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Abstract

Patients with schizophrenia exhibit poor working memory (WM). Although several
subcomponents of WM can be measured, evidence suggests the primary subcomponent affected in
schizophrenia is span capacity (WMC). Indeed, the NIMH-funded MATRICS initiative
recommended assaying the WMC when assessing the efficacy of a putative therapeutic for FDA
approval. Although dopamine D1 receptor agonists improve delay-dependent memory in animals,
evidence for improvements in WMC due to dopamine D1 receptor activation is limited. In
contrast, the dopamine D2-family agonist bromocriptine improves WMC in humans. The radial
arm maze (RAM) can be used to assess WMC, although complications due to ceiling effects or
strategy confounds have limited its use. We describe a 12-arm RAM protocol designed to assess
whether the dopamine D1-family agonist SKF 38393 (0, 1, 3, and 10 mg/kg) or bromocriptine (0,
1, 3, and 10 mg/kg) could improve WMC in C57BL/6N mice (n=12) in cross-over designs. WMC
increased and strategy usage decreased with training. The dopamine D1 agonist SKF 38393 had
no effect on WMC or long-term memory. Bromocriptine decreased WMC errors, without affecting
long-term memory, consistent with human studies. These data confirm that WMC can be
measured in mice and reveal drug effects that are consistent with reported effects in humans.
Future research is warranted to identify the subtype of the D2-family of receptors responsible for
the observed improvement in WMC. Finally, this RAM procedure may prove useful in developing
animal models of deficient WMC to further assess putative treatments for the cognitive deficits in
schizophrenia.
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1.1. Introduction

Working memory (WM) is impaired in a number of neuropsychiatric disorders including
schizophrenia. Deficient WM was identified by the National Institute of Mental Health
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(NIMH)-funded Measurement And Treatment Research to Improve Cognition in
Schizophrenia (MATRICS) initiative as a core cognitive deficit that requires treatment [1—
4]. Since WM is a multi-component cognitive domain, considerable time has been spent
assessing the different components of WM and creating a unified theory on the construct of
WM [5-12]. The generally accepted theory of WM consists of a central executive which
acts to coordinate a series of subsystems that includes the phonological loop, the
visuospatial sketch pad [7], and the episodic buffer [13].

This complexity of the WM domain has complicated the search for procognitive treatments
for disorders such as schizophrenia. The two WM tasks chosen by MATRICS to assess
whether a putative therapeutic drug is efficacious for FDA approval provided measures of
WM span capacity (WMC [14]). This choice is consistent with a recent analysis of patients
with schizophrenia suggesting that the primary WM deficit is of impaired span capacity
[15]. These MATRICS-chosen tasks assess the capacity of buffer systems for the number of
items of information they can hold at one time, while not assessing the ability of the central
executive to coordinate those systems. The WMC of humans is classically 7+2 items [16],
while a reduced capacity is seen in patients with schizophrenia [15,17] or subjects having a
high risk for developing schizophrenia [18]. Hence, treatments need to be developed that
improve WMC.

The dopamine D1 receptor was highlighted as one of the most promising targets for
developing procognitive therapeutics to treat schizophrenia [19]. Much of the research that
promotes this receptor as a viable target stems from assessments of D1 agonist effects on
delay-dependent (DD) WM in rats and monkeys [20-24]. Given that DD WM and WMC are
both pharmacologically and anatomically dissociable, there is little if any evidence that a D1
agonist might improve WMC. For example, DD memory tasks require and activate the
hippocampus [25-37], a structure that is not required for non-DD memory tasks such as
WMC tasks as evidenced by hippocampal lesions [25,33,37,38] and functional magnetic
resonance imaging studies in humans [33,34,39-42]. Also in humans, the muscarinic
antagonist scopolamine impairs DD memory but not WMC [43-46], while the D2-family
agonist bromocriptine specifically improves WMC [47-49]. In rodent studies, bromocriptine
has failed to improve memory in normal rodents [50,51] but has ameliorated some memory
deficits produced by stress [51] or traumatic brain injury [52]. None of these studies used
tasks that assessed the WMC however.

