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Abstract 

Effects of selective allosteric activation of M1 and M4 muscarinic receptors on object 

recognition memory performance in rats 

By Claire Rebecca Galloway  

 
Rationale  Acetylcholine (ACh) signaling through muscarinic receptors (mAChRs) has 
been shown to benefit memory performance in some conditions, but pan-mAChR 
activation also frequently leads to peripheral side effects.  Drug therapies that selectively 
target M1 or M4 muscarinic receptors may alleviate disease-related memory impairments 
while minimizing side effects mediated by the other muscarinic receptor subtypes.  In 
healthy individuals, the beneficial range of M1 or M4 activation may be narrow and 
variable, which highlights the importance of considering individual differences in 
baseline performance when evaluating the efficacy of cholinergic drugs for improving 
memory performance.  
Objectives  We tested the ability of three recently developed drugs that selectively 
activate M1 or M4 receptors at allosteric sites to improve performance of rats on an object 
recognition memory task above baseline.  
Methods  Long-Evans rats were given subcutaneous (s.c.) injections of three different 
doses of each the M1 allosteric agonist VU0364572, the M1 positive allosteric modulator 
(PAM) BQCA, or the M4 PAM VU0152100 before performing an object recognition 
memory task.  Each rat also completed three different sessions with 0.9% saline s.c. 
injections to establish baseline performance.  
Results  The lowest dose (3.0 mg/kg) of VU0152100 markedly improved memory 
performance of rats who performed poorly at baseline.  Rats' general tendency to explore 
novel objects was not altered in any drug condition.  
Conclusions  Drug therapies that selectively target M4 receptors may improve memory 
performance in individuals with impaired memory. 
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Acetylcholine (ACh) signaling through muscarinic receptors (mAChRs) in the 

central nervous system (CNS) has been associated with memory processes since it was 

reported that pharmacological blockade of mAChRs with the pan-muscarinic antagonist 

scopolamine impaired performance on several memory tasks in humans and experimental 

animals (Aigner and Mishkin 1967; Deutsch and Rocklin 1967; Drachman and Leavitt 

1974; Ghoneim and Mewaldt 1975; Meyers et al. 1964; Pazzagli and Pepeu 1965) and 

that activating mAChRs with pan-muscarinic agonists improved performance or 

attenuated deficits on several memory tasks in monkeys and rats (Matsuoka et al. 1991; 

Murray and Fibiger 1986; Prediger et al. 2006; Rupniak et al. 1989; Smith et al. 1996).  

The five mAChR subtypes (M1-M5) are each expressed in both the CNS and the 

peripheral nervous system (PNS), but the functional significance, prevalence, and 

regional distribution within the CNS and PNS differ markedly across the receptor 

subtypes.  In particular, M1 and M4 receptors have lower expression levels in the PNS 

relative to the CNS (Levey 1993), and compared to M2 and M3 receptors, are less 

implicated in PNS effects elicited by pan-mAChR agonism (Bymaster et al. 2003).  In the 

CNS, M1 and M4 receptors are both prominently expressed in brain regions that are key to 

several memory systems, including the hippocampus, striatum and amygdala (Levey et 

al. 1991).  M1 and M4 receptors are also expressed in areas such as the nucleus basalis 

magnocellularis (nucleus basalis of Meynert in primates) and prefrontal cortex (Levey et 

al. 1991), which are important for aspects of cognition that intersect with memory 

performance, including attention, goal pursuit, and decision making.  Thus, M1 and M4 

receptors likely play a major role in mediating memory performance yet show a 

decreased potential for eliciting mAChR-mediated peripheral side effects.  As a result, 
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drug therapies involving selective activation of M1 or M4 receptors hold considerable 

promise for the treatment of various diseases that involve memory impairments linked to 

cholinergic dysfunction, such as Alzheimer’s disease and schizophrenia (Bridges et al. 

2010; Levey 1996).  

A challenge in assessing the potential role of specific mAChR activators in 

memory is the possibility that the performance-enhancing range of any mAChR subtype 

activity is narrow and variable across individuals.  Several previous studies with non-

selective cholinergic drugs have observed a narrow range of beneficial efficacy, a range 

that varies across individuals, or a strong link between performance during control 

conditions and the degree of cognitive benefit from cholinergic enhancement (Arauojo et 

al. 2011; Chuah et al. 2009; Dumery et al. 1988; Flood et al. 1985; Haroutunian et al. 

1985; Kukolja et al. 2009; Malkova et al. 2011; Ogura and Aigner 1993; Raffaele et al. 

1991; Ye et al. 1999).  Accordingly, identifying M1 or M4 selective drugs that improve 

memory performance will likely depend on the use of several doses and accounting for 

difference in the baseline memory performance level of subjects. 

The orthosteric binding site is highly conserved across mAChRs and has 

presented a major challenge to the development of subtype-selective drugs (Conn et al. 

2010).  The recent shift in focus to developing drugs that target allosteric binding sites of 

mAChRs has produced several promising drugs that are highly specific for the M1 or M4 

subtypes (Conn et al. 2009; Conn et al. 2010; Farlow 2002; Heinrich et al. 2009).  In 

particular, systemic administration of the M1-selective allosteric agonist VU0364572 was 

found to improve memory performance in Morris Water Maze and contextual fear 

conditioning tasks in rats (Digby et al. 2012).  Similarly, the M1-selective positive 
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allosteric modulator (PAM) benzyl quinolone carboxylic acid (BQCA) reversed 

scopolamine-induced deficits in contextual fear conditioning and improved performance 

on a one-trial object recognition memory task with a 72 hour retention interval that 

controls performed at chance (Chambon et al. 2011; Ma et al. 2009).   

Although the effects of facilitating M4 activity with a selective M4 PAM such as 

VU0152100 on memory performance have never been investigated, several studies 

indicate that signaling through the M4 receptor contributes to plasticity in brain regions 

that are crucial to certain memory systems.  For example, in vitro studies with M4 genetic 

knock-out (M4 KO) mice or the M4-preferring antagonist MT3 suggest that M4 receptors 

mediate normal synaptic responses to the application of the cholinomimetic carbachol in 

the hippocampus and glutamate stimulation in the striatum (Bonsi et al. 2008; Dasari and 

Gulledge, 2011; Sanchez et al. 2009).   Further, MT3 was also shown to impair memory 

performance of rats (Ferreira et al. 2003; Jerusalinsky et al. 1998), and the M1/M4 

preferring-agonist Xanomeline showed beneficial effects on memory in psychiatric 

patient populations and experimental animals (Bartolomeo et al. 2000, Bodick et al. 

1997; Cui et al. 2008; Mirza et al. 2003; Shekhar et al. 2008; Si et al. 2010).  Thus, there 

is good evidence that selective M1 and M4 activators could be useful tools to improve 

memory performance. 

The goal of the present study was to assess the influence on memory performance 

of an M1-selective allosteric agonist (VU0364572), an M1-selective PAM (BQCA), and 

an M4-selective PAM (VU0152100) in the same memory task in the same rats.  More 

specifically, we aimed to find at least one dose of VU0364572, BQCA, or VU0152100 

that would improve object recognition memory performance of healthy rats above 
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baseline performance.  The task was based on rats' spontaneous preference for novel 

objects, involved little in terms of rule learning, and permitted each rat to be tested on all 

drug conditions.  Further, there is substantial evidence that enhancing mAChR signaling 

can benefit recognition memory (Bradley et al. 2010; Christie et al. 1981; Cui et al. 2008; 

Ridley et al. 1986; Ridley et al. 1988; Tariot et al. 1988; Uslaner et al. 2013), but the 

relative efficacy of VU0364572, BQCA, and VU0152100 to improve recognition 

memory performance in healthy rats has yet to be demonstrated.  Three different doses of 

each drug were administered to increase the likelihood that at least one dose of the drugs 

administered would benefit memory performance.  Furthermore, our analyses took into 

account individual differences in baseline performance as we assessed the ability of 

individual drug conditions to produce robust improvements in memory performance.   

Method 

Subjects 

Twelve male Long-Evans rats between 4-7 months of age were tested.  Rats were 

kept on a 12 hour light/dark cycle (testing occurred during light period), individually 

housed with free access to water, and placed on a restricted diet such that they maintained 

at least 90% of their free-feeding weight.  All experimental procedures were approved by 

Emory University’s Institutional Animal Care and Use Committee.  

Drugs 

Three activators of muscarinic acetylcholine receptors were tested, VU0364572, 

an M1-specific allosteric agonist (Lebois et al. 2011), BQCA, an M1-specific positive 

allosteric modulator (Ma et al. 2009), and VU0152100, an M4-specific positive allosteric 

modulator (Shirey et al. 2008).  Three doses were used for each drug to maximize the 



5 
 

likelihood of finding an optimal dose.  The doses were selected based on previous work 

with these drugs (Brady et al. 2008; Lebois et al. 2010; Ma et al. 2009; Shirey et al. 

2009).  Three control sessions for each were also conducted in which 0.9% saline was 

administered.  Drug administration was counterbalanced between rats using a 12 

(subjects) x 12 (sessions) balanced Latin-square design, such that each rat was assigned a 

unique order of drug administration.  Rats were not tested on consecutive days, and 

testing occurred over a period of 11 weeks.  VU0364572 was formulated as a HCl salt in 

0.9% saline and administered at doses of 0.1, 10.0, and 30.0 mg/kg, respectively.  The pH 

was titrated to 6.5-8.5 using 1 N NaOH.  BQCA was formulated as a sodium salt in a 

solution of 2-hydroxypropyl-β-cyclodextrin [20% (v/v) in water] at doses of 1.0, 10.0 and 

30.0 mg/kg, respectively.  The pH was titrated to 6.5-8.5 using 1 M HCl.  VU0152100 

was formulated as a HCl salt in a solution of 2-hydroxypropyl-β-cyclodextrin [20% (v/v) 

in water] and administered at doses of 3.0, 30.0, and 56.6 mg/kg, respectively.  The pH 

was titrated to 6.5-8.5 using 1 N NaOH.   

