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Abstract
N-methyl-D-aspartate receptors (NMDARs) are mediators of synaptic plasticity and learning and are
implicated in the pathophysiology of neuropsychiatric disease and age-related cognitive dysfunction.
NMDARs are heteromers, but the relative contribution of specific subunits to NMDAR-mediated
learning is not fully understood. We characterized pre-conditioning systemic treatment of the NR2B
subunit-selective antagonist Ro 25-6981 for effects on multi-trial, one-trial and low-shock Pavlovian
fear conditioning in C57BL/6J mice. Ro 25-6981 was also profiled for effects on novel open field
exploration, elevated plus-maze anxiety-like behavior, startle reactivity, prepulse inhibition of startle,
and nociception. Three-month (adult) and 12-month old C57BL/6Tac mice were compared for Ro
25-6981 effects on multi-trial fear conditioning, and corticolimbic NR2B protein levels. Ro 25-6981
moderately impaired fear learning in the multi-trial and one-trial (but not low-shock) conditioning
paradigms, but did not affect exploratory or anxiety-related behaviors or sensory functions. Memory
impairing effects of Ro 25-6981 were absent in 12-month old mice, although NR2B protein levels
were not significantly altered. Present data provide further evidence of the memory impairing effects
of selective blockade of NR2B-containing NMDARs, and show loss of these effects with ageing.
This work could ultimately have implications for elucidating the pathophysiology of learning
dysfunction in neuropsychiatric disorders and ageing.
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Introduction
There is compelling evidence that glutamatergic neurotransmission at N-methyl-D-aspartate
receptors (NMDARs) is a major molecular mechanism underlying multiple forms of learning
and memory. Activation of NMDARs initiates a cascade of molecular events that underlie
synaptic plasticity which are strongly implicated in learning and memory, and NMDAR
blockade prevents the induction of some forms of long-term potentiation (LTP) and long-term
depression (LTD) (Bliss and Collingridge, 1993; Malenka and Bear, 2004). Behaviorally,
systemic or intracerebral administration of NMDAR antagonists impairs learning and memory
performance on various tasks, including Pavlovian fear conditioning (reviewed in Bannerman
et al., 2006; Morris et al., 1990; Nakazawa et al., 2004). Pavlovian fear conditioning is a
behavioral paradigm in which rodents learn to associate an innocuous stimulus (e.g., auditory
tone) with footshock. Fear learning is impaired by pre-training systemic or intra-amygdala
administration of NMDAR antagonists (e.g., D,L-AP5, MK-801/dizocilpine) probably via
disruption of plastic changes at thalamo-amygdala synapses (e.g., Fanselow and Kim, 1994;
Gewirtz and Davis, 1997; Lee and Kim, 1998; Walker and Davis, 2000; Walker et al., 2005).

NMDARs are heteromers composed of an obligatory NR1 subunit and at least one or more
NR2 (NR2A–NR2D) subunits (Laube et al., 1998; Rosenmund et al., 1998; Schorge and
Colquhoun, 2003). An important but as yet unresolved issue is the relative contribution of
NMDAR subtypes to NMDAR-mediation of learning and memory. NR2A and NR2B subunits
are both highly expressed in forebrain regions implicated in fear conditioning, including the
amygdala, but contribute distinct physiological and molecular properties to NMDARs (Cull-
Candy et al., 2001; Liu et al., 2004; Loftis and Janowsky, 2003; Perez-Otano and Ehlers,
2005; Radley et al., 2007). Sensory experience and discrimination learning increases the ratio
of NR2A/NR2B and the threshold for LTP-induction (Carmignoto and Vicini, 1992; Kirkwood
et al., 1996; Quinlan et al., 2004). A similar profile is seen during ontogeny where NR2B
expression decreases in favor of NR2A during late postnatal development causing shortening
of excitatory postsynaptic potentials (EPSCs) and increasing the threshold for LTP-induction
(Hestrin, 1992; Liu et al., 2004; Lopez de Armentia and Sah, 2003). Collectively, these findings
support a working model in which the NR2B facilitates NMDAR-mediated synaptic plasticity
and new learning, while NR2A may support memory stabilization by preventing excessive
plasticity (Quinlan et al., 2004; Tang et al., 1999).