One confusion that has arisen when attempting to develop procognitive therapeutics for WM
has been the discordant use of the term WM in man when compared to animals. When the
term WM appears in animal studies, the task used often assesses short term memory for a
single object, stimulus, or location consistent with DD WM [4]. Thus, there are few tasks
with cross-species translational validity. The radial arm maze (RAM) has often been used in
the past to assess spatial WMC, but most research has limited applicability to WM due to: 1)
the inclusion of delays [4,53,54]; 2) ceiling effects (when in an 8-arm maze half of the arms
are used to also assess reference memory (RM [55,56]); or 3) testing occurring during
learning, thus WMC is confounded by simple strategy use [54,57].

We have developed an automated 12-arm RAM procedure for use in mice. This task utilizes
only a 1-second delay between trials to counter simple strategy formation without
introducing the delay as a challenge. Moreover, only two arms are used to assay RM while
ten arms are used to assay WMC. Including ten WM arms avoids the confound of there
being a limited number of items to be stored online, but also permits room for observing
improvements in performance, as seen in human span tasks [47-49]. Thus, we hypothesized
that we could assess WMC in mice in the RAM without being confounded by strategy use
by including a 1-second delay. Moreover, consistent with rats and non-human primates, we
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hypothesized that the dopamine D1 receptor agonist SKF 38393 would not affect WMC or
long term memory in mice due to the absence of a DD component of the task. Furthermore,
we hypothesized that, consistent with humans, the D2 receptor agonist bromocriptine would
improve WMC in mice, while not affecting long term memory [50].

2.1. Materials and Methods
2.1.1. Apparatus

A fully automated 12-arm radial arm maze (RAM) was used in these experiments
(Coulbourn Instruments, Whitehall, PA). This equipment was interfaced with Med
Associates controlling software (St. Albans, VT). The RAM consisted of twelve arms
radiating from a dodecahedral central hub (43 cm in diameter), with each arm (36 x 10 x 12
cm) separated by thirty degrees. Automated guillotine doors separated access from the
central hub to each of the twelve arms. The walls and ceiling of each arm were made of
acrylic glass while the floor consisted of a metal grid. Activity in each arm was monitored
using an infrared beam 5.5 cm from the entrance. A dipper mechanism was located at the
distal end of each arm. Each dipper provided liquid reinforcement via computer-controlled
dipping into a liquid-filled bowl below the dipper. Head entry to the dipper mechanism was
monitored using an infrared beam. The RAM was fixed to a circular acrylic table (124 cm in
diameter) raised 53 cm from the floor. The table was painted black to avoid a putative
confound of depth perception-induced anxiety [58]. Seven extra-maze spatial cues were
created and fixed at conspicuous locations around the four walls. The room was lit by dim
fluorescent lighting to create a low illumination at the RAM height (110 lux). A tracking
camera was positioned above the center of the maze to track animal behavior. A constant
background white noise (60 db A scale) was provided throughout training and testing to
minimize distraction from external sounds.

2.1.2. Animals

Twelve C57BI/6N male mice were obtained from Charles River Laboratories (Wilmington,
MA). Training began at approximately 3 months of age, with mice weighing between 20-30
g. Animals were housed in groups of four per ventilated cage. Mice were maintained at 85%
of free-feeding weight with water available ad libitum and housed in a vivarium on a
reversed day-night cycle (lights on at 8.00 PM, off at 8.00 AM). Mice were brought to the
laboratory 60 min before testing between 9.00 AM and 6.00 PM. All procedures were
approved by the UCSD Institutional Animal Care and Use Committee. The UCSD animal
facility meets all federal and state requirements for animal care and was approved by the
American Association for Accreditation of Laboratory Animal Care

2.2.1. Habituation to the Testing Environment

Liquid reinforcement in the form of strawberry milkshake was used to avoid satiety issues as
well as drug-induced confounds in eating solid food reinforcement [59]. Acclimation to food
reinforcement occurred prior to training in the home cage to avoid a neophobic response to
the reinforcer during training. To acclimate the mice to the testing environment, they were
placed in the RAM with all 12 doors opened and food dippers raised to provide
reinforcement at the end of each arm. To encourage exploration of the RAM, strawberry
milkshake was randomly placed throughout the apparatus. Habituation occurred for seven
consecutive days with exposure time initially at fifteen minutes (days 1-3), then reduced to
ten minutes (days 4 & 5), and finally to seven minutes (days 6 & 7).
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2.2.2. RAM protocol