Procedure 

Figure 1 shows the procedure for a test session.  Rats were injected 

subcutaneously (s.c.) with either an experimental drug or 0.9% saline 30 min before 

being tested on a novel object recognition task that typically lasted about 30 min (mean = 

28.56 min), with a range of 17 - 63 min.  Previous studies have established that the half-

life in brain drug concentration is 46 min for VU0364572, 2.04 hours for BQCA, and 

1.12 hours for VU0152100 (Brady et al. 2008; Lebois et al. 2011; Shirey et al. 2009).  As 

drugs remain active for several half-lives, the timing of the procedure ensured each drug 

would have a high brain concentration until the end of the session.  Experimenters were 
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blind to the drug condition being tested.  The object recognition memory task involved 

rats spontaneously exploring new and repeated objects as they completed clockwise laps 

on a circular track (outside diameter = 91.5 cm; track width = 7 cm) for a small chocolate 

reward placed on a central runway upon the completion of each lap.  On each trial, one 

object, ranging in size from 10-2000 cm3 and made from ceramic, wood, plastic, or metal 

material, was attached to a small platform adjacent to the track in one of two locations 

(either 10 or 2 o'clock).  The task included a study phase consisting of 12 laps, a 5-min 

delay in which rats were returned to their home cage, and a test phase consisting of 24 

laps, half of which included repeated objects (using duplicates) from the study phase and 

half of which included new objects.  During the initial round of testing, novel objects 

were used for each session.  Prior to testing, rats were trained to complete at least 120 

laps on the circular track in 45 min and were given injections of saline on several 

different days to habituate them to the injection. 

Digital video of each session was scored by blind observers to record bouts of 

object exploration.  A rat was considered to be exploring an object only if the rat was 

within 1 cm of the object and was showing evidence of active investigation (e.g. sniffing 

and directed attention).  Based on past results from similar tasks (e.g. Bass et al. 2012; 

Ennaceur and Delacour, 1988), recognition memory performance during the test phase 

was measured by the extent to which rats explored new objects more so than repeated 

objects.  Specifically, for each session a discrimination index was calculated for the test 

phase by using the mean exploration times of new and repeated objects: new/(new + 

repeated).  A discrimination index of 0.50 indicates chance performance and higher 

numbers reflect better memory for repeated objects.  A discrimination index of 0.66 
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represents a 2:1 ratio of new:repeated exploration and is typically taken to reflect good 

performance (Clark and Squire, 2010).  Objects that the rat did not explore during the 

study phase or for which the rat displayed excessive chewing (>5 s) at any point were 

excluded from analyses.  Sessions that included valid data for less than half of the objects 

in either the study phase or the test phase were deemed unreliable and were retested on a 

different day.  

Analyses focused on the extent to which performance during each drug condition 

differed from performance averaged across the three control (saline) sessions.  

Specifically, a linear model (fixed effect = drug condition; random effect = rat) was fitted 

to the data (dependent variable = DI or exploration time) using Restricted Maximum 

Likelihood Estimation, and preplanned contrasts were calculated between each drug 

condition and the control condition.  Additionally, to address the possibility that multiple 

comparisons might lead to type I errors, a Dunnett's correction was also calculated for 

each contrast.  Further, we considered the possibility that different drug conditions might 

impact performance in a non-uniform manner with respect to a rat's control performance.  

In particular, the mixed effect approach to the analyses permitted us to compare directly 

the goodness of fit of linear models in which a rat's performance across conditions was 

assumed to be correlated (i.e. a compound symmetry covariance structure for the random 

effect) versus uncorrelated (i.e. a scaled identity covariance structure for the random 

effect).  Additionally, we plotted and analyzed the data separately for 1) all rats, 2) rats 

who performed well at baseline, and 3) rats who performed poorly a baseline.  Data 

processing and analyses were conducted with SPSS 19 (IBM), R 2.15 (R Foundation), 

and MATLAB R2011 (Mathworks).   
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Results 

In general, rats explored most of the objects presented in the study phase of each 

session (mean number of objects explored out of 12 = 11.09), indicating a good level of 

voluntary task compliance.  Nevertheless, for 7 of the 144 total sessions (involving 4 

rats), the rat explored less than 6 out of 12 objects during the study session and the 

session was marked as unusable.  An additional 7 sessions (involving 5 rats) were 

unusable due to experimenter error (i.e. failure to video-record session or inject rats with 

full amount of drug).  Thirteen of the 14 unusable sessions were retested with objects 

randomly selected from the entire pool of previously used objects.  The final unusable 

session was a saline session and was not retested.  For that rat, control performance was 

averaged across 2 instead of 3 saline sessions.  For another rat, 6 of 12 sessions for one 

rat were unusable, and attempts to retest that rat did not yield usable data.  Consequently, 

the data from all 12 sessions for this rat were excluded from analyses.  Thus, the final 

data set came from 131 sessions with 11 rats.  Of these, 30 sessions were randomly 

selected to be re-scored by a second observer to check inter-rater reliability.  For 3.3% of 

these trials, scorers disagreed about whether the trial should be included in the final data 

set.  For the remaining trials, the inter-rater reliability scores were high (mean = 0.97; 

range = 0.89 – 1.00).   

Figure 2 shows recognition memory performance for each drug condition 

calculated as a discrimination index.  A mixed effect linear model (see Method) in which 

a rat's performance was assumed to be correlated across conditions fit the overall data no 

better than a model that assumed no correlation (-2 times log likelihood of the MLE = -

137.78 [12 parameters] and -136.02 [11 parameters], respectively, p=0.18).  Thus, the 
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simpler model was used throughout the analyses.  In general, rats performed well, but 

there was no evidence of an overall effect of drug condition (F[9,100] = 0.685, p = 

0.721), and no preplanned contrasts between control and drug conditions were 

statistically significant (all uncorrected and Dunnett's-corrected ps > .1).  In contrast, 

when the data were considered separately for the 5 rats who performed relatively poorly 

(<.60) versus the 6 rats who performed well (>.60) in the control condition, several 

statistically significant findings emerged.  First, for the 6 rats who performed well in the 

control condition, preplanned contrasts between each drug condition and the control 

condition suggested memory performance was somewhat decreased by the 30.0 mg/kg 

dose of VU0364572 (p = 0.043), the 3.0 mg/kg dose of VU0152100 (p = .049) and the 

56.6 mg/kg dose of VU0152100 (p = 0.039; all other ps > 0.10).  However, a Dunnett's 

correction indicated that these results might reflect a type I error, as all corrected p values 

were greater than 0.05.  For the 5 rats who performed poorly in the control condition, 

preplanned contrasts between each drug condition and the control condition suggested 

memory performance was increased by the 0.1 mg/kg dose of VU0364572 (p = 0.046), 

by the 1.0 mg/kg dose of BQCA (p = 0.023), by the 3.0 mg/kg dose of VU0152100 (p = 

0.010), and by the 30 mg/kg dose of VU0152100 (p = 0.016).  The increase was 

particularly marked for the 3.0 mg/kg dose of VU0152100, for which the contrast 

remained significant following a Dunnett's correction (corrected p = 0.049; corrected ps 

for other conditions >.05).   

To address the possibility that the experimental drugs might have altered rats' 

disposition towards inspecting objects generally rather than their memory performance 

specifically, we asked if exploration times during the study phase differed by drug 
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condition.  Since all objects were novel in this phase of the task, rats would be expected 

to show similar exploration times across conditions if the drugs did not influence a rat's 

overall likelihood of exploring an object.  Figure 3 shows the mean exploration times 

during the study phase from each drug condition and plots the results separately for all 

rats, for rats who performed well during the baseline, and for rats who performed poorly 

during the baseline.  Exploration times were similar between drug conditions and across 

groups of rats (all p-values for omnibus tests and corrected and uncorrected planned 

contrasts between drug conditions and control conditions > 0.10).  

Discussion 

The current study used three recently developed mAChR subtype-selective drugs 

to investigate whether selectively increasing the activity of the M1 or M4 receptor 

subtypes would improve performance of rats on an object recognition memory task.  Our 

results indicated that low levels of M4 potentiation significantly improved memory 

performance in some rats.  Specifically, systemic administration of the M4 PAM 

VU0152100 at 3 mg/kg resulted in significantly improved memory performance relative 

to baseline for the five rats who performed poorly across three control sessions.  The 

improvement in memory performance did not appear to result from altered exploration of 

objects during the study phase but instead seemed to reflect better discrimination between 

novel and repeated objects during the test phase of the object recognition memory task.  

The results also suggested that M1 receptor activation modestly benefited memory 

performance using either VU0364572 (at 0.1 mg/kg) or BQCA (at 1 mg/kg), yet these 

results did not maintain statistical significance when corrected for multiple comparisons.  
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Future studies with VU0364572 and BQCA would be useful to ask if different dosages of 

these drugs might benefit object recognition memory performance.  

The current results with VU0152100 are consistent with previous studies that 

found that increasing synaptic ACh levels may provide cognitive benefits for humans and 

experimental animals only with naturally pre-existing or experimentally-induced (sleep 

deprivation) impairments in baseline memory performance (Chuah et al. 2009; Kukolja et 

al. 2009; Malkova et al. 2011).  These previous findings are consistent with the results 

from the present study that indicate the benefit of M4 potentiation on memory 

performance is dependent on baseline levels of performance.  Whether the underlying 

cause of differences in baseline memory performance is due to generally low levels of 

endogenous ACh, M4 receptor activity in particular, or other factors, remains to be 

determined.  

One important possibility to consider with respect to our results is that, by 

partitioning the groups by control performance, statistically significant differences 

between the control condition and drug conditions may reflect a type of regression to the 

mean (Nesselroade et al. 1980; Barnett et al. 2005).  For example, a statistically 

significant increase in performance for a drug condition might emerge because 

performance in the control condition is spuriously low rather than because performance 

in the drug condition is actually high.  Several points argue against this interpretation, 

especially for the result from the 3 mg/kg dose of VU0152100.  First, the rats were 

categorized according to their mean performance on three separate saline sessions that 

were evenly distributed throughout the course of testing.  This approach of using multiple 

baselines at different points in testing has been recommended as a method for reducing 
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the possibility of spurious results related to regression to the mean (Barnett et al. 2005).  

Second, the performance for the 3mg/kg dose of VU0152100 by the five rats who 

performed poorly in the control condition (mean ± S.D. = 0.725 ± 0.095) was more than 

one standard deviation higher than the overall mean (mean performance of all rats in the 

saline condition = 0.623).  Third, for the 3 mg/kg dose of VU0152100, performance for 

the five rats who performed poorly at baseline was significantly better than the 

performance of the six rats who performed well at baseline (independent samples t-test; 

t[9] = 2.256, p = .050).  That is, there was no indication that the poor baseline 

performance by the five rats represented a spurious observation or that their very good 

performance for the 3 mg/kg dose of VU0152100 simply represented regression to the 

mean.   

The observation from the current results that none of the drugs significantly 

altered exploration times of novel objects during the study phase of the task suggests that 

the drugs did not impact rats' overt attention or general inclination to explore novel 

objects.  However, the drugs may have influenced memory performance indirectly by 

modulating perception or covert attention.  Indeed, mAChR activity has been found to 

influence synaptic plasticity and excitation in the visual (e.g., Choi et al. 2005; Kimura 

and Baughman, 1997; Kirkwood et al. 1999; Silver et al. 2008), olfactory (e.g., Saar et al. 

