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Abstract

The roles of serine proteases and protease activated receptors have been extensively studied in coagulation, wound healing, inflam-
mation, and neurodegeneration. More recently, serine proteases have been suggested to influence synaptic plasticity. In this context, we
examined the role of protease activated receptor 1 (PAR1), which is activated following proteolytic cleavage by thrombin and plasmin, in
emotionally motivated learning. We were particularly interested in PAR1 because its activation enhances the function of NMDA recep-
tors, which are required for some forms of synaptic plasticity. We examined several baseline behavioral measures, including locomotor
activity, expression of anxiety-like behavior, motor task acquisition, nociceptive responses, and startle responses in C57Bl/6 mice in
which the PAR1 receptor has been genetically deleted. In addition, we evaluated learning and memory in these mice using two memory
tasks, passive avoidance and cued fear-conditioning. Whereas locomotion, pain response, startle, and measures of baseline anxiety were
largely unaffected by PAR1 removal, PAR1�/� animals showed significant deficits in a passive avoidance task and in cued fear condi-
tioning. These data suggest that PAR1 may play an important role in emotionally motivated learning.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Several reports suggest that proteins primarily known
for their role in coagulation and neurodegeneration are
also important for central nervous system (CNS) function,
including stress-induced alterations in learning and mem-
ory (Pang et al., 2004; Pawlak et al., 2002, 2005). For exam-
ple, Pawlak et al. (2005) have demonstrated that a stress-
induced decrease in NMDA receptor expression is
enhanced by plasmin expression. Mice deficient in the pre-
cursor to plasmin, plasminogen or the enzyme that con-
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verts plasminogen to plasmin, tissue plasminogen
activator (tPA), were protected from this decrement in
NMDA receptor expression, as well as the cognitive decline
associated with stress (Pawlak et al., 2005). tPA�/� mice
also showed deficits in hippocampal learning that were
reversed by tPA administration (Pawlak et al., 2002). Both
tPA �/� and plasminogen �/� mice showed deficits in
conditioned reward (Nagai et al., 2004). Plasmin expres-
sion and function are also necessary for activation of
brain-derived neurotrophic factor (BDNF) from its pro-
peptide form. Without plasmin, BDNF-dependent late-
phase long-term potentiation (LTP), which has been pro-
posed be the molecular correlate of some forms of memory
formation, is inhibited (Pang et al., 2004). We have previ-
ously demonstrated a critical role for BDNF within the

mailto:straynelis@pharm.emory.edu


296 A.G. Almonte et al. / Neurobiology of Learning and Memory 88 (2007) 295–304
amygdala in the acquisition of emotional learning in vivo

(Chhatwal, Stanek-Rattiner, Davis, & Ressler, 2006; Ratt-
iner, Davis, French, & Ressler, 2004; Rattiner, Davis, &
Ressler, 2004), raising the possibility that protease-medi-
ated activation of BDNF may partially underlie these
effects. Studies of LTP suggested that removal of tPA,
which converts plasminogen to plasmin, can decrease late
phase LTP in hippocampal slices (Baranes et al., 1998).
These data are consistent with the idea that serine proteases
may regulate synaptic plasticity in the CNS.