The respective roles of the NR2A and NR2B subunits at the behavioral level have yet to be
fully elucidated, in part due to a paucity of subtype selective drugs, especially for NR2A
(Bartlett et al., 2007; Kash and Winder, 2007; Neyton and Paoletti, 2006). Gene knockout of
NR2A has been shown to produce deficits in hippocampal LTP and impair spatial working
memory, instrumental discrimination learning and fear conditioning under certain conditions
(Bannerman et al., 2008; Brigman et al., 2008; Kiyama et al., 1998; Sakimura et al., 1995;
Sprengel et al., 1998). On the other hand, overexpressing NR2B in the mouse forebrain leads
to superior fear conditioning and extinction (Tang et al., 1999). Furthermore, pre-training
systemic or intra-amygdala administration of the NR2B-selective antagonists ifenprodil or
CP101,606, or genetic disruption of tyrosine-phosphorylation of NR2B, impairs fear
acquisition and extinction in rats (Bauer et al., 2002; Blair et al., 2005; Dalton et al., 2007;
Nakazawa et al., 2006; Rodrigues et al., 2001; Sotres-Bayon et al., 2007; Walker and Davis,
2008). Recent data also show that pre-training siRNA knockdown or selective pharmacological
blockade of NR2B with Ro 25-6981 in the anterior cingulate region of the prefrontal cortex
impairs the acquisition of context (but not tone) fear memory in mice (Zhao et al., 2005).
Finally, global knockdown of NR2B in mice (Takehara et al., 2004) or intra-hippocampal
infusion of Ro 25-6981 in rats (Valenzuela-Harrington et al., 2007) impairs trace fear
conditioning but not the delay form of tone (or context) fear conditioning in mice (Zhao et al.,
2005). While these data support the role of NR2B to fear learning, they do not fully address
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the behavioral consequences of inactivating NR2B-containing NR2B receptors. For example,
while the aforementioned work of Zhao and colleagues and Valenzuela-Harrington and co-
workers demonstrates fear memory impairing effects of Ro 25-6981 injected directly into
specific regions of cortex and hippocampus, the consequences of systemic treatment with the
drug for this behavior is unclear. This issue is salient to the potential future clinical use of Ro
25-6981 or structurally similar compounds (Danysz and Parsons, 2002; Gogas, 2006).

The existing literature also does not adequately address the question of whether the functional
contribution of NR2B is altered under certain ‘pathological’ conditions. In this context,
glutamate and NMDAR dysfunction is associated in age-related cognitive decline that is seen
on various assays for learning and memory in rodents (Magnusson, 1998; Rosenzweig and
Barnes, 2003). Some studies have found that age-related learning deficits are concomitant with
a loss of NMDARs, prominently NR2B (Magnusson, 2001; Ontl et al., 2004). Interestingly,
there is also decreased NR2B expression in Alzheimer’s disease (Maragos et al., 1987; Sze et
al., 2001; Wang et al., 2000). Providing preliminary evidence that these changes may be of
functional importance, mice in which NR2B is transgenically overexpressed are protected
against deterioration of age-related learning on tasks including cued Pavlovian fear
conditioning (Cao et al., 2007). However, whether the fear memory related effects of Ro
25-6981 vary as a function of ageing has to our knowledge not been studied.

The main objective of the present study was to characterize pre-training systemic treatment of
the selective NR2B antagonist Ro 25-6981 for effects on strong (multi-trial) and weaker (one-
trial, low-shock) forms of Pavlovian fear conditioning in mice. There is growing evidence that
NMDAR blockade exerts effects on rodent locomotor activity, anxiety-related behaviors and
sensorimotor gating (Boyce-Rustay and Holmes, 2006; Cryan and Dev, 2007; Geyer et al.,
2001). Therefore, we also evaluated systemic Ro 25-6981 for effects on exploratory locomotion
(novel open field), anxiety-related (elevated plus-maze) and sensory (acoustic startle,
sensorimotor gating, hotplate nociception) behaviors. A final objective was to test whether fear
memory impairing effects of Ro 25-6981 were altered in ageing mice.

Materials and methods
Subjects

With the exception of the ageing experiment, subjects were 2-4-month old male C57BL/6J
mice obtained from The Jackson Laboratory (Bar Harbor, ME). Because it was not possible to
obtain 12-month old mice from The Jackson Laboratory, C57BL/6 mice (C57BL/6Tac) were
obtained from Taconic Farms (Germantown, NY). To provide appropriate controls for the age-
comparison study, younger mice used in this experiment were 3-month old counterparts
obtained from Taconic Farms in the same shipment as the 12-month old mice. Mice were pair-
housed in a temperature and humidity controlled vivarium under a 12 h light/dark cycle (lights
on 0600 h). All experimental procedures were approved by the National Institute on Alcohol
Abuse and Alcoholism Animal Care and Use Committee and strictly followed the NIH
guidelines ‘Using Animals in Intramural Research.’

Pavlovian fear conditioning
The memory impairing effects of Ro 25-6981 on Pavlovian fear conditioning were tested using
3 different paradigms (in separate groups of mice). One cohort was tested on a standard multi-
trial delay conditioning paradigm (Kim and Fanselow, 1992; Yang et al., 2008) (for schematic,
see Figure 1A). Previous studies have shown that pharmacologic and genetic inactivation of
NMDARs or other glutamate receptors can preferentially impair fear learning under one-trial
and low-shock forms of conditioning (Cravens et al., 2006; Feyder et al., 2008; Nakazawa et
al., 2003; Walker and Davis, 2000). Therefore, additional experiments were conducted to test
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the memory impairing effects of Ro 25-6981 using a one-trial delay paradigm (for schematic,
see Figure 1C) and multi-trial low-shock paradigm (for schematic, see Figure 1E).