2007; Wilson 2001), and somatosensory cortices (e.g., Eggerman and Feldmeyer 2009; 

Levy et al. 2008; Rahman and Berger 2011).  Many past studies have also highlighted the 

role of mAChRs in attention (e.g., Chen et al. 2004; Dunne and Hartley 1986; Ellis et al. 

2006; Gulledge et al. 2009), and in particular BQCA was shown to increase firing activity 

of medial prefrontal cortex neurons of rats as they performed an auditory detection task 
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(Shirey et al. 2009).  Thus, the drugs in the present study may have impacted memory 

indirectly through altered perception or covert attention.    

An additional indirect influence on memory performance may have occurred via 

modulation of mAChRs in the striatum (Hersch et al. 1994; Zhang et al. 2002), which in 

turn may have altered reward-related dopaminergic signaling (Bernard et al. 1992; 

Dencker et al. 2012; Weiner et al. 1990).  Indeed, several studies with M4 KO mice 

indicate that M4 modulates dopamine release in the nucleus accumbens (Jeon et al. 2010; 

Tzavara et al. 2004), and both the M1 and M4 subtypes influence the response of 

experimental animals to drugs of abuse (Carrigan and Dykstra 2007; Schmidt et al. 2011; 

Thomsen et al. 2012).  Nevertheless, in the present study the only incentive provided was 

a small food reward that was consistently provided to rats after the completion of each 

lap on the circular track irrespective of exploration times.  Further, it is unclear how the 

drugs might have impacted a rat's motivation to explore novel objects during the test 

phase without impacting the rat's inclination to explore novel objects during the study 

phase. 

There are several mechanisms by which the 3.0 mg/kg dose of VU0152100 may 

have more directly influenced object recognition memory.  First, M4 receptors are 

expressed in the perirhinal cortex, a region known to be important for object recognition 

memory (Brown and Aggleton, 2001; Murray 1996; Murray and Bussey 1999).  For 

example, removal of ACh afferents from the basal forebrain to the perirhinal cortex with 

192- IgG-saporin impairs object recognition memory performance in rats (Winters and 

Bussey 2005), and blocking muscarinic receptors in the perirhinal cortex has been shown 

to disrupt both LTP and LTD in vitro and impair object recognition memory performance 
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in rats and monkeys (Balderas et al. 2012; Massey et al. 2001; Tang et al. 1997; 

Warburton et al. 2003).  Second, M4 receptors are also densely expressed in both the 

hippocampus and entorhinal cortex (Levey et al. 1991; Levey et al. 1995; Mulugeta et al. 

2006; Piggott et al. 2002; Rodriguez-Puertas et al. 1997), two areas that are also thought 

to be important for recognition memory (Broadbent et al. 2009; Clark et al. 2000; Galani 

et al. 1998; Jutras and Buffalo 2010; Lima et al. 2009; Manns et al. 2003; Parron and 

Save 2004).  In particular, based on both receptor localization and previous in vitro 

studies, M4 receptor activation may play an important role in modulating glutamate 

release in the hippocampus at CA3-CA1 synapses (Amaral and Witter 1989; Dasari and 

Gullege 2011; Hasselmo and Schnell 1994; Levey et al. 1995; Witter et al. 1988).  Thus, 

VU0152100 may have improved object recognition memory performance by acting in the 

hippocampus or the adjacent perirhinal and entorhinal cortices to influence synaptic 

plasticity or network dynamics in the extended hippocampal memory system (Hasselmo 

and McGaughy 2004). 

In previous studies, the M1/M4-preferring mAChR agonist Xanomeline modestly 

improved memory in psychiatric populations (Bodick et al. 1997; Shekhar et al. 2008).  

However, it was unclear the extent to which activity of M1 versus M4 receptors 

contributed to the improvement.  The results of the present study demonstrated for the 

first time that selectively potentiating M4 receptors can improve memory and thus that a 

large part of the efficacy of Xanomeline in patient populations may have been due to its 

actions at M4 mAChRs.  Nevertheless, further research is needed to replicate the findings 

of the present study and investigate if memory enhancement from M4 receptor 

potentiation will hold across species and extend to other cognitive tasks.  A key question 
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is whether selective M4 receptor activators like VU0152100 would be beneficial when 

administered to individuals with compromised memory, such as AD patients or 

schizophrenics.  In pursuing that goal, future studies in experimental animals will be 

helpful in asking the extent to which VU0152100 influences memory performance 

directly by modulating activity in the hippocampal memory system or indirectly by 

modulating activity in other brain areas.  Finally, the relevance of individual differences 

in baseline performance to the cognitive outcome from M4 potentiation indicate subject 

variability in cognitive abilities at treatment onset may be an important factor to consider 

when evaluating the efficacy of cholinergic drugs to improve memory performance.  

  



16 
 

References  

Aigner TG, Mishkin M (1986) The effects of physostigmine and scopolamine on 

recognition memory in monkeys. Behav Neural Biol 45:81-87. 

doi:10.1016/S0163-1047(86)80008-5 

Amaral DG, Witter MP (1989) The three-dimensional organization of the hippocampal 

formation: a review of anatomical data. Neuroscience 31:571-591. 

doi:10.1016/0306-4522(89)90424-7 

Araujo JA, Greig NH, Ingram DK, Sandin J, de Rivera C, Milgram NW (2011) 

Cholinesterase inhibitors improve both memory and complex learning in aged 

beagle dogs. J Alzheimers Dis 26:143-155. doi:10.3233/JAD-2011-110005 

Balderas I, Morin JP, Rodriguez-Ortiz CJ, Bermudez-Rattoni F (2012) Muscarinic 

receptors activity in the perirhinal cortex and hippocampus has differential 

involvement in the formation of recognition memory. Neurobiol Learn Mem 

97:418-424. doi:10.1016/j.nlm.2012.03.006  

Barnett AG, van der Pols JC, Dobson AJ (2005) Regression to the mean: what it is and 

how to deal with it. Int J Epidemiol 34:215-220. doi:10.1093/ije/dyh299 

Bartolomeo AC, Morris H, Buccafusco JJ, Kille N, Rosenzweig-Lipson S, Husbands 

MG, Sabb AL, Abou-Gharbia M, Moyer JA, Boast CA (2000) The preclinical 

pharmacological profile of WAY-132983, a potent M1 preferring agonist. J 

Pharmacol Exp Ther 292:584-596. 

Bass DI, Partain KN, Manns JR (2012) Event-specific enhancement of memory via brief 

electrical stimulation to the basolateral complex of the amygdala in rats. Behav 

Neurosci 126:204-208. doi:10.1037/a0026462 

http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Amaral%20DG%5BAuthor%5D&cauthor=true&cauthor_uid=2687721
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Witter%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=2687721
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/2687721
http://www.ncbi.nlm.nih.gov/pubmed?term=Araujo%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=21593569
http://www.ncbi.nlm.nih.gov/pubmed?term=Greig%20NH%5BAuthor%5D&cauthor=true&cauthor_uid=21593569
http://www.ncbi.nlm.nih.gov/pubmed?term=Ingram%20DK%5BAuthor%5D&cauthor=true&cauthor_uid=21593569
http://www.ncbi.nlm.nih.gov/pubmed?term=Sandin%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21593569
http://www.ncbi.nlm.nih.gov/pubmed?term=de%20Rivera%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21593569
http://www.ncbi.nlm.nih.gov/pubmed?term=Milgram%20NW%5BAuthor%5D&cauthor=true&cauthor_uid=21593569
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cholinesterase+Inhibitors+Improve+Both+Memory+and+Complex+Learning+in+Aged+Beagle+Dogs
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dBalderas%2520I%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d22452926
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dMorin%2520JP%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d22452926
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dRodriguez-Ortiz%2520CJ%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d22452926
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dBermudez-Rattoni%2520F%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d22452926
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%2f%3fterm%3dbalderas%2b%255Bauthor%255D%252C%2b2012%252C%2brecognition%23
http://www.ncbi.nlm.nih.gov/pubmed?term=Barnett%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=15333621
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20der%20Pols%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=15333621
http://www.ncbi.nlm.nih.gov/pubmed?term=Dobson%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=15333621
http://www.ncbi.nlm.nih.gov/pubmed/?term=Barnett%2C+van+der+Pols%2C+and+Dobson%2C+2005
http://www.ncbi.nlm.nih.gov/pubmed?term=Bartolomeo%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=10640295
http://www.ncbi.nlm.nih.gov/pubmed?term=Morris%20H%5BAuthor%5D&cauthor=true&cauthor_uid=10640295
http://www.ncbi.nlm.nih.gov/pubmed?term=Buccafusco%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=10640295
http://www.ncbi.nlm.nih.gov/pubmed?term=Kille%20N%5BAuthor%5D&cauthor=true&cauthor_uid=10640295
http://www.ncbi.nlm.nih.gov/pubmed?term=Rosenzweig-Lipson%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10640295
http://www.ncbi.nlm.nih.gov/pubmed?term=Husbands%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=10640295
http://www.ncbi.nlm.nih.gov/pubmed?term=Husbands%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=10640295
http://www.ncbi.nlm.nih.gov/pubmed?term=Sabb%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=10640295
http://www.ncbi.nlm.nih.gov/pubmed?term=Abou-Gharbia%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10640295
http://www.ncbi.nlm.nih.gov/pubmed?term=Moyer%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=10640295
http://www.ncbi.nlm.nih.gov/pubmed?term=Boast%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=10640295
http://www.ncbi.nlm.nih.gov/pubmed/?term=The+Preclinical+Pharmacological+Profile+of+WAY-132983%2C+a+Potent+M1+Preferring+Agonist1
http://www.ncbi.nlm.nih.gov/pubmed/?term=The+Preclinical+Pharmacological+Profile+of+WAY-132983%2C+a+Potent+M1+Preferring+Agonist1
http://www.ncbi.nlm.nih.gov/pubmed?term=Bass%20DI%5BAuthor%5D&cauthor=true&cauthor_uid=22141467
http://www.ncbi.nlm.nih.gov/pubmed?term=Partain%20KN%5BAuthor%5D&cauthor=true&cauthor_uid=22141467
http://www.ncbi.nlm.nih.gov/pubmed?term=Manns%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=22141467
http://www.ncbi.nlm.nih.gov/pubmed/?term=Event-Specific+Enhancement+of+Memory+via+Brief+Electrical+Stimulation+to+the+Basolateral+Complex+of+the+Amygdala+in+Rats
http://www.ncbi.nlm.nih.gov/pubmed/?term=Event-Specific+Enhancement+of+Memory+via+Brief+Electrical+Stimulation+to+the+Basolateral+Complex+of+the+Amygdala+in+Rats


17 
 

Bernard V, Normand E, Bloch B (1992) Phenotypical characterization of the rat striatal 

neurons expressing muscarinic receptor genes. J Neurosci 12:3591-3600. 