PAR1 is a member of a family of four G-protein cou-
pled receptors that are activated by proteolytic cleavage of
their amino terminus by serine proteases such as throm-
bin, trypsin, and plasmin. This cleavage reveals a new
amino terminus that acts as a tethered ligand to activate
the receptor (Coughlin, 2000; Macfarlane, Seatter, Kanke,
Hunter, & Plevin, 2001). Upon activation, PAR1 couples
to multiple heterotrimeric G-proteins, including Gaq/11,
Gai/0, and Ga12/13, and their respective intracellular sig-
naling pathways. PAR1 is highly expressed in the CNS
in rodents and humans, with the highest levels of expres-
sion seen in astrocytes, as well as dopaminergic neurons
in the ventral tegmental area (Hamill et al., 2005; Junge
et al., 2004; Niclou, Suidan, Pavlik, Vejsada, & Monard,
1998; Nicole et al., 2005; Weinstein, Gold, Cunningham,
& Gall, 1995). Notably, in adult animals, PAR1 is
expressed at moderate to high levels in brain regions
involved with emotional learning, including hippocampus
and amygdala (Striggow et al., 2001). PAR1 has been
extensively studied for its role in coagulation and hemo-
stasis (Coughlin, 2000; Macfarlane et al., 2001), as well
as in the survival of neurons following ischemic, trau-
matic, or neurotoxic insults (Cheng et al., 2003; Gingrich
& Traynelis, 2000; Guo et al., 2004; Hamill et al., 2005;
Junge et al., 2003; Nicole et al., 2005; Olson, Lyuboslav-
sky, Traynelis, & McKeon, 2004; Riewald, Petrovan,
Donner, Mueller, & Ruf, 2002; Shibata et al., 2001; Suo
et al., 2002; Xi, Reiser, & Keep, 2003). Surprisingly little,
however, is known about PAR1’s roles in normal brain
function.

Several studies have examined the effects of PAR1 acti-
vation on NMDA receptor function (Gingrich, Junge,
Lyuboslavsky, & Traynelis, 2000; Lee et al., 2007). In hip-
pocampal slices, application of thrombin potentiates cur-
rent responses of CA1 pyramidal cells to localized
NMDA application (Gingrich et al., 2000). PAR1 activa-
tion also can potentiate synaptic NMDA receptor function
through a relief of Mg2+ block that appears secondary to
spine depolarization (Lee et al., 2007). This potentiation
can also be produced by peptides that directly activate
PAR1 by mimicking the newly formed N-terminal follow-
ing cleavage (Hollenberg, Mokashi, Leblond, & DiMaio,
1996; Hollenberg, Saifeddine, al-Ani, & Kawabata, 1997;
Natarajan, Riexinger, Peluso, & Seiler, 1995). Thrombin
potentiation of NMDA receptor function is greatly
reduced in PAR1�/� mouse hippocampal neurons (Ging-
rich et al., 2000). In addition, endogenous brain-derived
protease plasmin can activate PAR1 (Junge et al., 2003)
and potentiate synaptic NMDA receptor function in brain
tissue (Mannaioni, Lee, Junge, Hamill, & Traynelis, 2004).
Taken together, these data raise the possibility that PAR1
expressed in brain parenchyma may influence learning and
memory. To evaluate this possibility, we tested PAR1�/�
mice and age-matched control mice in a series of NMDA
receptor-dependent learning and memory tasks (Danysz,
1991; Fendt, 2001; Gewirtz & Davis, 1997; Lee & Kim,
1998; Savonenko, Werka, Nikolaev, Zielinski, & Kacz-
marek, 2003; Schauz & Koch, 2000; Sharma & Kulkarni,
1991; Venable & Kelly, 1990). These experiments were sup-
ported by a number of baseline behavioral assays in
PAR1�/� and wild-type mice that measured locomotion,
anxiety-like behavior, pain processing, and startle
responses. The results of these tests demonstrate that
PAR1�/� mice show deficits in passive avoidance and
conditioned fear learning, raising the idea that PAR1
may be important for emotional learning.
2. Materials and methods

2.1. Animals

PAR1�/� and wild-type mice were obtained by crossing PAR1+/�
mice, a gift from Dr. Shaun Coughlin (University of California, San Fran-
cisco, CA; Connolly, Ishihara, Kahn, Farese, & Coughlin, 1997), with
C57BL/6 wild-type mice from Jackson Laboratory (Bar Harbor, ME).
A colony of homozygous PAR1�/� and wild-type mice that were >99%
C57Bl/6 (>7 back-crossings) were derived from heterozygous breeding
pairs. All mice were at least 90 days of age. No overt behavioral phenotype
has previously been reported for adult PAR1�/� mice (Connolly et al.,
1997). The subjects used for each behavioral test were separately housed
male PAR1�/� and age-matched wild-type controls derived from the
same PAR1+/� crossings. Mice were housed up to six per cage and main-
tained in the Emory University School of Medicine Division of Animal
Resources. Food and water were available ad libitum. The colony room
was maintained on a 12:12 light–dark cycle with lights on at 07:00 h. This
study was performed in full accordance with ‘‘Guide for the Care and Use
of Laboratory Animals’’ (National Academy of Sciences, 1996), and the
research protocols were approved by the Institutional Animal Care and
Use Committee of Emory University.
2.2. Locomotor activity testing