Memory impairing effects of Ro 25-6981 (multi-trial fear conditioning)
The procedure was similar to that previously employed in our laboratory (Hefner and Holmes,
2006). Conditioning took place in a 35 × 25 × 22 cm chamber with transparent walls and a
metal rod floor. To provide a distinctive olfactory environment, the chamber was cleaned
between subjects with a 79.5% water/19.5% ethanol/1% vanilla extract solution. After a 180
sec acclimation period, the mouse received 3 pairings (60–90 sec interval) between a tone (30
sec, 80 dB white noise) and footshock (2 sec, 0.6 mA scrambled footshock), in which the shock
was presented during the last 2 sec of the tone. The presentation of stimuli was controlled by
the Med Associates Video Freeze system (Med Associates Inc., St. Albans, VT). Twenty-four
hr after conditioning, tone-recall was tested in a novel context, in a different room from training.
The novel context was a square chamber or cylinder with black/white-checkered walls and a
solid-Plexiglas, opaque floor, cleaned between subjects with a 1% acetic acid/99% water
solution. After a 180 sec acclimation period, the tone was presented for 180 sec. Freezing in
all experiments was defined as absence of any visible movement except that required for
respiration, and scored at 5 sec intervals by an observer blind to experimental group. The
number of observations scored as freezing were converted to a percentage ([number of freezing
observations/total number of observations] × 100) for analysis.

Memory impairing effects of Ro 25-6981 (one-trial fear conditioning)
Mice were conditioned and tested as for multi-trial high-shock fear conditioning with the
exception that there was only 1 tone-shock pairing as opposed to 3 pairings.

Memory impairing effects of Ro 25-6981 (multi-trial low-shock fear conditioning)
Mice were conditioned and tested using the same procedure as described for multi-trial high-
shock conditioning with the exception that footshock intensity was 0.3 mA as opposed to 0.6
mA.

Novel open field
Mice were tested on a novel open field apparatus as previously described (Wiedholz et al.,
2008). The mouse was placed in the perimeter of a white Plexiglas 40 × 40 × 35 cm square
arena (50 lux) under 65 dB white noise to minimize external disturbances (Sound Screen,
Marpac Corporation, Rocky Point, NC), and allowed to explore for 60 min. Total distance
traveled in the whole arena and time spent in the center (20 × 20 cm) was measured by the
Ethovision videotracking system (Noldus Information Technology Inc., Leesburg, VA).

Elevated plus-maze
One week after novel open field testing, mice were tested on the elevated plus-maze test for
anxiety-like behavior with assignment of drug doses randomized. Testing was conducted as
previously described (Handley and Mithani, 1984; Holmes et al., 2000). The apparatus
consisting of 2 open arms (30 × 5 cm; 90 lux) and 2 closed arms (30 × 5 × 15 cm; 20 lux)
extending from a 5 × 5 cm central area and elevated 20 cm from the ground (San Diego
Instruments, San Diego, CA). The walls were made from black ABS plastic and the floor from
white ABS plastic. A 0.5 cm raised lip around the perimeter of the open arms prevented mice
from falling off the maze. Testing was conducted under 65 dB white noise to minimize external
disturbances (Sound Screen, Marpac Corporation, Rocky Point, NC). The mouse was placed
in the center facing an open arm and allowed to explore the apparatus for 5 min. Time spent
in the open arms, and entries into the open and closed arms was measured by the Ethovision
videotracking system (Noldus Information Technology Inc., Leesburg, VA).
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Acoustic startle and prepulse inhibition of startle
Acoustic startle and prepulse inhibition of the startle response was measured as previously
described (Millstein et al., 2006). Mice were placed in a clear Plexiglas cylinder in 1 of 4 SR-
Lab System startle chambers (San Diego Instruments, San Diego, CA) for a 5 min acclimation
period. A 65 dB broadband background noise was delivered during acclimation and throughout
testing. During the test session, mice were presented with startle trials (40 msec, 120 dB
broadband sound pulse) and prepulse+startle trials (20 msec noise prepulse sound followed,
100 msec later, by a 40 msec 120 dB broadband sound pulse). The prepulse+startle trials were
preceded and followed by 5 pulse alone trials, which were not included in the analyses. Test
trials consisted of 10 trials of 3 different intensities (3, 6, and 12 dB above background). Each
trial type was presented 10 times with a variable interval of 12–30 sec between each
presentation. Basal activity in the startle chambers was measured during no-stimulus trials.
Startle amplitude was measured every 1 msec, over a 65 msec period beginning at the onset of
the startle stimulus. The maximum startle amplitude over the sampling period was taken as the
dependent variable. Whole-body startle responses were measured via vibrations transduced
into analog signals by a piezoelectric unit attached to the platform on which the cylinders rested.
Prepulse inhibition of startle was calculated as 100- [(startle response for prepulse+startle trials/
startle response for startle-alone trials) ×100].