Bodick NC, Offen WW, Levey AI, Cutler NR, Gauthier SG, Satlin A, Shannon HE, 

Tollefson GD, Rasmussen K, Bymaster FP, Hurley DJ, Potter WZ, Paul SM 

(1997) Effects of xanomeline, a selective muscarinic receptor agonist, on 

cognitive function and behavioral symptoms in Alzheimer disease. Arch Neurol 

54:465-473. doi:10.1001/archneur.1997.00550160091022 

Bonsi P, Martella G, Cuomo D, Platania P, Sciamanna G, Bernardi G, Wess J, Pisani A 

(2008) Loss of muscarinic autoreceptor function impairs long-term depression but 

not long-term potentiation in the striatum. J Neurosci 28:6258-6263. 

doi:10.1523/JNEUROSCI.1678-08.2008. 

Bradley SR, Lameh J, Ohrmund L, Son T, Bajpai A, Nguyen D, Friberg M, Burstein ES, 

Spalding TA, Ott TR, Schiffer HH, Tabatabaei A, McFarland K, Davis RE, 

Bonhaus DW (2010) AC-260584, an orally bioavailable M(1) muscarinic receptor 

allosteric agonist, improves cognitive performance in an animal model. 

Neuropharmacology 58:365-373. doi:10.1016/j.neuropharm.2009.10.003 

Brady AE, Jones CK, Bridges TM, Kennedy JP, Thompson AD, Heiman JU, Breininger 

ML, Gentry PR, Yin H, Jadhav SB, Shirey JK, Conn PJ, Lindsley CW (2008) 

Centrally active allosteric potentiators of the M4 muscarinic acetylcholine 

receptor reverse amphetamine-induced hyperlocomotor activity in rats. J 

Pharmacol Exp Ther 327:941-953. doi:10.1124/jpet.108.140350 

 

http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Bernard%20V%5BAuthor%5D&cauthor=true&cauthor_uid=1527598
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Normand%20E%5BAuthor%5D&cauthor=true&cauthor_uid=1527598
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Bloch%20B%5BAuthor%5D&cauthor=true&cauthor_uid=1527598
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Phenotypical+characterization+of+the+rat+striatal+neurons+expressing+muscarinic+receptor+genes
http://www.ncbi.nlm.nih.gov/pubmed?term=Bodick%20NC%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Offen%20WW%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Levey%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Cutler%20NR%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Gauthier%20SG%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Satlin%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Shannon%20HE%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Tollefson%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Rasmussen%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Bymaster%20FP%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Hurley%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Potter%20WZ%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed?term=Paul%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=9109749
http://www.ncbi.nlm.nih.gov/pubmed/?term=Effects+of+Xanomeline%2C+a+Selective+Muscarinic+Receptor+Agonist%2C+on+Cognitive+Function+and+Behavioral+Symptoms+in+Alzheimer+Disease
http://www.ncbi.nlm.nih.gov/pubmed?term=Bonsi%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18550768
http://www.ncbi.nlm.nih.gov/pubmed?term=Martella%20G%5BAuthor%5D&cauthor=true&cauthor_uid=18550768
http://www.ncbi.nlm.nih.gov/pubmed?term=Cuomo%20D%5BAuthor%5D&cauthor=true&cauthor_uid=18550768
http://www.ncbi.nlm.nih.gov/pubmed?term=Platania%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18550768
http://www.ncbi.nlm.nih.gov/pubmed?term=Sciamanna%20G%5BAuthor%5D&cauthor=true&cauthor_uid=18550768
http://www.ncbi.nlm.nih.gov/pubmed?term=Bernardi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=18550768
http://www.ncbi.nlm.nih.gov/pubmed?term=Wess%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18550768
http://www.ncbi.nlm.nih.gov/pubmed?term=Pisani%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18550768
http://www.ncbi.nlm.nih.gov/pubmed/?term=Loss+of+Muscarinic+Autoreceptor+Function+Impairs+Long-+Term+Depression+But+Not+Long-Term+Potentiation+in+the+Striatum
http://www.ncbi.nlm.nih.gov/pubmed?term=Bradley%20SR%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Lameh%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Ohrmund%20L%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Son%20T%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Bajpai%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Nguyen%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Friberg%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Burstein%20ES%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Spalding%20TA%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Ott%20TR%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Schiffer%20HH%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Tabatabaei%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=McFarland%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Davis%20RE%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed?term=Bonhaus%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=19835892
http://www.ncbi.nlm.nih.gov/pubmed/19835892
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Brady%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Jones%20CK%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Bridges%20TM%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Kennedy%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Thompson%20AD%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Heiman%20JU%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Breininger%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Breininger%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Gentry%20PR%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Yin%20H%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Jadhav%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Shirey%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Conn%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Lindsley%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/18772318
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/18772318


18 
 

Bridges TM, LeBois EP, Hopkins CR, Wood MR, Jones CK, Conn PJ, Lindsley CW 

(2010) The antipsychotic potential of muscarinic allosteric modulation. Drug 

News Perspect 23:229-40. doi:10.1358/dnp.2010.23.4.1416977 

Broadbent NJ, Gaskin S, Squire LR, Clark RE (2009) Object recognition memory and the 

rodent hippocampus. Learn Mem 17:5-11. doi:10.1101/lm.1650110 

Brown MW, Aggleton JP (2001) Recognition memory: What are the roles of the 

perirhinal cortex and hippocampus? Nat Rev Neurosci 2:51-61. 

doi:10.1038/35049064 

Bymaster FP, Carter PA, Yamada M, Gomeza J, Wess J, Hamilton SE, Nathanson NM, 

McKinzie DL, Felder CC (2003) Role of specific muscarinic receptor subtypes in 

cholinergic parasympathomimetic responses, in vivo phosphoinositide hydrolysis, 

and pilocarpine-induced seizure activity. Eur J Neurosci 17:1403-1410. 

doi:10.1046/j.1460-9568.2003.02588.x 

Carrigan KA, Dykstra LA (2007) Behavioral effects of morphine and cocaine in M1 

muscarinic acetylcholine receptor-deficient mice. Psychopharmacology (Berl) 

191:985-93 

Chambon C, Wegener N, Gravius A, Danysz W (2011) A new automated method to 

assess the rat recognition memory: validation of the method. Behav Brain Res 

222:151-7. doi:10.1016/j.bbr.2011.03.032 

Chen KC, Baxter MG, Rodefer JS (2004) Central blockade of muscarinic cholinergic 

receptors disrupts affective and attentional set-shifting. Eur J Neurosci 20:1081-8. 

Choi SY, Chang J, Jiang B, Seol GH, Min SS, Han JS, Shin HS, Gallagher M, Kirkwood 

A (2005) Multiple receptors coupled to phospholipase C gate long-term 

http://www.ncbi.nlm.nih.gov/pubmed?term=Bridges%20TM%5BAuthor%5D&cauthor=true&cauthor_uid=20520852
http://www.ncbi.nlm.nih.gov/pubmed?term=LeBois%20EP%5BAuthor%5D&cauthor=true&cauthor_uid=20520852
http://www.ncbi.nlm.nih.gov/pubmed?term=Hopkins%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=20520852
http://www.ncbi.nlm.nih.gov/pubmed?term=Wood%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=20520852
http://www.ncbi.nlm.nih.gov/pubmed?term=Jones%20CK%5BAuthor%5D&cauthor=true&cauthor_uid=20520852
http://www.ncbi.nlm.nih.gov/pubmed?term=Conn%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=20520852
http://www.ncbi.nlm.nih.gov/pubmed?term=Lindsley%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=20520852
http://www.ncbi.nlm.nih.gov/pubmed/20520852
http://www.ncbi.nlm.nih.gov/pubmed/20520852
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dBroadbent%2520NJ%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d20028732
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dGaskin%2520S%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d20028732
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dSquire%2520LR%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d20028732
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dClark%2520RE%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d20028732
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%2f20028732%23
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Brown%20MW%5BAuthor%5D&cauthor=true&cauthor_uid=11253359
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Aggleton%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=11253359
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/11253359
http://www.ncbi.nlm.nih.gov/pubmed/?term=Role+of+specific+muscarinic+receptor+subtypes+in+cholinergic+parasympathomimetic+responses%2C+in+vivo+phosphoinositide+hydrolysis%2C+and+pilocarpine-induced+seizure+activity
http://www.ncbi.nlm.nih.gov/pubmed?term=Carrigan%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=17211651
http://www.ncbi.nlm.nih.gov/pubmed?term=Dykstra%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=17211651
http://www.ncbi.nlm.nih.gov/pubmed/?term=Behavioral+effects+of+morphine+and+cocaine+in+M1+muscarinic+acetylcholine+receptor-deficient+mice
http://www.ncbi.nlm.nih.gov/pubmed?term=Chambon%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21421012
http://www.ncbi.nlm.nih.gov/pubmed?term=Wegener%20N%5BAuthor%5D&cauthor=true&cauthor_uid=21421012
http://www.ncbi.nlm.nih.gov/pubmed?term=Gravius%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21421012
http://www.ncbi.nlm.nih.gov/pubmed?term=Danysz%20W%5BAuthor%5D&cauthor=true&cauthor_uid=21421012
http://www.ncbi.nlm.nih.gov/pubmed/?term=A+new+automated+method+to+assess+the+rat+recognition+memory%3A+Validation+of+the+method
http://www.ncbi.nlm.nih.gov/pubmed?term=Chen%20KC%5BAuthor%5D&cauthor=true&cauthor_uid=15305877
http://www.ncbi.nlm.nih.gov/pubmed?term=Baxter%20MG%5BAuthor%5D&cauthor=true&cauthor_uid=15305877
http://www.ncbi.nlm.nih.gov/pubmed?term=Rodefer%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=15305877
http://www.ncbi.nlm.nih.gov/pubmed/?term=Central+blockade+of+muscarinic+cholinergic+receptors+disrupts+affective+and+attentional+set-shifting
http://www.ncbi.nlm.nih.gov/pubmed?term=Choi%20SY%5BAuthor%5D&cauthor=true&cauthor_uid=16339037
http://www.ncbi.nlm.nih.gov/pubmed?term=Chang%20J%5BAuthor%5D&cauthor=true&cauthor_uid=16339037
http://www.ncbi.nlm.nih.gov/pubmed?term=Jiang%20B%5BAuthor%5D&cauthor=true&cauthor_uid=16339037
http://www.ncbi.nlm.nih.gov/pubmed?term=Seol%20GH%5BAuthor%5D&cauthor=true&cauthor_uid=16339037
http://www.ncbi.nlm.nih.gov/pubmed?term=Min%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=16339037
http://www.ncbi.nlm.nih.gov/pubmed?term=Han%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=16339037
http://www.ncbi.nlm.nih.gov/pubmed?term=Shin%20HS%5BAuthor%5D&cauthor=true&cauthor_uid=16339037
http://www.ncbi.nlm.nih.gov/pubmed?term=Gallagher%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16339037
http://www.ncbi.nlm.nih.gov/pubmed?term=Kirkwood%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16339037
http://www.ncbi.nlm.nih.gov/pubmed?term=Kirkwood%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16339037


19 
 

depression in visual cortex. J Neurosci 25:11433-11443. 

doi:10.1523/JNEUROSCI.4084-05.2005 

Christie JE, Shering A, Ferguson J, Glen AI (1981) Physostigmine and arecoline: effects 

of intravenous infusions in Alzheimer presenile dementia. Br J Psychiatry 138:46-

50. 