Locomotor activity was measured using eight Accuscan Digiscan
Activity Monitors (AccuScan Instruments, Inc., Columbus, OH) with
the aid of the VersaMax� software (Version 1.30, Omnitech Instruments
Inc; White, Kalinichev, & Holtzman, 2004). Each animal was tested in a
40 · 40 · 30 cm (high) clear acrylic chamber surrounded by a framework
of infrared photobeams. Each chamber was individually housed in a ven-
tilated, sound-attenuating cubicle that was illuminated by incandescent
light (approximately 45 lux). The infrared photobeams were in a 16 · 16
array around the bottom of the box and 2.5 cm from the floor. Sixteen
additional photobeams were mounted 10.5 cm above the bottom photo-
beams on the left and right sides of the box in order to measure vertical
motor activity. Movements were determined by breaks in photobeams
and were converted into locomotor activity counts with the aid of Versa-
Dat� software (Version 1.3; AccuScan Instruments Inc.).

On testing days animals were taken from the colony room and moved
to the testing room in their home cages. Animals were habituated to the
testing room for at least 30 min before they were tested in activity cham-
bers. Basal activity was measured for 1 h. We analyzed three measures of
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motor activity provided by automated analysis. Two of these measures
and associated behaviors were horizontal activity counts (ambulation)
and vertical activity counts (rearing). In addition, the ratio of center dis-
tance to total distance traveled was analyzed as an index of emotional
reactivity (Crawley, 1999; Harro, 1993; Kalinichev, Easterling, & Holtz-
man, 2000).

2.3. Elevated plus-maze

The apparatus (Hamilton–Kinder, Poway, CA) was constructed of
black Plexiglas and was approximately 87 cm off the floor. It had four
arms (50 · 10 cm) radiating outward from a central open square
(10 · 10 cm). Two were open-sided runway-style arms, and two arms were
enclosed with 40 cm walls. Activity was measured and analyzed using
MotorMonitor System and software (Hamilton–Kinder, Poway, CA),
which was interfaced with a microcomputer. Movements were determined
by breaks in an array of 48 photobeams (24 · 24; 6 cm apart). During the
experiment the maze was illuminated by fluorescent lights to 330 lux on
the open arms and 315 lux in the central open square as measured by a
dual range digital light meter (VWR Scientific, Model 62344–944, Atlanta,
GA).

The general testing procedure has been described elsewhere in rats
(Kalinichev et al., 2000) and mice (Holmes, Parmigiani, Ferrari, Palanza,
& Rodgers, 2000). Briefly, each mouse was placed in the plus-maze, facing
a closed arm, and was allowed to explore freely the plus-maze for 10 min.
The system provided automated calculations of several measures of activ-
ity. We focused on three measures of activity: the number entries into open
arms, the total time spent on open arms, and distance (cm) traveled in the
closed arms. Animals were tested once.