Hot plate nociception
The hot plate test apparatus was a flat plate (Columbus Instruments, Columbus, OH) heated to
55°C on which the mouse was placed (Boyce-Rustay and Holmes, 2006). The latency to show
a hind paw shake or lick was timed by an observer, with a maximum response latency of 30
sec.

Memory impairing effects of Ro 25-6981 in 3-month and 12-month old mice
Three-month and 12-month old mice were treated with Ro 25-6981 and tested using the multi-
trial high-shock fear conditioning procedure described above (for schematic of the procedure,
see Figure 2A). Twelve months was chosen as an age we hypothesized to be characterized by
loss of NR2B function without the marked decrement in NMDAR function and learning that
would occur in older mice (Magnusson et al., 2007). At completion of the tone-recall test, the
vehicle-treated mice in this group were sacrificed by rapid cervical dislocation and
decapitation. Brains were removed, flash-frozen in ice-cold isopentane and stored at −80°C
for Western blot analysis of NMDAR levels as described below.

Corticolimbic NR2B protein levels in 3-month and 12-month old mice
Micropunches (Zivic Laboratories Inc., Pittsburgh, PA) were taken from medial prefrontal
cortex (2.0 mm diameter punch), dorsal hippocampus (2.0 mm diameter punch) and basolateral
amygdala (1.0 mm diameter punch) and were dissected on ice. Tissue was homogenized by
sonication in protease and phosphatase inhibitors (Sigma protease inhibitor cocktail and
phosphatase inhibitor cocktails 1 and 2, 10 μM NaF, 1% Triton-X 100, 25 mM Tris, pH 6.8)
by sonication and protein concentration determined by the BCA method. Samples were diluted
with 4X sample buffer (Laemmli, 1970). β-mercaptoethanol was added to a final concentration
of 5% (v/v) and samples were boiled for 10 min. Twenty-five (amygdala) or 30 (hippocampus
and prefrontal cortex) μg of protein was subjected to discontinuous pH 7.5% SDS-
polyacrylamide gel electrophoresis (pH 8.3) with a 4% stacking gel (pH 6.8) (Laemmli,
1970) using a triple-wide electrophoresis apparatus (CBS Scientific, La Jolla, CA). Proteins
were transferred to a PVDF membrane overnight at 50 mA as described for nitrocellulose
membranes (Towbin et al., 1979). The blot was washed in TTBS (150 mM NaCl, 25 mM Tris,
0.05% Tween-20, pH 7.3) and blocked for 1 hr in 5% non-fat powdered milk. The NR2B
antibody (Chemicon/Millipore/Upstate, catalogue # AB1557P) was used at 1:1000. The blot
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was incubated overnight in primary antibody, washed 3 times in TTBS, and then incubated in
HRP-conjugated goat anti-rabbit (Pierce, Rockford, IL) for 1 hr. Following 3 washes,
immunoreactivity was detected using SuperSignal West Dura chemiluminescence detection
reagent and collected using a Kodak Image Station 4000.

Drugs
Ro 25-6981 (R-(R*,S*)-α-(4-hydroxyphenyl)-β-methyl-4-(phenylmethyl)-1-piperidine
propranolol hydrochloride) (Tocris Cookson, Ellisville, MO) was prepared in a 0.9% saline
vehicle and injected intraperitoneally in a volume of 10 mL/kg body weight. The doses and
treatment-to-test interval for Ro 25-6981 were chosen on the basis of a previous study showing
that i.p. injection of 10 mg/kg Ro 25-6981 30 min prior to conditioning impaired trace eyeblink
conditioning in rats (Valenzuela-Harrington et al., 2007) and subcutaneous injection of 5 mg/
kg Ro 25-6981 30 min prior to testing impaired spatial reversal learning in C57BL/6J mice
(Duffy et al., 2008).

Statistical analysis
The effects of Ro 25-6981 treatment, age and brain region were analyzed by use of analysis of
variance (ANOVA) and Fisher’s LSD post hoc tests, using StatView (SAS Institute, Inc., Cary,
NC). Mice that had tone recall freezing scores standard 2 deviations different from the grand
mean were identified as statistical outliers and removed. Statistical significance was set at p<.
05.