Chuah LY, Chong DL, Chen AK, Rekshan WR 3rd, Tan JC, Zheng H, Chee MW (2009) 

Donepezil improves episodic memory in young individuals vulnerable to the 

effects of sleep deprivation. Sleep 32:999-1010. 

Clark RE, Squire LR (2010) An animal model of recognition memory and medial 

temporal lobe amnesia: history and current issues. Neuropsychologia 48:2234-

2244. doi:10.1016/j.neuropsychologia.2010.02.004 

Clark RE, Zola SM, Squire LR (2000) Impaired recognition memory in rats after damage 

to the hippocampus. J Neurosci 20:8853-60. 

Conn PJ, Christopoulos A, Lindsley CW (2009) Allosteric modulators of GPCRs: a novel 

approach for the treatment of CNS disorders. Nat Rev Drug Discov 8:41-54. 

doi:10.1038/nrd2760 

Conn PJ, Jones CK, Lindsley CW (2010) Subtype-selective allosteric modulators of 

muscarinic receptors for the treatment of CNS disorders. Trends Pharmacol Sci 

30:148-155. doi:10.1016/j.tips.2008.12.002 

Cui YH, Si W, Yin L, An SM, Jin J, Deng SN, Cao XH (2008) A novel derivative of 

xanomeline improved memory function in aged mice. 

H

Neurosci Bull 24:251-257. 

doi:10.1007/s12264-008-0204-5. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Multiple+Receptors+Coupled+to+Phospholipase+C+Gate+Long-Term+Depression+in+Visual+Cortex
http://www.ncbi.nlm.nih.gov/pubmed?term=Christie%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=7023592
http://www.ncbi.nlm.nih.gov/pubmed?term=Shering%20A%5BAuthor%5D&cauthor=true&cauthor_uid=7023592
http://www.ncbi.nlm.nih.gov/pubmed?term=Ferguson%20J%5BAuthor%5D&cauthor=true&cauthor_uid=7023592
http://www.ncbi.nlm.nih.gov/pubmed?term=Glen%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=7023592
http://www.ncbi.nlm.nih.gov/pubmed/7023592
http://www.ncbi.nlm.nih.gov/pubmed?term=Chuah%20LY%5BAuthor%5D&cauthor=true&cauthor_uid=19725251
http://www.ncbi.nlm.nih.gov/pubmed?term=Chong%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=19725251
http://www.ncbi.nlm.nih.gov/pubmed?term=Chen%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=19725251
http://www.ncbi.nlm.nih.gov/pubmed?term=Rekshan%20WR%203rd%5BAuthor%5D&cauthor=true&cauthor_uid=19725251
http://www.ncbi.nlm.nih.gov/pubmed?term=Tan%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=19725251
http://www.ncbi.nlm.nih.gov/pubmed?term=Zheng%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19725251
http://www.ncbi.nlm.nih.gov/pubmed?term=Chee%20MW%5BAuthor%5D&cauthor=true&cauthor_uid=19725251
http://www.ncbi.nlm.nih.gov/pubmed/?term=Donepezil+Improves+Episodic+Memory+in+Young+Individuals+Vulnerable+to+the+Effects+of+Sleep+Deprivation
http://www.ncbi.nlm.nih.gov/pubmed?term=Clark%20RE%5BAuthor%5D&cauthor=true&cauthor_uid=20144894
http://www.ncbi.nlm.nih.gov/pubmed?term=Squire%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=20144894
http://www.ncbi.nlm.nih.gov/pubmed/20144894
http://www.ncbi.nlm.nih.gov/pubmed?term=Conn%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=19116626
http://www.ncbi.nlm.nih.gov/pubmed?term=Christopoulos%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19116626
http://www.ncbi.nlm.nih.gov/pubmed?term=Lindsley%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=19116626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Allosteric+modulators+of+GPCRs%3A+a+novel+approach+for+the+treatment+of+CNS+disorders
http://www.ncbi.nlm.nih.gov/pubmed?term=Conn%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=19201489
http://www.ncbi.nlm.nih.gov/pubmed?term=Jones%20CK%5BAuthor%5D&cauthor=true&cauthor_uid=19201489
http://www.ncbi.nlm.nih.gov/pubmed?term=Lindsley%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=19201489
http://www.ncbi.nlm.nih.gov/pubmed/19201489
http://www.ncbi.nlm.nih.gov/pubmed?term=Cui%20YH%5BAuthor%5D&cauthor=true&cauthor_uid=18668154
http://www.ncbi.nlm.nih.gov/pubmed?term=Si%20W%5BAuthor%5D&cauthor=true&cauthor_uid=18668154
http://www.ncbi.nlm.nih.gov/pubmed?term=Yin%20L%5BAuthor%5D&cauthor=true&cauthor_uid=18668154
http://www.ncbi.nlm.nih.gov/pubmed?term=An%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=18668154
http://www.ncbi.nlm.nih.gov/pubmed?term=Jin%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18668154
http://www.ncbi.nlm.nih.gov/pubmed?term=Deng%20SN%5BAuthor%5D&cauthor=true&cauthor_uid=18668154
http://www.ncbi.nlm.nih.gov/pubmed?term=Cao%20XH%5BAuthor%5D&cauthor=true&cauthor_uid=18668154
http://www.ncbi.nlm.nih.gov/pubmed?term=Cao%20XH%5BAuthor%5D&cauthor=true&cauthor_uid=18668154
http://www.ncbi.nlm.nih.gov/pubmed/18668154
http://www.ncbi.nlm.nih.gov/pubmed/18668154


20 
 

Dasari S, Gulledge AT  (2011) M1 and M4 receptors modulate hippocampal pyramidal 

neurons. J Neurophysiol 105:779-792. doi: 10.1152/jn.00686.2010 

Dencker D, Thomsen M, Wörtwein G, Weikop P, Cui Y, Jeon J, Wess J, Fink-Jensen A 

(2012) Muscarinic acetylcholine receptor subtypes as potential drug targets for the 

treatment of schizophrenia, drug abuse and Parkinson's disease. ACS Chem 

Neurosci 3:80-89. 

Deutsch JA, Rocklin KW (1967) Amnesia induced by scopolamine and its temporal 

variations. Nature 269:89-90. doi:10.1038/216089b0 

Digby GJ, Noetzel MJ, Bubser M, Utley TJ, Walker AG, Byun NE, Lebois EP, Xiang Z, 

Sheffler DJ, Cho HP, Davis AA, Nemirovsky NE, Mennenga SE, Camp BW, 

Bimonte-Nelson HA, Bode J, Italiano K, Morrison R, Daniels JS, Niswender CM, 

Olive MF, Lindsley CW, Jones CK, Conn PJ (2012). Novel allosteric agonists of 

M1 muscarinic acetylcholine receptors induce brain region-specific responses that 

correspond with behavioral effects in animal models. J Neurosci 32:8532-8544. 

doi: 10.1523/JNEUROSCI.0337-12.2012 

Drachman DA, Leavitt J (1974) Human memory and the cholinergic system. A 

relationship to aging? Arch Neurol 30:113-121. 

doi:10.1001/archneur.1974.00490320001001 

Dumery V, Derer P, Blozovski D (1988) Enhancement of passive avoidance learning 

through small doses of intra-amygdaloid physostigmine in the young rat. Its 

relation to the development of acetylcholinesterase. Dev Psychobiol 21:553-565. 

Dunne MP, Hartley LR (1986) Scopolamine and the control of attention in humans. 