2.4. Rotarod

A rotarod apparatus (Columbus Instruments, Columbus, OH) was
used to measure motor coordination and balance. Following previously
described methods (Crawley, 1999; Olson et al., 2004), mice were trained
for two days prior to testing. A training session consisted of a 60 s trial on
a rod rotating at constant speed of 10 rotations per minute (rpm), followed
by a 60 s rest. Animals were then subjected to an open ended time trial on
an accelerating rod until they fell (10 rpm plus 0.1 rpm/s). Animals were
rested for 5 min, and then subjected to the same training session (60 s trial
at 10 rpm, 60 s rest, and accelerating open-ended time trial until fall).
Training sessions were conducted on two sequential days. On the third test
day, a test session was performed that consisted of a 60 s trial at 10 rpm, a
60 s rest period, followed by an open-ended time trial on an rod accelerat-
ing from 10 rpm at 0.1 rpm/s until the animal fell from the rod. After a
5 min rest, this procedure was repeated (60 s 10 rpm, 60 s rest, open ended
time trial on accelerating rod until fall). The latency to fall was recorded
for both acceleration segments in the experimental session on the third
day, and the two scores were averaged.

2.5. Hot plate and shock threshold tests

To determine potential genotype-related differences in nociception,
stimulus intensity-response latency curves were constructed using the hot
plate test as described elsewhere (White et al., 2004). The surface of the hot
plate (Model 39D, Hot Plate Analgesia Meter; IITC, Inc., Woodland
Hills, CA) measured 26.5 · 29 · 3 cm and was surrounded by 28.5-cm-
high Plexiglas walls and removable cover. The surface temperature of
the plate using ranged from 46.0–52.0 ± 0.2 �C. The stimuli were pre-
sented in ascending order of intensity at 30-min intervals. Two response
latencies were recorded per stimulus intensity for each subject and aver-
aged. The test was stopped when an animal licked its hind paws, jumped
off the surface, or if a response was not made within 30 s (i.e., 30 s cutoff).

As an additional test for nociception, the shock threshold test was used
to determine sensitivity to electric shock applied to the foot as measured
by the extent of flinching, jumping, and vocalization in response to
increasing foot shock intensities (Weeber et al., 2000). Mice were placed
in the electrified compartment of the passive avoidance chamber described
below and one second long foot shocks were administered from 0 to
1.5 mA in 0.05 mA increments.

2.6. Prepulse inhibition

Startle reflexes were measured in eight identical startle response sys-
tems (SR-LAB, SDI, San Diego, CA). Each system consisted of a nonre-
strictive Plexiglas cylinder, 5.5 cm in diameter and 13 cm long, mounted
on a Plexiglas platform located in a ventilated, sound-attenuated chamber.
Cylinder movements were detected by a piezoelectric accelerometer
mounted under each platform and were digitized and stored by an inter-
facing computer assembly. Movements were sampled each millisecond
(ms) and startle amplitude was defined as the peak accelerometer voltage
that occurred during the first 100 ms after the onset of the startle stimulus.
Response sensitivities were calibrated (SR-LAB Startle Calibration Sys-
tem) to be nearly identical in each of the eight startle cylinders. Startle,
prepulse and background stimuli were presented through a high-frequency
speaker located 15 cm above the startle chambers. Stimuli intensities were
verified with the microphone of a sound level meter (Radio Shack, #33-
2055) placed inside of the cylinder. Stimuli presentation and data acquisi-
tion were controlled by a computer using SR-Lab software.

Pre-pulse inhibition (PPI) testing is described in detail in Heldt, Green,
and Ressler (2004). Briefly, 12 behaviorally naive mice (6 per genotype)
were placed in startle testing/training chambers (see above), and presented
with either startle stimuli alone (110 dB, 50 ms) or startle stimuli preceded
by white noise pre-pulses (20 ms) of 2, 4, 8, 10, or 12 dB above a 63 dB
white noise background (i.e., 65, 67, 71, 73, or 75 dB) with a fixed interval
(100 ms) between onsets of the pre-pulse and startle stimulus. Each session
began with a 5 min acclimation period followed by the five different trial
types presented in random order 15 times, for a total of 75 trials (an addi-
tional 15 startle alone trials were embedded within the test). Inter-trial
intervals ranged from 20 to 40 s. Startle-amplitudes were calculated using
the peak output detected by piezoelectric accelerometers built-in to the
startle chambers (San Diego Instruments, San Diego, CA) during the
100 ms following each startle stimulus (sampling rate of 100 Hz).