Results
Memory impairing effects of Ro 25-6981 (multi-trial fear conditioning)

During conditioning, baseline freezing did not differ between treatment groups (0 mg/kg=1.1
±1.1%, 1 mg/kg=0.0 ±0.0, 3 mg/kg=0.0 ±0. 0, 10 mg/kg=0.2 ±0.2). There was no significant
effect of Ro 25-6981 on freezing to the final tone (0 mg/kg=54.5 ±7.4%, 1 mg/kg=50.6 ±6.9,
3 mg/kg=50.0 ±4.1, 10 mg/kg=42.5 ±6.6). During testing, baseline freezing did not differ
between treatment groups (data not shown), while there was a significant effect of Ro 25-6981
treatment on freezing to tone (F3,63=3.13, p=0.03). Post hoc analysis showed that mice treated
with 3 or 10 mg/kg Ro 25-6981 showed significantly less freezing than vehicle-treated controls
(Figure 1B). These results demonstrate that pre-conditioning Ro 25-6981 treatment impaired
fear recall in a multi-trial paradigm.

Memory impairing effects of Ro 25-6981 (one-trial fear conditioning)
During conditioning, Ro 25-6981 treatment had no effect on baseline freezing (0 mg/kg=0.0
±0.0%, 1 mg/kg=0.2 ±0.2, 3 mg/kg=0.0 ±0.0, 10 mg/kg=0.40 ±0.40). As expected, freezing to
the single (unconditioned at the time of presentation) tone in this paradigm was minimal and
not different between doses (0 mg/kg=2.9 ±2.9%, 1 mg/kg=1.5 ±1.5, 3 mg/kg=1.4 ±1.4, 10
mg/kg=4.3 ±3.1). During testing, baseline freezing did not differ between treatment groups
(data not shown). Ro 25-6981 had a significant effect on freezing to tone (F3,51=2.83, p=.05).
Post hoc analysis showed that 10 mg/kg Ro 25-6981 significantly reduced freezing relative to
vehicle (Figure 1D). These data demonstrate that pre-conditioning Ro 25-6981 treatment also
impaired fear recall in a one-trial paradigm.

Memory impairing effects of Ro 25-6981 (multi-trial low-shock fear conditioning)
During conditioning, Ro 25-6981 treatment had no affect on baseline freezing (0 mg/kg=0.0
±0.0%, 1 mg/kg=0.4 ±0.4, 3 mg/kg=0.9 ±0.2, 10 mg/kg=0.4 ±0.2). There was a significant
effect of Ro 25-6981 on freezing to the final tone (F3,58=3.94, p<.01), due to higher freezing
in mice treated with 3 mg/kg relative to vehicle (p<.05) (vehicle=26.7 ±6.9%, 1 mg/kg=36.3
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±6.6, 3 mg/kg=45.3 ±5.3, 10 mg/kg=17.5 ±5.1). During testing, baseline freezing did not differ
between treatment groups (data not shown). There was no significant main effect of Ro 25-6981
on freezing during tone recall when all doses were included in the analysis (F3,58=1.76, p=.
16). However, planned post hoc comparisons indicated significantly lesser freezing at the 10
mg/kg dose relative to vehicle (Figure 1F). These results indicate that pre-conditioning Ro
25-6981 treatment impaired fear recall in a low-shock paradigm.

Memory impairing effects of Ro 25-6981 on fear memory in 3-month and 12-month old mice
During conditioning, there was no effect of Ro 25-6981 or age on baseline freezing (3-month
olds, 0 mg/kg=0.0 ±0.0%, 1 mg/kg=0.0 ±0.0, 3 mg/kg=0.0 ±0.0, 10 mg/kg=0.0 ±0.0, 12-month
olds, 0 mg/kg=0.0 ±0.0%, 1 mg/kg=0.3 ±0.3, 3 mg/kg=0.0 ±0.0, 10 mg/kg=0.3 ±0.3). There
was a significant Ro 25-6981 × age interaction for freezing to the final tone (F3,68=3.01, p=.
04). Post hoc analysis showed that 10 mg/kg Ro 25-6981 significantly reduced freezing in 3-
month, but not 12-month, old mice (p<.01) (3-month olds, 0 mg/kg=54.0 ±8.5%, 1 mg/kg=58.0
±9.6, 3 mg/kg=57.5 ±7.0, 10 mg/kg=13.3 ±5.8, 12-month olds, 0 mg/kg=42.0 ±7.6, 1 mg/
kg=52.0 ±8.5, 3 mg/kg=44.4 ±6.5, 10 mg/kg=42.0 ±8.7).

During testing, there was significant effect of age (F3,68=5.17, p=.03) but not Ro 25-6981 on
baseline freezing. Post hoc analysis collapsed across dose showed that 12-month old mice
generally froze more than 3-month old mice, although levels of freezing were actually very
low in both groups (3-month old= 2.79 ±0.74%, 12-month old= 5.72 ±1.08%). There was a
significant interaction between age and Ro 25-6981 treatment for freezing during tone recall
(F3,68=3.01, p=.04). Post hoc tests showed that 10 mg/kg Ro 25-6981 reduced freezing relative
to vehicle in 3-month, but not 12-month, old mice (Figure 2B). Freezing in vehicle-treated 3-
month and 12-month old mice did not differ. These findings show that the memory impairing
effects of preconditioning Ro 25-6981 treatment in a multi-trial paradigm were lost in 12-month
old mice.