Psychopharmacology (Berl) 89:94-97. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Dasari%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21160001
http://www.ncbi.nlm.nih.gov/pubmed?term=Gulledge%20AT%5BAuthor%5D&cauthor=true&cauthor_uid=21160001
http://www.ncbi.nlm.nih.gov/pubmed/21160001
http://www.ncbi.nlm.nih.gov/pubmed?term=Dencker%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22389751
http://www.ncbi.nlm.nih.gov/pubmed?term=Thomsen%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22389751
http://www.ncbi.nlm.nih.gov/pubmed?term=W%C3%B6rtwein%20G%5BAuthor%5D&cauthor=true&cauthor_uid=22389751
http://www.ncbi.nlm.nih.gov/pubmed?term=Weikop%20P%5BAuthor%5D&cauthor=true&cauthor_uid=22389751
http://www.ncbi.nlm.nih.gov/pubmed?term=Cui%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22389751
http://www.ncbi.nlm.nih.gov/pubmed?term=Jeon%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22389751
http://www.ncbi.nlm.nih.gov/pubmed?term=Wess%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22389751
http://www.ncbi.nlm.nih.gov/pubmed?term=Fink-Jensen%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22389751
http://www.ncbi.nlm.nih.gov/pubmed/?term=Muscarinic+Acetylcholine+Receptor+Subtypes+as+Potential+Drug+Targets+for+the+Treatment+of+Schizophrenia%2C+Drug+Abuse%2C+and+Parkinson%E2%80%99s+Disease
http://www.ncbi.nlm.nih.gov/pubmed/?term=Muscarinic+Acetylcholine+Receptor+Subtypes+as+Potential+Drug+Targets+for+the+Treatment+of+Schizophrenia%2C+Drug+Abuse%2C+and+Parkinson%E2%80%99s+Disease
http://www.ncbi.nlm.nih.gov/pubmed?term=Digby%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Noetzel%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Bubser%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Utley%20TJ%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Walker%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Byun%20NE%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Lebois%20EP%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Xiang%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Sheffler%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Cho%20HP%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Davis%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Nemirovsky%20NE%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Mennenga%20SE%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Camp%20BW%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Bimonte-Nelson%20HA%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Bode%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Italiano%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Morrison%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Daniels%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Niswender%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Olive%20MF%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Lindsley%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Jones%20CK%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed?term=Conn%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=22723693
http://www.ncbi.nlm.nih.gov/pubmed/?term=Novel+allosteric+agonists+of+M1+muscarinic+acetylcholine+receptors+induce+brain+region-specific+responses+that+correspond+with+behavioral+effects+in+animal+models.
http://www.ncbi.nlm.nih.gov/pubmed?term=Drachman%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=4359364
http://www.ncbi.nlm.nih.gov/pubmed?term=Leavitt%20J%5BAuthor%5D&cauthor=true&cauthor_uid=4359364
http://www.ncbi.nlm.nih.gov/pubmed/4359364
http://www.ncbi.nlm.nih.gov/pubmed?term=Dumery%20V%5BAuthor%5D&cauthor=true&cauthor_uid=3169380
http://www.ncbi.nlm.nih.gov/pubmed?term=Derer%20P%5BAuthor%5D&cauthor=true&cauthor_uid=3169380
http://www.ncbi.nlm.nih.gov/pubmed?term=Blozovski%20D%5BAuthor%5D&cauthor=true&cauthor_uid=3169380
http://www.ncbi.nlm.nih.gov/pubmed/?term=Enhancement+of+Passive+Avoidance+Learning+Through+Small+Doses+of+Intra-Amygdaloid+Physostigmine+in+the+Young+Rat.+Its+Relation+to+the+Development+of+Acetylcholinesterase.
http://www.ncbi.nlm.nih.gov/pubmed?term=Dunne%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=3090600
http://www.ncbi.nlm.nih.gov/pubmed?term=Hartley%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=3090600
http://www.ncbi.nlm.nih.gov/pubmed/3090600


21 
 

Eggermann E, Feldmeyer D (2009) Cholinergic filtering in the recurrent excitatory 

microcircuit of cortical layer 4. Proc Natl Acad Sci U S A 106:11753-11758. 

doi:10.1073/pnas.0810062106 

Ellis JR, Ellis KA, Bartholomeusz CF, Harrison BJ, Wesnes KA, Erskine FF, Vitetta L, 

Nathan PJ (2006) Muscarinic and nicotinic receptors synergistically modulate 

working memory and attention in humans. Int J Neuropsychopharmacol 9:175-

189. doi:10.1017/S1461145705005407 

Ennaceur A, Delacour J (1988) A new one-trial test for neurobiological studies of 

memory in rats. 1: Behavioral data. Behav Brain Res 31:47-59. doi:10.1016/0166-

4328(88)90157-X 

Farlow M (2002) A clinical overview of cholinesterase inhibitors in Alzheimer's disease. 

Int Psychogeriatr 14:93-126. doi:10.1017/S1041610203008688 

Ferreira AR, Fürstenau L, Blanco C, Kornisiuk E, Sánchez G, Daroit D, Castro e Silva 

M, Cerveñansky C, Jerusalinsky D, Quillfeldt JA (2003) Role of hippocampal M1 

and M4 muscarinic receptor subtypes in memory consolidation in the rat. 

Pharmacol Biochem Behav 74:411-415. 

Flood JF, Smith GE, Cherkin A (1985) Memory enhancement: supra-additive effect of 

subcutaneous cholinergic drug combinations in mice. Psychopharmacology (Berl) 

86:61-67. 

Galani R, Weiss I, Cassel JC, Kelche C (1998) Spatial memory, habituation, and 

reactions to spatial and nonspatial changes in rats with selective lesions of the 

hippocampus, the entorhinal cortex or the subiculum. Behav Brain Res 96:1-12. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Eggermann%20E%5BAuthor%5D&cauthor=true&cauthor_uid=19564614
http://www.ncbi.nlm.nih.gov/pubmed?term=Feldmeyer%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19564614
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cholinergic+filtering+in+the+recurrent+excitatory+microcircuit+of+cortical+layer+4
http://www.ncbi.nlm.nih.gov/pubmed?term=Ellis%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=15877932
http://www.ncbi.nlm.nih.gov/pubmed?term=Ellis%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=15877932
http://www.ncbi.nlm.nih.gov/pubmed?term=Bartholomeusz%20CF%5BAuthor%5D&cauthor=true&cauthor_uid=15877932
http://www.ncbi.nlm.nih.gov/pubmed?term=Harrison%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=15877932
http://www.ncbi.nlm.nih.gov/pubmed?term=Wesnes%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=15877932
http://www.ncbi.nlm.nih.gov/pubmed?term=Erskine%20FF%5BAuthor%5D&cauthor=true&cauthor_uid=15877932
http://www.ncbi.nlm.nih.gov/pubmed?term=Vitetta%20L%5BAuthor%5D&cauthor=true&cauthor_uid=15877932
http://www.ncbi.nlm.nih.gov/pubmed?term=Nathan%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=15877932
http://www.ncbi.nlm.nih.gov/pubmed/?term=Muscarinic+and+nicotinic+receptors+synergistically+modulate+working+memory+and+attention+in+humans
http://www.ncbi.nlm.nih.gov/pubmed?term=Ennaceur%20A%5BAuthor%5D&cauthor=true&cauthor_uid=3228475
http://www.ncbi.nlm.nih.gov/pubmed?term=Delacour%20J%5BAuthor%5D&cauthor=true&cauthor_uid=3228475
http://www.ncbi.nlm.nih.gov/pubmed/3228475
http://www.ncbi.nlm.nih.gov/pubmed?term=Farlow%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12636182
http://www.ncbi.nlm.nih.gov/pubmed/12636182
http://www.ncbi.nlm.nih.gov/pubmed?term=Ferreira%20AR%5BAuthor%5D&cauthor=true&cauthor_uid=12479962
http://www.ncbi.nlm.nih.gov/pubmed?term=F%C3%BCrstenau%20L%5BAuthor%5D&cauthor=true&cauthor_uid=12479962
http://www.ncbi.nlm.nih.gov/pubmed?term=Blanco%20C%5BAuthor%5D&cauthor=true&cauthor_uid=12479962
http://www.ncbi.nlm.nih.gov/pubmed?term=Kornisiuk%20E%5BAuthor%5D&cauthor=true&cauthor_uid=12479962
http://www.ncbi.nlm.nih.gov/pubmed?term=S%C3%A1nchez%20G%5BAuthor%5D&cauthor=true&cauthor_uid=12479962
http://www.ncbi.nlm.nih.gov/pubmed?term=Daroit%20D%5BAuthor%5D&cauthor=true&cauthor_uid=12479962
http://www.ncbi.nlm.nih.gov/pubmed?term=Castro%20e%20Silva%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12479962
http://www.ncbi.nlm.nih.gov/pubmed?term=Castro%20e%20Silva%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12479962
http://www.ncbi.nlm.nih.gov/pubmed?term=Cerve%C3%B1ansky%20C%5BAuthor%5D&cauthor=true&cauthor_uid=12479962
http://www.ncbi.nlm.nih.gov/pubmed?term=Jerusalinsky%20D%5BAuthor%5D&cauthor=true&cauthor_uid=12479962
http://www.ncbi.nlm.nih.gov/pubmed?term=Quillfeldt%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=12479962
http://www.ncbi.nlm.nih.gov/pubmed/?term=Role+of+hippocampal+M1+and+M4+muscarinic+receptor+subtypes+in+memory+consolidation+in+the+rat
http://www.ncbi.nlm.nih.gov/pubmed?term=Flood%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=3927367
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20GE%5BAuthor%5D&cauthor=true&cauthor_uid=3927367
http://www.ncbi.nlm.nih.gov/pubmed?term=Cherkin%20A%5BAuthor%5D&cauthor=true&cauthor_uid=3927367
http://www.ncbi.nlm.nih.gov/pubmed/?term=Memory+enhancement%3A+Supra-additive+effect+of+subcutaneous+cholinergic+drug+combinations+in+mice
http://www.ncbi.nlm.nih.gov/pubmed?term=Galani%20R%5BAuthor%5D&cauthor=true&cauthor_uid=9821539
http://www.ncbi.nlm.nih.gov/pubmed?term=Weiss%20I%5BAuthor%5D&cauthor=true&cauthor_uid=9821539
http://www.ncbi.nlm.nih.gov/pubmed?term=Cassel%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=9821539
http://www.ncbi.nlm.nih.gov/pubmed?term=Kelche%20C%5BAuthor%5D&cauthor=true&cauthor_uid=9821539
http://www.ncbi.nlm.nih.gov/pubmed/9821539


22 
 

Ghoneim MM, Mewaldt SP (1975) Effects of diazepam and scopolamine on storage, 

retrieval and organizational processes in memory. Psychopharmacologia 44:257-

262. doi:10.1007/BF00428903 

Gulledge AT, Bucci DJ, Zhang SS, Matsui M, Yeh HH (2009) M1 receptors mediate 

cholinergic modulation of excitability in neocortical pyramidal neurons. J 

Neurosci 29:9888-9902. doi:10.1523/JNEUROSCI.1366-09.2009 

Haroutunian V, Barnes E, Davis KL (1985) Cholinergic modulation of memory in rats. 

Psychopharmacology (Berl) 87:266-271. 

Hasselmo ME, McGaughy J (2004) High acetylcholine levels set circuit dynamics for 

attention and encoding and low acetylcholine levels set dynamics for 

consolidation. Prog Brain Res 145:207-231. doi:10.1016/S0079-6123(03)45015-2 

Hasselmo ME, Schnell E (1994) Laminar selectivity of the cholinergic suppression of 

synaptic transmission in rat hippocampal region CA1: Computational modeling 

and brain slice physiology. J Neurosci 14:3898-3914.  