2.7. Passive avoidance

The passive avoidance procedure has been previously described
(D’Hooge et al., 2005). Briefly, the test apparatus consisted of a standard
mouse operant conditioning chamber (18 · 18 · 20 cm) divided into two
equal compartments by a guillotine doorway (7.6 · 8.9 cm opening).
One compartment was brightly lit (ambient light) with clear Plexiglas walls
and an open top, while the other compartment was dark with black walls
and a black lid. The floor consisted of metal bars spaced 0.5 cm apart. The
dark side floor was electrified. During training, mice were placed in the
bright side of the apparatus facing away from the doorway. The duration
of time before entry into the dark side of the box (entry latency) was then
recorded. When all four feet crossed the threshold, the guillotine door was
closed, confining the mouse in the dark side of the apparatus. Approxi-
mately seven seconds after the door was closed an electrical stimulus
was delivered (0.7 mA, 1 s) using an A-M Systems Isolated Pulse Stimula-
tor (Model 2100; Sequim, WA). The subject was then removed from the
apparatus. Subjects were tested one day later using the same procedure
with a 300 s cut-off.

2.8. Conditioned freezing

Similar to standard protocols (Anagnostaras, Josselyn, Frankland, &
Silva, 2000; Heldt, Stanek, Chhatwal, & Ressler, 2007; Jones, Heldt,
Davis, & Ressler, 2005), male wild-type and PAR1�/� mice were trained
in eight identical startle response systems (SR-LAB, SDI, San Diego, CA).
Each system consisted of a nonrestrictive Plexiglas cylinder, 5.5 cm in
diameter and 13 cm long, mounted on a Plexiglas platform located in a
ventilated, sound-attenuated chamber. The tone conditioned stimulus
(CS) was a 70-dB SPL, 6-kHz tone generated by a Tektronix function
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Fig. 1. Wild-type and PAR1�/� mice display similar locomotor activity
and exploratory behavior. Behavior was assessed during a 1 h exposure to
the activity monitoring box. Age-matched wild-type and PAR1�/�mice
derived from the same initial breedings traveled similar distances in the
open field (a), and spent similar amounts of time in the center as measured
by the ratio of center to total distance (b). Each data point represents the
mean ± SEM (WT n = 7; PAR1�/� n = 6).
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generator audio oscillator (Model CFG253, Beaverton, OR) and was
delivered through a high frequency speaker (Motorola, Model 948)
located 13 cm above each cylinder. The tone CS was 30 s in duration.
The unconditioned stimulus (US) was a scrambled shock generated by
programmable constant current shock generators (SDI, San Diego, CA)
located outside the isolation chambers. Footshock intensity was 0.7 mA.
Shock levels were verified by using a 1 kX resistor across the bars of the
shock grids and measuring the voltage drop between the bars to calculate
the constant current. The chamber ventilation fans produced a 55 dB
white-noise background. Stimuli presentation and data acquisition during
training were controlled by an IBM PC-compatible computer using SR-
Lab software. Mice were trained using five 30 s, 6 kHz tones co-terminat-
ing with 500 ms, 0.7 mA foot shocks separated by a five min inter-trial
interval. During fear acquisition, cylinder movements were sampled each
millisecond (ms) by a piezoelectric accelerometer mounted under each
platform.

Mice were tested in a different, rectangular plexiglass chamber in a sep-
arate room to minimize the contribution of learned fear to the training
chamber (i.e., contextual fear). They were tested for conditioned freezing
behavior in standard rodent modular test chambers (ENV-008-VP; Med
Associates Inc. Georgia, VT) with an inside area of 30.5 cm
(L) · 24.1 cm (W) · 21.0 cm (H). The tone conditioned stimulus (CS)
was a 30 s, 6-kHz tone, delivered through a high frequency speaker (Moto-
rola, Model 948) attached to side of each chamber. Stimuli presentations
were controlled by an IBM PC-compatible computer using MED-PC� IV,
software interfaced to chambers. Conditioned freezing responses were
recorded manually with video cameras mounted in front of each condi-
tioning apparatus. Testing consisted of 3–5 30 s 6 kHz tones with 2 min
inter-trial intervals. Mice were tested one day following training. Condi-
tioned freezing to the tone was assessed manually by measuring the per-
cent of time spent motionless during the 30 s tones presented during the
videotaped testing session. The data shown is the average freezing across
all of the tone trials in a given test.