Corticolimbic NR2B protein levels in 3-month and 12-month old mice
There was no significant main effect of region or age and no region × age interaction for NR2B
levels (Table 1). Thus, loss of sensitivity to the memory impairing effects of Ro 25-6981 in
12-month old mice was not associated with significant loss of NR2B protein levels in various
regions mediating this behavior.

Novel open field
Ro 25-6981 treatment had a significant effect on total distance traveled (F3,36=3.41, p<.03).
However, post hoc analysis found no significant effect of any dose of Ro 25-6981 relative to
vehicle (Figure 3A). Drug treatment significantly affected percent center time (F3,36=9.51,
p<.01). Post hoc tests indicated significantly lesser center time in mice treated with 10 mg/kg
Ro 25-6981 as compared to vehicle controls (Figure 3B). These results demonstrate that Ro
25-6981 treatment affected a measure of anxiety-like behavior but not exploratory locomotion
in a novel open field.

Elevated plus-maze
Ro 25-6981 treatment did not significantly affect time spent in the open arm, center square or
closed arms (Figure 3C), or the number of open, closed or total arm entries (Figure 3D). Thus,
Ro 25-6981 treatment did not alter anxiety-like behavior in this assay.

Acoustic startle and prepulse inhibition of startle
Ro 25-6981 treatment had no effect on acoustic startle amplitude (Figure 4A) or baseline
movement (data not shown). There was a significant effect of prepulse intensity (F2,60=265.82,
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p<.01) but no effect of Ro 25-6981 treatment and no drug × prepulse intensity interaction for
percent prepulse inhibition (Figure 4B). These data show that Ro 25-6981 treatment did not
affect startle or sensorimotor gating.

Hot plate nociception
Ro 25-6981 treatment had no effect on latency to show a pain response in the hot plate test
(Figure 4C), demonstrating that treatment did not affect this measure of nociception.

Discussion
The NR2B subunit has emerged as a potential therapeutic target for a variety of
neuropsychiatric and neurological conditions, including Alzheimer’s and Huntingdon’s
disease, schizophrenia, and mood and anxiety disorders (Cryan and Dev, 2008; Danysz and
Parsons, 2002; Gogas, 2006). The main findings of the present study were that systemic
administration of the selective NR2B antagonist, Ro 25-6981, impaired the acquisition of fear
memory in mice, and that this effect was modified by ageing.

The potential effects of systemically administered Ro 25-6981 on behaviors associated with
NMDAR function, including locomotor exploration, anxiety-like behavior and sensorimotor
gating, have not been well characterized in either rats or mice. At the dose range currently
tested, Ro 25-6981 treatment had minimal effects on spontaneous locomotor exploration/
activity (consonant with data in rats obtained by Kosowski and Liljequist, 2004) or anxiety-
like behavior in the elevated plus-maze. Ro 25-6981 treatment also failed to alter responses on
the hot plate assay, suggesting that anti-nociceptive actions were unlikely to account for drug
effects on fear conditioning. In addition, we observed no effects of Ro 25-6981 treatment on
acoustic startle reactivity or prepulse inhibition of the startle response, which is consistent with
a previous study in rats which found that another NR2B selective antagonist, Ro 63-1908,
failed to alter acoustic startle reactivity or sensorimotor gating at doses that impaired cognition
(Higgins et al., 2003). The only significant effect currently observed was a decrease in center
exploration in a novel open field at the highest dose tested, which may be indicative of an
anxiety-like response to the drug (Cryan and Holmes, 2005) However, as no effect was seen
in a second test for anxiety-related behavior, the elevated plus-maze, any effect on anxiety-
like behavior does not appear to be robust. Indeed certain other NR2B-selective antagonists,
including ifenprodil, have also failed to produce anxiety-related activity in mice (Dere et al.,
2003). This provides an interesting contrast with the anxiolytic-like profile of subunit non-
selective NMDAR antagonists (reviewed in Cryan and Dev, 2007) and gene knockout of the
NR2A subunit (Boyce-Rustay and Holmes, 2006). Nonetheless, further studies will be needed
to fully characterize the effects of Ro 25-6981 for potential anxiety-related effects, as well as
sensorimotor gating and nociception, for example by using alternate assays or testing
intracerebral region-specific injections. Notwithstanding, in the context of the present study,
the absence of systemic Ro 25-6981 activity on these behaviors serves to exclude some of the
potentially confounding effects on fear learning.