Heinrich JN, Butera JA, Carrick T, Kramer A, Kowal D, Lock T, Marquis KL, Pausch 

MH, Popiolek M, Sun SC, Tseng E, Uveges AJ, Mayer SC (2009) 

Pharmacological comparison of muscarinic ligands: historical versus more recent 

muscarinic M1-preferring receptor agonists. Eur J Pharmacol 605:53-6. 

doi:10.1016/j.ejphar.2008.12.044 

Hersch SM, Gutekunst CA, Rees HD, Heilman CJ, Levey AI Distribution of m1-m4 

muscarinic receptor proteins in the rat striatum: light and electron microscopic 

immunocytochemistry using subtype-specific antibodies. J Neurosci 14:3351-

3363. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Ghoneim%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=1208760
http://www.ncbi.nlm.nih.gov/pubmed?term=Mewaldt%20SP%5BAuthor%5D&cauthor=true&cauthor_uid=1208760
http://www.ncbi.nlm.nih.gov/pubmed/?term=Effects+of+Diazepam+and+Scopolamine+on+Storage%2C+Retrieval+and+Organizational+Processes+in+Memory
http://www.ncbi.nlm.nih.gov/pubmed?term=Gulledge%20AT%5BAuthor%5D&cauthor=true&cauthor_uid=19657040
http://www.ncbi.nlm.nih.gov/pubmed?term=Bucci%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=19657040
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=19657040
http://www.ncbi.nlm.nih.gov/pubmed?term=Matsui%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19657040
http://www.ncbi.nlm.nih.gov/pubmed?term=Yeh%20HH%5BAuthor%5D&cauthor=true&cauthor_uid=19657040
http://www.ncbi.nlm.nih.gov/pubmed/?term=M1+Receptors+Mediate+Cholinergic+Modulation+of+Excitability+in+Neocortical+Pyramidal+Neurons
http://www.ncbi.nlm.nih.gov/pubmed/?term=M1+Receptors+Mediate+Cholinergic+Modulation+of+Excitability+in+Neocortical+Pyramidal+Neurons
http://www.ncbi.nlm.nih.gov/pubmed?term=Haroutunian%20V%5BAuthor%5D&cauthor=true&cauthor_uid=3001803
http://www.ncbi.nlm.nih.gov/pubmed?term=Barnes%20E%5BAuthor%5D&cauthor=true&cauthor_uid=3001803
http://www.ncbi.nlm.nih.gov/pubmed?term=Davis%20KL%5BAuthor%5D&cauthor=true&cauthor_uid=3001803
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cholinergie+modulation+of+memory+in+rats%2C+haroutunian
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Hasselmo%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=14650918
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=McGaughy%20J%5BAuthor%5D&cauthor=true&cauthor_uid=14650918
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=High+acetylcholine+sets+circuit+dynamics+for+attention+and+encoding%3B+Low+acetylcholine+sets+dynamics+for+consolidation
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Hasselmo%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=8207494
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Schnell%20E%5BAuthor%5D&cauthor=true&cauthor_uid=8207494
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Laminar+Selectivity+of+the+Cholinergic+Suppression+of+Synaptic+Transmission+in+Rat+Hippocampal+Region+CA+1%3A+Computational+Modeling+and+Brain+Slice+Physiology
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dHeinrich%2520JN%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dButera%2520JA%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dCarrick%2520T%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dKramer%2520A%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dKowal%2520D%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dLock%2520T%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dMarquis%2520KL%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dPausch%2520MH%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dPausch%2520MH%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dPopiolek%2520M%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dSun%2520SC%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dTseng%2520E%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dUveges%2520AJ%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dMayer%2520SC%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d19168056
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%2f%3fterm%3dPharmacological%2bcomparison%2bof%2bmuscarinic%2bligands%253A%2bHistorical%2bversus%2bmore%2brecent%2bmuscarinic%2bM1-preferring%2breceptor%2bagonists%23
http://www.ncbi.nlm.nih.gov/pubmed?term=Hersch%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=8182478
http://www.ncbi.nlm.nih.gov/pubmed?term=Gutekunst%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=8182478
http://www.ncbi.nlm.nih.gov/pubmed?term=Rees%20HD%5BAuthor%5D&cauthor=true&cauthor_uid=8182478
http://www.ncbi.nlm.nih.gov/pubmed?term=Heilman%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=8182478
http://www.ncbi.nlm.nih.gov/pubmed?term=Levey%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=8182478
http://www.ncbi.nlm.nih.gov/pubmed/?term=Distribution+of+m+1+-m4+Muscarinic+Receptor+Proteins+in+the+Rat+Striatum%3A+Light+and+Electron+Microscopic+lmmunocytochemistry+Using+Subtype-Specific+Antibodies


23 
 

Jeon J, Dencker D, Wörtwein G, Woldbye DP, Cui Y, Davis AA, Levey AI, Schütz G, 

Sager TN, Mørk A, Li C, Deng CX, Fink-Jensen A, Wess J (2010) A 

subpopulation of neuronal M4 muscarinic acetylcholine receptors plays a critical 

role in modulating dopamine-dependent behaviors. J Neurosci 30:2396-2405. 

doi:10.1523/JNEUROSCI.3843-09.2010 

Jerusalinsky D, Kornisiuk E, Alfaro P, Quillfeldt J, Alonso M, Verde ER, Cerveñansky 

C, Harvey A (1998) Muscarinic toxin selective for m4 receptors impairs memory 

in the rat. Neuroreport 9:1407-1411. doi: 10.1097/00001756-199805110-00029 

Jutras MJ, Buffalo EA (2010) Recognition memory signals in the macaque hippocampus. 

Proc Natl Acad Sci U S A 107:401-6. doi:10.1073/pnas.0908378107 

Kimura F, Baughman RW (1997) Distinct muscarinic receptor subtypes suppress 

excitatory and inhibitory synaptic responses in cortical neurons. J Neurophysiol 

77:709-716. 

Kirkwood A, Rozas C, Kirkwood J, Perez F, Bear MF (1999) Modulation of long-term 

synaptic depression in visual cortex by acetylcholine and norepinephrine. J 

Neurosci 19:1599-1609. 

Kukolja J, Thiel CM, Fink GR (2009) Cholinergic stimulation enhances neural activity 

associated with encoding but reduces neural activity associated with retrieval in 

humans. J Neurosci 29:8119-8128. doi:10.1523/JNEUROSCI.0203-09.2009 

Lebois EP, Bridges TM, Lewis LM, Dawson ES, Kane AS, Xiang Z, Jadhav SB, Yin H, 

Kennedy JP, Meiler J, Niswender CM, Jones CK, Conn PJ, Weaver CD, Lindsley 

CW (2010) Discovery and characterization of novel subtype-selective allosteric 

http://www.ncbi.nlm.nih.gov/pubmed?term=Jeon%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=Dencker%20D%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=W%C3%B6rtwein%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=Woldbye%20DP%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=Cui%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=Davis%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=Levey%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=Sch%C3%BCtz%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=Sager%20TN%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=M%C3%B8rk%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=Li%20C%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=Deng%20CX%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=Fink-Jensen%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed?term=Wess%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20147565
http://www.ncbi.nlm.nih.gov/pubmed/?term=A+Subpopulation+of+NeuronalM4+Muscarinic+Acetylcholine+Receptors+Plays+a+Critical+Role+in+Modulating+Dopamine-Dependent+Behaviors
http://www.ncbi.nlm.nih.gov/pubmed?term=Jerusalinsky%20D%5BAuthor%5D&cauthor=true&cauthor_uid=9631438
http://www.ncbi.nlm.nih.gov/pubmed?term=Kornisiuk%20E%5BAuthor%5D&cauthor=true&cauthor_uid=9631438
http://www.ncbi.nlm.nih.gov/pubmed?term=Alfaro%20P%5BAuthor%5D&cauthor=true&cauthor_uid=9631438
http://www.ncbi.nlm.nih.gov/pubmed?term=Quillfeldt%20J%5BAuthor%5D&cauthor=true&cauthor_uid=9631438
http://www.ncbi.nlm.nih.gov/pubmed?term=Alonso%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9631438
http://www.ncbi.nlm.nih.gov/pubmed?term=Verde%20ER%5BAuthor%5D&cauthor=true&cauthor_uid=9631438
http://www.ncbi.nlm.nih.gov/pubmed?term=Cerve%C3%B1ansky%20C%5BAuthor%5D&cauthor=true&cauthor_uid=9631438
http://www.ncbi.nlm.nih.gov/pubmed?term=Cerve%C3%B1ansky%20C%5BAuthor%5D&cauthor=true&cauthor_uid=9631438
http://www.ncbi.nlm.nih.gov/pubmed?term=Harvey%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9631438
http://www.ncbi.nlm.nih.gov/pubmed/?term=Muscarinic+toxin+selective+for+m4+receptors+impairs+memory+in+the+rat
http://www.ncbi.nlm.nih.gov/pubmed?term=Jutras%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=20018683
http://www.ncbi.nlm.nih.gov/pubmed?term=Buffalo%20EA%5BAuthor%5D&cauthor=true&cauthor_uid=20018683
http://www.ncbi.nlm.nih.gov/pubmed/20018683
http://www.ncbi.nlm.nih.gov/pubmed?term=Kimura%20F%5BAuthor%5D&cauthor=true&cauthor_uid=9065843
http://www.ncbi.nlm.nih.gov/pubmed?term=Baughman%20RW%5BAuthor%5D&cauthor=true&cauthor_uid=9065843
http://www.ncbi.nlm.nih.gov/pubmed/?term=Distinct+Muscarinic+Receptor+Subtypes+Suppress+Excitatory+and+Inhibitory+Synaptic+Responses+in+Cortical+Neurons
http://www.ncbi.nlm.nih.gov/pubmed?term=Kirkwood%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10024347
http://www.ncbi.nlm.nih.gov/pubmed?term=Rozas%20C%5BAuthor%5D&cauthor=true&cauthor_uid=10024347
http://www.ncbi.nlm.nih.gov/pubmed?term=Kirkwood%20J%5BAuthor%5D&cauthor=true&cauthor_uid=10024347
http://www.ncbi.nlm.nih.gov/pubmed?term=Perez%20F%5BAuthor%5D&cauthor=true&cauthor_uid=10024347
http://www.ncbi.nlm.nih.gov/pubmed?term=Bear%20MF%5BAuthor%5D&cauthor=true&cauthor_uid=10024347
http://www.ncbi.nlm.nih.gov/pubmed/?term=Modulation+of+Long-Term+Synaptic+Depression+in+Visual+Cortex+by+Acetylcholine+and+Norepinephrine
http://www.ncbi.nlm.nih.gov/pubmed/?term=Modulation+of+Long-Term+Synaptic+Depression+in+Visual+Cortex+by+Acetylcholine+and+Norepinephrine
http://www.ncbi.nlm.nih.gov/pubmed?term=Kukolja%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19553452
http://www.ncbi.nlm.nih.gov/pubmed?term=Thiel%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=19553452
http://www.ncbi.nlm.nih.gov/pubmed?term=Fink%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=19553452
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cholinergic+Stimulation+Enhances+Neural+Activity+Associated+with+Encoding+but+Reduces+neural+activity
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Lebois%20EP%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Bridges%20TM%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Lewis%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Dawson%20ES%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Kane%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Xiang%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Jadhav%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Yin%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Kennedy%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Meiler%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Niswender%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Jones%20CK%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Conn%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Weaver%20CD%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Lindsley%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=21961051
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Lindsley%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=21961051


24 
 

agonists for the investigation of M(1) receptor function in the central nervous 

system. ACS Chem Neurosci 1:104-121. doi:10.1021/cn900003h 

Lebois EP, Digby GJ, Sheffler DJ, Melancon BJ, Tarr JC, Cho HP, Miller NR, Morrison 

R, Bridges TM, Xiang Z, Daniels JS, Wood MR, Conn PJ, Lindsley CW (2011) 

Development of a highly selective, orally bioavailable and CNS penetrant M1 

agonist derived from the MLPCN probe ML071. Bioorg Med Chem Lett 21:6451-

6455. doi: 10.1016/j.bmcl.2011.08.084 

Levey AI (1993) Immunological localization of m1-m5 muscarinic acetylcholine 

receptors in peripheral tissues and brain. Life Sci 52:441-8. 