2.9. Statistical analysis

All behavioral tests were performed blind. Wild-type versus PAR1�/�
comparisons for each behavioral test were performed using unpaired Stu-
dent’s t-test, with p-values 60.05 considered significant. All values shown
are mean ± SEM. In the passive avoidance experimentation, three of 39
animals tested were excluded from analysis because they fell greater than
two standard deviations from the mean.
3. Results

3.1. Locomotor activity

Age-matched C57Bl/6 male wild-type (n = 7) and
PAR1�/� (n = 6) mice were tested to assess differences
in locomotion and exploratory behavior in an open field.
There were no significant genotype differences in total dis-
tance traveled (Fig. 1a; p > 0.05 at each time point) or in
ratio of center distance to total distance (Fig. 1b; p > 0.05
at each time point). In addition, wild-type and PAR1�/�
mice displayed similar vertical activity counts (data not
shown). These data suggest that male PAR1�/� mice
show normal exploratory and locomotor behavior.
3.2. Elevated plus maze

To investigate potential differences in anxiety-like
behavior, male wild-type (n = 11) and PAR1 �/�
(n = 10) mice were tested in the elevated plus maze. Both
PAR1�/� and wild-type mice spent similar amounts of
time in the open arms (Fig. 2a; p > 0.05) and made similar
numbers of entries (Fig. 2b; p > 0.05). The total distances
traveled in the closed arms by the PAR1�/� and wild-type
mice was not significantly different (Fig. 2c; p > 0.05), con-
sistent with the open field locomotor activity (Fig. 1). These
data indicate that PAR1 deletion had no effect on anxiety-
like behavior.
3.3. Rotarod

Motor coordination, motor learning, and balance in
wild-type and PAR1�/�mice were assessed using the rota-
rod task. Male mice were trained for two days before test-
ing (see Section 2), and tested on two consecutive trials
using an accelerating rod with a 5 min rest period. There
were no significant differences observed in task acquisition
during initial exposure to the rotarod apparatus (Fig. 3a;
p > 0.05, n = 16 for each genotype). There were also no sig-
nificant differences in motor learning as wild-type and
PAR1�/� mice showed similar fall latencies when tested
on day three after training (Fig. 3b; p > 0.05). These data
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Fig. 2. Wild-type and PAR1�/� mice display similar performances in the
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suggest that PAR1�/� mice do not show overt differences
from wild-type mice in either motor learning or balance.
3.4. Nociceptive responses

To evaluate whether PAR1�/� mice showed altered
nociceptive responses, we tested the sensitivity of male
wild-type and PAR1 �/� mice to the hot plate and shock
threshold (Fig. 4). Stimulus intensity-response latency
curves generated for each genotype revealed consistently
longer latencies for the response of PAR1�/� mice to ther-
mal stimulus across the temperatures tested, however dif-
ferences were not statistically significant (data not
shown). At 52 �C, the highest temperature tested, there
was no significant difference in response latency between
wild-type (n = 11) and PAR1�/� mice (n = 12; Fig. 4a;
p > 0.05). In the shock threshold test, male wild-type and
PAR1�/� (Fig. 5b; n = 12 for each genotype) displayed
similar sensitivities to stimulus intensities required to elicit
flinching, jumping, and vocalization (p > 0.05 for each
response). Even though PAR1 is expressed in sensory neu-
rons (Kawao et al., 2004; Vergnolle, Ferazzini, D’Andrea,
Buddenkotte, & Steinhoff, 2003; Zhu et al., 2005), these
data suggest that PAR1�/� animals do not show detect-
able differences in nociceptive thresholds for thermal stim-
ulation or electrical shock.
3.5. Passive avoidance