On a standard multi-trial delay cued fear conditioning paradigm, pre-training Ro 25-6981
treatment produced a significant deficit in tone recall measured twenty-four hours later. While
a pre-training treatment experimental design does not dissociate drug effects on acquisition
versus post-conditioning consolidation, the finding that Ro 25-6981 reduced freezing to the
final tone presentation during conditioning is consistent with an impairment of fear acquisition
rather than consolidation. Further supporting a selective effect of NR2B antagonism on fear
acquisition, pre-training but not pre-recall intra-amygdala injection of the selective antagonist
CP101,606 impaired subsequent fear recall in rats (Walker and Davis, 2008), while another
study in rats found that systemic Ro 25-6981 injection prior to fear recall disrupted within-
session extinction but also failed to affect fear recall (Dalton et al., 2007).
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It was notable that Ro 25-6981’s impairing effects on multi-trial conditioning were quite
modest. It does not however appear that this is due to a failure to overcome a strong fear
response produced by repeated tone × high-shock pairings in a multi-trial paradigm. This is
because similarly modest effects were observed in the putatively less fear intensive low-shock
multi-trial paradigm and 1-trial cued fear conditioning paradigms; both of which generally
produced lower levels of fear than the multi-trial high-shock paradigm. Thus, the magnitude
of the fear learning deficit produced by Ro 25-6981 is similar across strong and weak fear
learning conditions, and thereby argues against a differential recruitment of NR2B as a function
of conditioning strength. The alternative, and currently most parsimonious, interpretation is
that selective blockade of NR2B-containing NMDARs does not disrupt fear learning to the
same extent as more widespread blockade of NMDARs (at least when NR2B antagonists are
delivered systemically). Another possibility is that because NR2B antagonists are more potent
at diheteromeric than triheteromeric NR2B-containing NMDARs (Hatton and Paoletti, 2005;
Kash and Winder, 2007), a proportion of NR2B-containing NMDARs could be relatively
resistant to the memory impairing effects of Ro 25-6981.

The lateral amygdala is the most likely site of the fear impairing memory impairing effects of
systemically administered Ro 25-6981. The lateral amygdala is the principle brain region
mediating cued fear acquisition (Fanselow and Poulos, 2005; LeDoux, 2000; Maren and Quirk,
2004), and NR2B is expressed on the majority of thalamo-amygdala dendritic spines (Radley
et al., 2007). Antagonism of NR2B-containing NMDARs via ifenprodil or genetic disruption
of NR2B tyrosine phosphorylation disrupts synaptic plasticity in the basolateral amygdala
(Bauer et al., 2002; Li et al., 1995; Nakazawa et al., 2006; Weisskopf and LeDoux, 1999).
Furthermore, intra-amygdala injection of the NR2B antagonists ifenprodil or CP101,606 is
sufficient to impair fear conditioning in rats while, in contrast, pre-training siRNA knockdown
or selective pharmacological blockade of NR2B with Ro 25-6981 in the anterior cingulate
impairs the acquisition of context (but not cued) fear memory and intra-hippocampal infusion
of Ro 25-6981 impairs trace but not delay cued fear conditioning (Blair et al., 2005; Rodrigues
et al., 2001; Sotres-Bayon et al., 2007; Valenzuela-Harrington et al., 2007; Walker and Davis,
2008; Zhao et al., 2005). However, given the modest fear memory impairing effects of Ro
25-6981 in the current study, it is noteworthy that the aforementioned memory impairing effects
of pre-training intra-amygdala CP101,606 which, as with Ro 25-6981, is more 2B-selective
than ifenprodil (Kash and Winder, 2007), were only evident within a narrow dose range
(Walker and Davis, 2008).

Nonetheless, present data provide novel evidence that a NR2B-mediated component of fear
learning may be compromised with ageing. The specific finding was that twelve month old
C57BL/6Tac mice showed good basal fear, similar to that of three month old C57BL/6Tac
counterparts but, unlike the younger mice, were resistant to the fear memory impairing effects
of Ro 25-6981. We chose to examine the memory impairing effects of Ro 25-6981 at twelve
months because rodents are not yet considered ‘aged’ and likely to exhibit global cognitive
deficits (Barnes et al., 1997; Clayton et al., 2002; Magnusson et al., 2007). Rather twelve
months perhaps more closely approximate to ‘middle age’ in humans when more subtle age-
related changes begin to manifest. It should be made clear that for reasons of availability
C57BL/6Tac mice were used for this ageing experiment rather than the C57BL/6J line used in
the other experiments. However, vehicle-treated mice from the two lines showed very similar
levels of fear (i.e., forty-eight percent freezing for C57BL/6Tac, forty-nine percent freezing
for C57BL/6J). In addition, the three month old mice in this experiment were also C57BL/
6Tac and showed a clear fear recall deficit at the highest dose of Ro 25-6981, replicating the
effect of this dose in C57BL/6J tested across conditioning paradigms. Thus, the loss of the
drug’s efficacy in the twelve month old C57BL/6Tac mice appears to be a genuine effect of
ageing rather than an idiosyncrasy of this line of C57BL/6 mice. Nonetheless, a final point to
bear in mind is that our data do not demonstrate that ageing is only associated with a loss of
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the fear impairing effects of Ro 25-6981 and cannot not exclude the possibility that other
positive (and as yet to determined) effects of Ro 25-6981 are not also diminished in older mice.