The protocol (Fig. 1) was designed to assay both working and reference memory. To assess
WMC within a session, ten arms were allocated as WM arms which were only baited at the
start of each session. The two remaining arms were allocated as RM arms which were never
baited throughout training or testing. For each session, mice were placed in the hub with all
doors closed. At the start of each session, all twelve doors were raised allowing entry into all
12 arms. Upon entering an arm, entry into the other 11 arms was barred by closing the
doors. Upon retrieval of the food reward from the magazine, returning to the hub resulted in
all 11 doors being raised after a 1 s delay. The 1 s delay was instituted to interfere with the
development of simple turn left/right strategies [59]. The mouse was again able to enter any
of the 12 arms. The WMC was measured as the number of WM arms entered prior to a
repeat entry. For repeat entries into a WM arm (recorded as a WM error), a magazine head
entry was not required to initiate the next arm to reopen. Likewise, for entries into RM arms
(recorded as a RM error), magazine head entries were not required to reopen the remaining
doors. Percentages were calculated to examine WM and RM errors as a function of total arm
entries. The total number of WM errors were totaled and divided by the total number of WM
arms entered (%WM errors). The total number of RM errors were totaled and divided by
the total number of RM arms entered (%RM errors). The total number of WM and RM
arms entered including repeat entries were also measured (Arms). To assess the
development and use of a simple turn left/right strategy, we totaled each of all the possible
relative transitions from one arm to another. The degree of strategy use was quantified by
calculating the coefficient of variation (StrategyCV) of the totals for each subject. If the
subject utilized a varied relative arm choice strategy (e.g. the mouse turned left and right
evenly skipping 1, 2, 3, and 4 arms with little consistency in arm selection), the relative
number of arms skipped would be evenly distributed resulting in a low StrategyCV score
(Fig. 2A). If however, a predictable strategy was utilized, the distribution of the total number
of arms skipped would be uneven (e.g. the mouse always turned left and skipped one arm),
resulting in a high StrategyCV (Fig.2B).Sessions continued until each WM arm was entered
or 7 minutes had elapsed, irrespective of the total WM or RM arms entered. Drug testing
began once a stable level of performance had been reached by the mice as measured by
WMC, WM, and RM errors. Stability of performance was assessed by comparing the
performance at each measure over 4 consecutive days (Tuesday — Friday; one-way repeated
measures analysis of variance) where a main effect of day was not observed for any
measure.

2.3.1. Experiment 1: Examination of the effects of bromocriptine (1, 3, and 10 mg/kg) on
RAM performance in mice

The dopamine D2 receptor family agonist bromocriptine improves working memory WMC
in humans and does not affect long term memory. To assess whether the current RAM
paradigm would reproduce these effects in mice, we examined the effects of bromocriptine
doses (0, 1, 3, 10 mg/kg) on performance in a within-subjects design.

2.3.2. Experiment 2: Examination of the effects of SKF 38395 (1, 3, and 10 mg/kg) on RAM
performance in mice

The partial dopamine D1 receptor family agonist SKF 38393 improves DD WM in rodents
and primates. To assess whether SKF 38393 could improve WMC, we examined the effects
of SKF 38393 doses (0, 1, 3, and 10 mg/kg) on performance of mice in a within-subjects
design.
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Prior to testing, mice were habituated to saline injections for 3 days. Bromocriptine (Sandoz
Research Institute, East Hanover, NJ), an ergot-derived dopamine D2 receptor family
agonist was diluted in a 2% Tween/98% water solution. Bromocriptine was administered
intraperitoneally 20 minutes prior to the start of testing in a 10 ml/kg injection volume, with
doses chosen based on earlier studies [60,61]. SKF 38393 (A.G. Scientific, Institute, San
Diego, CA), a partial dopamine D1 receptor family agonist was diluted in saline (0.9%) and
administered intraperitoneally in a 10 ml/kg injection volume 10 min prior to testing, with
doses based on previous studies [20,62]. Drugs were administered in a cross-over design,
with drug treatment on Tuesdays and Fridays, saline on Monday, Wednesday, and Thursday,
with a 1-week washout period between drug challenges.