A passive avoidance paradigm was used as a test of
learning and memory in age-matched adult male wild-type
and PAR1�/� mice. Mice were trained in a dual chamber
apparatus with an electrified grid underlying the darkened
portion of the cage. A remotely operated door controlled
access, and animals were trained to avoid the dark side
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of the apparatus by receiving an electrical shock 7 s after
they entered the dark side of the cage, which triggered door
closing (see Section 2). The latency to entering the dark side
of the testing apparatus was measured one day after the
training session. There were no significant differences
observed for intial latencies between wild-type (n = 17)
and PAR1�/� mice (n = 19; Fig. 5a; p > 0.05). When
tested one day later, PAR1�/� mice exhibited a passive
avoidance deficit as measured by a reduction in latency
to enter the dark side between first training day and the sec-
ond test day (Fig. 5b; t(34) = 2.26; p = 0.03).
3.6. Pre-pulse inhibition and conditioned freezing

Pre-pulse inhibition is a measure of sensorimotor gating,
which is in place to prevent sensory overload. Pre-pulse
inhibition to acoustic startle is modulated by several brain
regions including the hippocampus, the prefrontal cortex,
and the amygdala (Geyer, 1996; Geyer, McIlwain, & Pay-
lor, 2002). Age-matched male wild-type and PAR1�/�
mice showed no difference in this model at any of the pulses
tested (Fig. 6a; p > 0.05 at each prepulse stimulus inten-
sity). Further, there was also no significant difference
between wild-type or PAR1�/� mice in their response to
pulse alone, indicating their baseline startle is the same
(p > 0.05; n = 6 mice per group).

For conditioned freezing, mice were trained to associate
a 6 kHz tone with a mild foot shock (see Section 2). During
initial training, PAR1�/� mice were slower to associate
the tone with the impending shock (Fig. 6b). However,
by the third tone-shock pairing, PAR1�/� mice and
wild-type mice showed the same level of freezing in
response to the tone. Wild-type mice showed 80 ± 6.3%
pre-shock freezing, and PAR1�/� mice showed
76 ± 4.9% pre-shock freezing, which continued through
rest of the training, indicating that both genotypes acquired
similar freezing responses by the end of training. At 24 h
following conditioning, the wild-type mice continued to
exhibit considerable freezing in response to the tone as
measured by percent freezing during tone (Fig. 6c,
85 ± 3.2%, n = 11). The PAR1�/� mice, however, showed
significantly reduced freezing (70 ± 4.4%; t(21) = 2.61;
p = 0.017; n = 12).
4. Discussion

The most important finding of this study is that
PAR1�/� animals showed significant deficits in two tests
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of behavioral learning, passive avoidance and conditioned
fear learning. Notably, although both of these measures
are emotionally motivated, we found a more robust effect
with the passive avoidance measure of fear compared to
the cued-freezing measure of fear. In tests of baseline
behavior, PAR1�/� mice did not appear to show detect-
able deficits in normal exploratory behavior, anxiety levels,
locomotion, or motor coordination. PAR1�/� mice also
were not different than their wild-type counterparts in their
ability to acquire the rotarod task, and displayed similar
nociceptive responses to heat and electrical shock. Further-
more, the baseline startle in the pre-pulse inhibition was the
same between the genotypes. Together, these data suggest
that there is not a global difference in pain perception but
that there are more specific deficits in learning and mem-
ory. Additionally, since neither wild-type nor PAR1�/�
mice showed freezing at the full 100% level during any of
the testing periods, the relative freezing deficit in the
PAR1�/� mice does not appear to be due to a potential
ceiling effect of over-learning in the wild-type animals.
Finally, the animals’ similar pain thresholds, startle
responses, baseline anxiety, and locomotor activity would
suggest that these non-associative processes do not account
for the cued-freezing and passive-avoidance deficits. Thus,
we interpret the data showing that PAR1�/� mice have
deficits in tests of emotionally motivated learning to sug-
gest that PAR1 has a direct role in aversive memory forma-
tion in mice. This conclusion supports that idea that PAR1
has important functions in the formation of memories in
addition to its previously suggested roles in CNS neurode-
generation following insult or blood–brain barrier break-
down (Gingrich & Traynelis, 2000; Xi et al., 2003).

