efficient in the
presence of uPAR (Blasi, 1993). Thus, in the absence of uPAR
during forebrain development, the levels of active HGF/SF are
dramatically decreased, which we have suggested is a mechanism
that leads to defects in prenatal interneuron migration (Powell et
al., 2001).

In addition to its role in mediating migration, HGF/SF may also

Figure 5. The numbers of GABA � cells are decreased in specific regions of the uPAR�/� mouse cerebral cortex. For
each area of cortex, a 200 �m profile of the pallial wall, from the pial to ventricular surface, was counted for five different
brains from each genotype. uPAR�/� mice have fewer GABA � cells in the anterior cingulate ( A) and parietal cortical
areas ( B). However, the number of GABA � cells in the piriform ( C) and visual ( D) cortex is not affected by the uPAR�/�

mutation. Open bars represent WT; closed bars denote uPAR�/�. Data are presented as mean � SEM. Asterisks denote
a significant difference between the WT and uPAR�/� brains ( p � 0.05).
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participate in neuronal differentiation. Postnatally, GABAergic in-
terneurons complete migration into the cortical plate and undergo
differentiation and synapse formation. HGF/SF and its cognate re-
ceptor c-met are expressed in a caudal–rostral (high-low) gradient at
early postnatal ages (Thewke and Seeds, 1999). Thus, areas of ante-
rior cingulate and parietal cortices exhibit lower expression of
HGF/SF than the visual cortex. Expression also is robust in the piri-
form cortex (Achim et al., 1997; Powell et al., 2001) (data not
shown). We suggest that the reduced transcript and protein levels of
HGF/SF that we measured in the uPAR�/� mouse (Powell et al.,

2001) may have their greatest effects on interneuron differentiation
or survival in the cingulate and parietal cortex, because HGF/SF
levels in these regions may drop below threshold.

Several in vivo and in vitro studies have indicated that fore-
brain interneuron differentiation is mediated by a variety of
growth factors, including basic FGF (FGF-2), BDNF, NT-3,
and HGF/SF (Pappas and Parnavelas, 1998; Fiumelli et al.,
2000; Korhonen et al., 2000). In fact, combinatorial effects of
these factors on neuronal differentiation have been reported.
For example, HGF/SF, when present with BDNF or NT-3, has
a synergistic effect and increases the expression of calbindin or
calretinin, respectively, compared with either growth factor
alone (Fiumelli et al., 2000). Although its role in GABA ex-
pression has not been documented previously, it is possible
that the decreased level of HGF/SF in uPAR�/� mice could
disrupt the maturation of GABAergic interneurons. Thus,
HGF/SF could play a pleiotropic role by regulating both
migration and differentiation.

Pathophysiology resulting from developmental defects
Functional defects in GABAergic transmission are widely be-
lieved to cause epilepsy in humans. Migration defects, most ob-
viously in the form of ectopias, are commonly observed in a
subgroup of patients with epileptic seizures (Porter et al., 2002).
It is often the case, however, that the cause of the seizures is not

Figure 7. Venn diagrams illustrating the phenotypic profile of GABAergic interneurons in
the parietal cortex of WT and uPAR�/� mice. Each large box (outlined in a double line) repre-
sents the GABA � population, with the box size proportional to the total number of cells. Cells
expressing PV, SST, or CR are represented by smaller boxes (single outline), with overlapping
boxes indicating colocalization of the markers. The percentage of cells in each population is
shown in Table 1.

Figure 6. The PV-expressing subpopulation of GABAergic interneurons is decreased in the
uPAR�/� mouse. The number of CR-, PV-, and SST-positive cells in a 200 �m strip of cortex was
counted for anterior cingulate ( A) and parietal ( B) cortex. The PV subpopulation is significantly
decreased in these regions of the uPAR�/� cortex. In contrast, there are no significant differ-
ences in the CR and SST populations. Data are presented as the mean � SEM of the number of
cells counted in five brains for each genotype. Asterisks denote a significant difference between
genotypes ( p � 0.05).

Table 1. Comparison of calcium-binding protein subpopulations of GABAergic
neurons in the parietal cortex of WT and uPAR�/� mice

WT uPAR�/�

GABA� cells that are PV� (%) 46 � 4.4 2 � 0.9
GABA� cells that are CR� (%) 12 � 1.4 7 � 2.5
GABA� cells that are SST� (%) 11 � 1.8 11 � 1.9
PV� cells that are GABA� (%) 83 � 2.8 11 � 5.9
CR� cells that are GABA� (%) 51 � 6.1 18 � 5.0
SST� cells that are GABA� (%) 88 � 3.5 45 � 8.0

Values shown are means � SEM.
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known and alterations in cortical lamination and cellularity are
subtle.

Decreases in cells that are immunoreactive for the calcium-
binding proteins PV, CB, CR, and SST have been reported in
human epileptic tissue (temporal lobe) and in rodent models
of epilepsy (Gruber et al., 1994; Spreafico et al., 2000; Andre et
al., 2001; Sundstrom et al., 2001). However, defects in subcor-
tical structures, including the amygdala and striatum, may
also contribute to the behavioral phenotype of uPAR�/� mice.
Initial cursory examination of the striatum and amygdala does
not display the same dramatic interneuron defect (data not
shown).

Similar to the human epileptic phenotype, uPAR�/� mice
show a major decrease in the expression of calcium-binding
proteins in the cerebral cortex. However, mice null for PV, CB,
CR, or the combination of PV/CB or PV/CR show grossly
normal forebrain morphology and do not exhibit spontaneous
seizures or increased vulnerability to kainic acid-induced sei-
zures (Bouilleret et al., 2000). These data suggest that the most
likely cause of the seizures observed in uPAR�/� mice is the
lack of appropriate GABAergic inhibitory innervation, rather
than changes in the expression of calcium-binding proteins.
The spontaneous seizure activity in uPAR mutant mice, how-
ever, might contribute secondarily to an altered neuropeptide
expression profile (Scotti et al., 1997; Vogt Weisenhorn et al.,
1998; Porter et al., 1999). This is consistent with reports that
expression of PV by interneurons is sensitive to abnormal
levels of activity (Andre et al., 2001; Gorter et al., 2001). Thus,
in uPAR�/� mice, the early disruption of the GABA phenotype
in the developing cerebral cortex may combine with later on-
set seizure activity to produce the calcium-binding protein
profile of interneurons in the adult.

A variety of genetic mutations affecting GABAergic synap-
tic transmission, including GAD65; GABAA receptor subunits
�3, �3, and �2; and neuropeptide Y, result in epilepsy and
abnormal anxiety in humans and in experimental animal
models (Homanics et al., 1997; Crestani et al., 1999; Kash et
al., 1999; Baulac et al., 2001; Wallace et al., 2001). Although
the increased anxiety and spontaneous seizures that we ob-
served in the uPAR�/� mouse are similar to neurobehavioral
deficits reported in other mutations of the GABAergic system,
the uPAR�/� mutant phenotype is unique in its regional and
interneuronal subtype specificity. Thus, as in human neuro-
logical and psychiatric diseases, there are likely to be numer-
ous molecular pathways leading to pathophysiological states
that share common features (Mirnics et al., 2000). Condi-
tional deletions of the HGF/SF and plasminogen signaling sys-
tems, both temporally and spatially, will provide additional
opportunities to dissect the molecular pathways responsible
for interneuron migration, subsequent differentiation, and
adaptive capacity of cortical circuits.
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