2.5.1. Statistical Analysis

Acquisition of the task was analyzed using a one-way repeated measures analysis of
variance (ANOVA) with day as the within subject factor. During drug testing, the dependent
measures were analyzed using a one-way repeated measures ANOVA with drug dose as the
within subject factor. Specific measures were considered significant if a P-value of 0.05 and
lower was obtained. Tukey post hoc analyses were performed on significant main effects.

3.1. Results
3.1.1. RAM acquisition

The mice readily improved performance in the RAM acquiring maximal levels of WMC
within 9 days. This acquisition was evidenced as a main effect of day on WMC
(F(18,198)=2.3, p<0.005; Fig. 2C). Furthermore, strategy CV decreased over time
(F(18,198)=2.2, p<0.005; Fig. 2C), suggesting that the mice rejected the use of a simple
strategy to perform the task. Thus, during training we observed a dissociation between
WMC and strategy CV.

3.1.2. Experiment 1: The effects of bromocriptine on RAM performance

The mice were administered a dopamine D2-family agonist, bromocriptine. The protocol
during testing remained the same as training to avoid possible learning confounds. Although
bromocriptine administration appeared to increase WMC, this effect was not significant
(F<1, ns; Fig. 3A). A significant reduction in WM span errors (F(3,33)=5.2, p<0.005; Fig.
3B) was observed however. Bromocriptine had no effect on RM errors (F(3,33)=2.2, ns; Fig.
3C). Bromocriptine administration reduced the total arms entered (F(3,33)= 7.6, p<0.001,;
Fig. 3D). A reduction in percentage of WM errors (F(3,33)=3.3, p<0.05; Fig. 3E) was
observed, while the percentage of RM errors was unaffected (F<1, ns; Fig. 3F).
Bromocriptine did not alter strategyCV (F(3,33)=1.2, ns; Fig. 3G).

3.1.3. Experiment 2: The effect of SKF 38393 on RAM performance

We examined the effects of the dopamine D1-family agonist SKF 38393 on WMC and RM
in mice using the RAM. In mice performing the RAM, SKF 38393 did not affect WMC
(F(3,33)<1, ns; Fig. 4A), WM span errors (F(3,33)=2.3, ns; Fig. 4B), or RM errors
(F(3,33)=1.8, ns; Fig. 4C). A reduction in total arms entered (F(3,33)=5.7, p<0.003; Fig. 4D)
was observed. SKF 38393 had no effect on percentage of WM errors (F<1, ns; Fig. 4E), or
percentage of RM errors (F<1, ns; Fig. 4F). Finally, SKF 38393 had no effect on strategyCV
(F<1, ns; Fig. 4G).
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4.1. Discussion

In the present studies, we assessed whether a dopamine D1 or D2 receptor agonist can
improve WMC in mice as assessed in the RAM. The dopamine D2 receptor family agonist
bromocriptine improved spatial WMC as measured by a reduction in errors while not
affecting RM, an effect that is consistent with published reports in healthy humans. In
contrast, the dopamine D1 receptor family agonist SKF 38393 affected neither spatial WMC
nor RM. Thus, dopamine D1 receptor agonist SKF 38393 effects on WM may be limited to
DD memory tasks.