One important action of PAR1 in the CNS involves its
ability to enhance synaptic NMDA receptor function
(Gingrich et al., 2000; Lee et al., 2007). Because NMDA
receptors are Ca2+ permeable and are well known to be
involved in cellular processes underlying learning and
memory (Lisman, 2003; Nicoll, 2003), we propose that
the ability of PAR1 to regulate NMDA receptor function
could be linked to changes in learning and memory.
NMDA receptor activation has been shown to be critical
in both of the described learning paradigms (for review
see Walker & Davis, 2002). Administration of NMDA
receptor antagonists during passive avoidance training
inhibits the ability of mice to learn to associate the dark
side of the box with a shock (Danysz, 1991; Sharma &
Kulkarni, 1991; Venable & Kelly, 1990). Similarly, NMDA
antagonists inhibit associative learning to a conditioned
cue (i.e., a tone or a light) with an unconditioned aversive
stimulus such as a shock (Gewirtz & Davis, 1997; Lee &
Kim, 1998; Schauz & Koch, 2000; Fendt, 2001; Savonenko
et al., 2003). One interpretation of the data described here
is that the effects observed in PAR1�/� mice are due to
decreased NMDA receptor signaling. However, since
NMDA receptor function has been shown to be normal
in PAR1 �/� animals (Gingrich et al., 2000; Lee et al.,
2007), another interpretation of the data is that potentia-
tion of NMDA receptors by activation of PAR1 is impor-
tant for learning and memory. Furthermore, both
PAR1(Striggow et al., 2001), and NMDA receptor sub-
units (Ishii et al., 1993) are highly expressed in brain
regions involved with emotional learning, including hippo-
campus and amygdala. These results fit well with sugges-
tions that serine proteases can impact learning (Baranes
et al., 1998; Nagai et al., 2004, 2006; Pang et al., 2004,
2002; Pawlak et al., 2005), and may suggest that PAR1 is
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a substrate at which serine proteases such as plasmin exert
their actions.

One important caveat is the use of a PAR1�/� mouse
in these studies, which lacks PAR1 throughout its life.
Although no neurological phenotype has been previously
described for this animal, it is possible that the lack of
PAR1 throughout development could result in subtle
changes in neuronal connections or processing that lead
to changes in learning and memory. Several reports have
hinted that PAR1 may have roles in CNS development
(Gurwitz & Cunningham, 1988; Debeir, Benavides, & Vige,
1996), although compelling examples of PAR1 driven neu-
ronal development do not exist. Alternatively, it is possible
that the effects of PAR1 in adult learning and memory are
actually more robust than is seen in these experiments.
Although we find significant deficits in passive avoidance
and conditioned freezing measures of fear learning, there
is not a complete behavioral deficit. It is possible that the
developmental loss of PAR1 has allowed for compensatory
molecular alterations which prevent the full expression of
PAR1�/� deficits on adult learning and memory. A wide
range of genes might potentially compensate for a PAR1
deficit, including other protease receptors as well as modi-
fiers of downstream signaling. Future studies of the role of
PAR1 in learning and memory will need to utilize pharma-
cological means of blocking PAR1 or an inducible PAR1
�/� mouse.

Combined with previously described effects of PAR1 on
glutamatergic transmission, the most parsimonious inter-
pretation of our current results is that PAR1 is important
in memory formation. These data show a very important,
yet somewhat specific, role of PAR1 in normal brain func-
tion. Moreover, these data provide a working hypothesis
for the role of PAR1 in the CNS that yields a number of
testable predictions. In particular, experimentation on the
cellular and molecular basis of learning and memory
should provide further clarification for the hypothesized
role of protease activated receptors in behavior.
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