Magnusson and colleagues’ work demonstrating that loss of NR2B at the protein expression
level does not manifest until fifteen months in the frontal cortex of C57BL/6Nia mice and even
later in hippocampus (Magnusson, 2000, 2001; Magnusson et al., 2002; Magnusson et al.,
2007; Ontl et al., 2004). Consistent with their data, we found no evidence of reduced NR2B
protein levels in the amygdala, dorsal hippocampus or medial prefrontal cortex of the twelve
month old C57BL/6Tac mice. This suggests that the loss of sensitivity to Ro 25-6981 reflects
functional alterations preceding the loss of protein itself, perhaps involving improper synaptic
targeting or coupling to downstream signaling mechanisms (Malenka and Bear, 2004).
Another, and not necessarily exclusive, possibility is that the ratio of NR2B to NR2A, at the
protein and/or functional level, changes with ageing having the effect of reducing the
importance of NR2B relative to NR2A for fear memory formation. These mechanisms await
elucidation but could provide insight into how NMDAR-mediated learning processes are
dynamically regulated with ageing.

In summary, the present study provides further evidence that selective blockade of NR2B-
containing NMDARs is sufficient to impair the acquisition of conditioned fear behavior. This
effect was demonstrated using various conditioning procedures, but was overall quite modest.
The same dose range of Ro 25-6981 had minimal effects on locomotor exploration, anxiety-
like behavior, nociception, or sensorimotor gating. Ro 25-6981’s learning impairing effects
were also absent in twelve month old mice. These data further support a role for NR2B-
containing NMDARs in fear learning and suggest that this role may diminish with ageing.
Further studies along these lines could ultimately have implications for understanding the
contribution of NMDAR to the pathophysiology and treatment not only of fear-related
neuropsychiatric conditions such as post-traumatic stress disorder, but also other disease states
in which NMDARs are implicated including age-related cognitive dysfunction and
Alzheimer’s disease.
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Figure 1.
Fear memory impairing effects of Ro 25-6981 on multi-trial, one-trial and low-lock shock fear
conditioning. (A) Schematic of the multi-trial high shock protocol. (B) Pre-training treatment
with 10 mg/kg Ro 25-6981 reduced fear recall relative to vehicle (0) (n=16–18/dose). (C)
Schematic of the one-trial high-shock conditioning protocol. (D) Pre-training treatment with
10 mg/kg Ro 25-6981 reduced fear recall relative to vehicle (0) (n=13–14/dose). (E) Schematic
of multi-trial low-shock protocol. (F) Pre-training treatment with 10 mg/kg Ro 25-6981
reduced fear recall relative to vehicle (0) (n=15–16/dose). **p<.01, *p<.05 vs. vehicle (0).
Data in Figures 1–4 are Means ±SEM.
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Figure 2.
Fear memory impairing effects of Ro 25-6981 on multi-trial high-shock fear conditioning as
a function of ageing (A) Schematic of the multi-trial high-shock conditioning protocol. (B)
Pre-training treatment with 10 mg/kg Ro 25-6981 significantly reduced fear recall relative to
vehicle (0) in 3-month but not 12-month old mice (n=8–10/dose/age). **p<.01 vs. 0 (vehicle).
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Figure 3.
Effects of Ro 25-6981 on exploratory locomotion and anxiety-like behavior. In the novel open
field, Ro 25-6981 did not alter total distance traveled (A), while the highest dose decreased
percent center time (B) (n=10/dose). In the elevated plus-maze, Ro 25-6981 did not alter time
spent in the open arms, center square or closed arms (C), or open, closed or total arm entries
(D) (n=11/dose). **p<.01 vs. vehicle (0).
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Figure 4.
Effects of Ro 25-6981 on sensory functions. Ro 25-6981 did not alter the startle response (A),
prepulse inhibition of startle (B) (n=10–12/dose) or hotplate nociception (C) (n=7–10/dose).
PP=prepulse intensity level above 65 dB background noise.
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Table 1
NR2B protein levels in amygdala, hippocampus and medial prefrontal cortex of 3-month old and 12-month old mice.
Data are mean ±SEM net intensity of immunoblots. n=6–9/region/age group.

3-month old 12-month old

Amygdala 10737 ±2548 18817 ±6519

Hippocampus 21130 ±3575 34634 ±8875

Medial prefrontal cortex 23942 ±8496 33015 ±8737
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