Bromocriptine improved WMC in mice in the present studies, paralleling studies in humans
[47,48]. Previous assessment of bromocriptine effects in the RAM have been hampered by
ceiling effects due to the use of only four WM arms [51] and by learning effects when drug
administration occurred during training [63]. The present studies suggest however that when
mice are trained to a stable level of performance in the task and performance is not at
ceiling, a significant reduction in WMC errors can be observed after bromocriptine
administration. This reduction in WMC errors was still apparent when the reductions in arm
entries were taken into account. These data suggest that with bromocriptine, mice can
maintain locations significantly better than with saline. Since bromocriptine did not affect
long-term memory or strategy use, it appears that the 12-arm RAM protocol employed here
can identify drugs that selectively affect WMC consistent with observations in humans. The
dopamine D1 receptor family agonist SKF 38393 did not improve WMC however, despite
improving DD WM performance in rats and non-human primates [20,21,23,24]. This study
provides further support for the pharmacological dissociation of DD and WMC performance
[6,13,15,64-66]. As described above, utilizing delays in a memory task leads to
hippocampal mediation of performance as opposed to the frontal mediation of WMC tasks
used in humans (reviewed in [25]). Thus, it is recognized that DD tasks do not assess WMC
in a manner that is consistent with human tasks [4,53,54]. The NIMH-funded MATRICS
initiative chose to assess WMC for assessing putative procognitive therapeutics to treat
schizophrenia [14] because WMC deficits may be the primary WM deficit in patients with
schizophrenia [15], these data highlight the need to examine D2-family agonists as a
potential therapeutic target for schizophrenia. The practical utility of a non-selective D2
agonist for schizophrenia patients treated with antipsychotics (D2 receptor antagonists)
would be limited, thus focus should be placed on identifying the dopamine receptor subtype
that mediates these effects. The fact that these data were generated using C57BL/6 mice
would also suggest that while examining the receptor(s) that mediate(s) the effects of
bromocriptine in normal animals, D2-family agonists should also be tested in animal models
of schizophrenia using this RAM protocol.

The dopamine D2 family agonist bromocriptine acts primarily by stimulating the
postsynaptic dopamine D2 and D3 receptors with lower affinity for dopamine D4 receptors
[67-69]. Some reports suggest bromocriptine may exhibit greater selectivity for the
dopamine D3 receptors [70]. Pramipexole is more selective for dopamine D3 receptors and,
consistent with bromocriptine, the selective D3 agonist may improve the WM of poor
performers while not affecting good performers [71]. The differential selectivities of these
drugs for D2 and D3 receptors are limited however. The use of dopamine D3 receptor
knockout mice in this task = bromocriptine may elucidate the role of the D3 receptor in the
improvement of WM more clearly. The cognitive performance of dopamine D3 receptor KO
mice has not been studied extensively but reports suggest that these mice perform better than
wildtype controls in some memory and learning tasks [72,73], although delay-dependent
memory may be adversely affected [74]. The effects of drugs on behavior in these mice have
been limited to locomotor activities [75,76] and prepulse inhibition [77,78] however and
should be examined in terms of WMC.
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Here we introduce a novel measurement of strategy use in the RAM — StrategyCV.
StrategyCV provides a valuable insight into the strategy use by mice in the 12-arm RAM.
This measure assesses the use of a simple turn left/right strategy in the RAM by totaling
each of all the possible transitions from one arm to another. If the subject employed a
predictable strategy, the distribution of the transitions would be uneven. If however, a varied
arm choice strategy was employed, the distributions would be more evenly distributed. Mice
readily achieved maximal performance in the 12-arm RAM with training, while their use of
strategies diminished. Once fully trained, strategy scores and WMC performance remained
consistent per individual. This measure was based on the spatial CV measure used to assess
the predictability of patterns of movements of animals in the Behavioral Pattern Monitor
(BPM) [79-81]. Spatial CV in the BPM was found to be modulated by differing
neurotransmitter systems [79]. The data presented here suggest that as mice learn to perform
in the RAM, their use of a predictable strategy diminishes over time as WMC improves.
This pattern is in contrast with the BPM where a rat’s movement becomes more predictable
over time when the animal is not confined to small areas [80]. Consequently, by rejecting
such a strategy in the RAM, the overall performance of mice improved and became more
stable. Importantly, the StrategyCV enabled us to examine the possible contribution of
altered strategies as a potential confound on the effects of drug manipulations. In the present
studies, neither bromocriptine nor SKF 38393 administration altered the predictability of
strategy use on mice in the RAM.

4.2. Conclusion

The data presented here indicate that WMC can be measured by a procedure that can
dissociate between dopamine D1 and D2 receptor family agonists in the RAM. Importantly,
the D2 family agonist bromocriptine improved WMC in mice in a manner consistent with
human WMC tasks. Thus, the current paradigm could provide a platform by which the
neurobiological mechanisms of WMC and experimental procognitive therapeutics can be
assessed. Moreover, given that bromocriptine improved WMC, future research should be
designed to identify the subtype of the D2-family of receptors responsible for the observed
improvement because the practical utility of a non-selective D2 agonist for schizophrenia
patients treated with antipsychotics (D2 receptor antagonists) would be limited. To this end
assessing the effects of co-administration of bromocriptine with antipsychotics in animal
model of schizophrenia would prove useful. This research is possible given the availability
of dopamine D3 receptor mutant mice and the ability to assess WMC in mice using the
current procedure. Finally, the addition of the StrategyCV measure may provide a useful
means to evaluate whether future drug-induced alterations of behavior affect WMC
specifically or also alters strategy use.

Research Highlights from assessing working memory span capacity in mice
e Important to identify the subcomponent of working memory that is assessed

e Working memory span capacity (WMC) is specifically impaired in patients with
schizophrenia

e Consistent with humans, the dopamine D2-family agonist bromocriptine
improved WMC in mice

e The dopamine D1-family agonist SKF 38393 did not improve WMC in mice

e The drug effects were not confounded by changes in strategy as measured by
StrategyCV
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Figure 1. 12-arm Radial Arm Maze

The fully automated radial arm maze has 12 arms radiating from a central hub. Guillotine
doors separate the arms and the hub. Arm entries and food reward area entries (located at the
distal end of the arms) are monitored by infrared beams. Ten arms are designated working
memory arms (baited once per session) and two arms are reference memory arms (never
baited).
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Figure 2. Spatial coefficient of variation (CV) and frequency distribution for low and high
strategy use performers

The spatial CV performances of C57BL/6N mice over time in the RAM were compared.
Performance was measured by the relative transitions from one arm to another. If the subject
employed a varied relative arm choice strategy (A), the total number of arms skipped was
more evenly distributed resulting in a low StrategyCV score. If however, a predictable
strategy is employed, the distribution of the total number of arms skipped was uneven (B)
resulting in a high StrategyCV. Thus, the degree of strategy use was quantified by
calculating the CV of the totals for each subject over a period of training sessions. During
training, mice initially adopted a strategy and had a high StrategyCV score, their ordered
strategy significantly declined with training however (C). As training progressed and the use
of simple strategies declined, working memory span improved toward a stable performance
(C). Data presented as mean * s.e.m.
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Figure 3. Bromocriptine decreases working memory span errors without affecting long term
memory

The effects of bromocriptine administration on C57BL/6N mice performing the RAM were
assessed. Bromocriptine appeared to increase working memory span capacity in mice,
although this effect was not significant (A). Bromocriptine significantly reduced working
memory span errors (B) however. This effect on working memory span errors was not
evident across different forms of memory since reference memory errors were unaffected
(C). Bromocriptine reduced the total number of arms entered (D). When measured as a
percentage of total arms entered, bromocriptine still significantly reduced working memory
span errors (E) with no concomitant effect on reference memory errors (F). Finally,
bromocriptine did not alter the predictability of strategy use (I) suggesting that its effects on
working memory span errors were not due to altered learning. Data presented as mean
+s.e.m., and * denotes p<0.05 when compared to vehicle control.
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Figure 4. SKF 38393 did not affect working memory span capacity or long term memory

The effects of SKF 38393 administration on C57BL/6N mice performing the RAM were
assessed. SKF 38393 did not affect any aspect of working memory including working
memory span capacity (A) and working memory errors (B) in mice. SKF 38393 did not
affect reference memory errors (C) but did reduce the total number of arms entered (D) for
the highest dose only. When measured as a percentage of total arms entered, SKF 38393 had
no effect on working memory span errors (E) or on reference memory errors (F). Finally,
SKF 38393 did not alter the predictability of strategy use (G) suggesting that its effect on
total arms entered was not due to altered learning. Data presented as mean+s.e.m., and *

denotes p<0.05 when compared to vehicle control.
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