Levey AI (1996) Muscarinic acetylcholine receptor expression in memory circuits: 

Implications for treatment of Alzheimer disease. Proc Natl Acad Sci U S A  

93:13541-1546. doi:10.1073/pnas.93.24.13541 

Levey AI, Edmunds SM, Koliatsos V, Wiley RG, Heilman CJ (1995) Expression of m1-

m4 muscarinic acetylcholine receptor proteins in rat hippocampus and regulation 

by cholinergic innervation. J Neurosci 15:4077-4092. 

Levey AI, Kitt CA, Simonds WF, Price DL, Brann MR (1991) Identification and 

localization of muscarinic acetylcholine receptor proteins in brain with subtype-

specific antibodies. J Neurosci 11:3218-3226. 

Levy RB, Reyes AD, Aoki C (2008) Cholinergic modulation of local pyramid-

interneuron synapses exhibiting divergent short-term dynamics in rat sensory 

cortex. Brain Res 1215:97-104. doi:10.1016/j.brainres.2008.03.067 

Lima RH, Rossato JI, Furini CR, Bevilaqua LR, Izquierdo I, Cammarota M (2009) 

Infusion of protein synthesis inhibitors in the entorhinal cortex blocks 

http://www.ncbi.nlm.nih.gov/pubmed?term=Lebois%20EP%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Digby%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Sheffler%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Melancon%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Tarr%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Cho%20HP%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Miller%20NR%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Morrison%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Morrison%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Bridges%20TM%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Xiang%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Daniels%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Wood%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Conn%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed?term=Lindsley%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=21930376
http://www.ncbi.nlm.nih.gov/pubmed/?term=Development+of+a+highly+selective%2C+orally+bioavailable+and+CNS+penetrant+M1+agonist+derived+from+the+MLPCN+probe+ML071
http://www.ncbi.nlm.nih.gov/pubmed?term=Levey%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=8441326
http://www.ncbi.nlm.nih.gov/pubmed/?term=IMMUNOLOGICAL+LOCALIZATION+OF++MUSCARINIC+ACETYLCHOLINE+RECEPTORS+IN+PERIPHERAL+TISSUES+AND+BRAIN
http://www.ncbi.nlm.nih.gov/pubmed/?term=%29+Muscarinic+acetylcholine+receptor+expression+in+memory+circuits%3A+Implications+for+treatment+of+Alzheimer+disease.
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Levey%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=7751967
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Edmunds%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=7751967
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Koliatsos%20V%5BAuthor%5D&cauthor=true&cauthor_uid=7751967
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Wiley%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=7751967
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Heilman%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=7751967
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Expression+of+ml-m4+Muscarinic+Acetylcholine+Receptor+Proteins+in+Rat+Hippocampus+and+Regulation+by+Cholinergic+Innervation
http://www.ncbi.nlm.nih.gov/pubmed?term=Levey%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=1941081
http://www.ncbi.nlm.nih.gov/pubmed?term=Kitt%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=1941081
http://www.ncbi.nlm.nih.gov/pubmed?term=Simonds%20WF%5BAuthor%5D&cauthor=true&cauthor_uid=1941081
http://www.ncbi.nlm.nih.gov/pubmed?term=Price%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=1941081
http://www.ncbi.nlm.nih.gov/pubmed?term=Brann%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=1941081
http://www.ncbi.nlm.nih.gov/pubmed/1941081
http://www.ncbi.nlm.nih.gov/pubmed?term=Levy%20RB%5BAuthor%5D&cauthor=true&cauthor_uid=18482715
http://www.ncbi.nlm.nih.gov/pubmed?term=Reyes%20AD%5BAuthor%5D&cauthor=true&cauthor_uid=18482715
http://www.ncbi.nlm.nih.gov/pubmed?term=Aoki%20C%5BAuthor%5D&cauthor=true&cauthor_uid=18482715
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cholinergic+modulation+of+local+pyramid-interneuron+synapses+exhibiting+divergent+short-term+dynamics+in+rat+sensory+cortex
http://www.ncbi.nlm.nih.gov/pubmed?term=Lima%20RH%5BAuthor%5D&cauthor=true&cauthor_uid=19141326
http://www.ncbi.nlm.nih.gov/pubmed?term=Rossato%20JI%5BAuthor%5D&cauthor=true&cauthor_uid=19141326
http://www.ncbi.nlm.nih.gov/pubmed?term=Furini%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=19141326
http://www.ncbi.nlm.nih.gov/pubmed?term=Bevilaqua%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=19141326
http://www.ncbi.nlm.nih.gov/pubmed?term=Izquierdo%20I%5BAuthor%5D&cauthor=true&cauthor_uid=19141326
http://www.ncbi.nlm.nih.gov/pubmed?term=Cammarota%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19141326


25 
 

consolidation but not reconsolidation of object recognition memory. Neurobiol 

Learn Mem 91:466-72. doi:10.1016/j.nlm.2008.12.009 

Ma L, Seager MA, Wittmann M, Jacobson M, Bickel D, Burno M, Jones K, Graufelds 

VK, Xu G, Pearson M, McCampbell A, Gaspar R, Shughrue P, Danziger A, 

Regan C, Flick R, Pascarella D, Garson S, Doran S, Kreatsoulas C, Veng L, 

Lindsley CW, Shipe W, Kuduk S, Sur C, Kinney G, Seabrook GR, Ray WJ 

(2009) Selective activation of the M1 muscarinic acetylcholine receptor achieved 

by allosteric potentiation. Proc Natl Acad Sci 106:15950-15955. doi: 

10.1073/pnas.0900903106 

Malkova L, Kozikowski AP, Gale K (2011) The effects of huperzine A and IDRA 21 on 

visual recognition memory in young macaques. Neuropharmacology 60:1262-

1268. doi:10.1016/j.neuropharm.2010.12.018 

Manns JR, Hopkins RO, Reed JM, Kitchener EG, Squire LR (2003) Recognition memory 

and the human hippocampus. Neuron 37:171-180. 

Massey PV, Bhabra G, Cho K, Brown MW, Bashir ZI (2001) Activation of muscarinic 

receptors induces protein synthesis-dependent long-lasting depression in the 

perirhinal cortex. Eur J Neurosci 14:145-152. doi:10.1046/j.0953-

816x.2001.01631.x 

Matsuoka N, Maeda N, Ohkubo Y, Yamaguchi I (1991) Differential effects of 

physostigmine and pilocarpine on the spatial memory deficits produced by two 

septo-hippocampal deafferentations in rats. Brain Res 559:233-240. 

doi:10.1016/0006-8993(91)90007-I 

http://www.ncbi.nlm.nih.gov/pubmed?term=Ma%20L%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Seager%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Wittmann%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Jacobson%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Bickel%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Burno%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Jones%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Graufelds%20VK%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Graufelds%20VK%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Xu%20G%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Pearson%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=McCampbell%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Gaspar%20R%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Shughrue%20P%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Danziger%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Regan%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Flick%20R%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Pascarella%20D%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Garson%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Doran%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Kreatsoulas%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Veng%20L%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Lindsley%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Shipe%20W%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Kuduk%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Sur%20C%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Kinney%20G%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Seabrook%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed?term=Ray%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=19717450
http://www.ncbi.nlm.nih.gov/pubmed/?term=Selective+activation+of+the+M1+muscarinic+acetylcholine+receptor+achieved+by+allosteric+potentiation.
http://www.ncbi.nlm.nih.gov/pubmed?term=Malkova%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21185313
http://www.ncbi.nlm.nih.gov/pubmed?term=Kozikowski%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=21185313
http://www.ncbi.nlm.nih.gov/pubmed?term=Gale%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21185313
http://www.ncbi.nlm.nih.gov/pubmed/?term=The+effects+of+huperzine+A+and+IDRA+21+on+visual+recognition+memory+in+young+macaques
http://www.ncbi.nlm.nih.gov/pubmed?term=Manns%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=12526782
http://www.ncbi.nlm.nih.gov/pubmed?term=Hopkins%20RO%5BAuthor%5D&cauthor=true&cauthor_uid=12526782
http://www.ncbi.nlm.nih.gov/pubmed?term=Reed%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=12526782
http://www.ncbi.nlm.nih.gov/pubmed?term=Kitchener%20EG%5BAuthor%5D&cauthor=true&cauthor_uid=12526782
http://www.ncbi.nlm.nih.gov/pubmed?term=Squire%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=12526782
http://www.ncbi.nlm.nih.gov/pubmed/12526782
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Massey%20PV%5BAuthor%5D&cauthor=true&cauthor_uid=11488958
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Bhabra%20G%5BAuthor%5D&cauthor=true&cauthor_uid=11488958
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Cho%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11488958
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Brown%20MW%5BAuthor%5D&cauthor=true&cauthor_uid=11488958
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Bashir%20ZI%5BAuthor%5D&cauthor=true&cauthor_uid=11488958
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Activation+of+muscarinic+receptors+induces+protein+synthesis-dependent+long-lasting+depression+in+the+perirhinal+cortex


26 
 

Meyers B, Roberts KH, Riciputi RH, Domino EF (1964) Some effects of muscarinic 

cholinergic blocking drugs on behavior and the electrocorticogram. 

Psychopharmacologia 5:289-300. doi:10.1007/BF02341261 

Mirza NR, Peters D, Sparks RG (2003) Xanomeline and the antipsychotic potential of 

muscarinic receptor subtype selective agonists. CNS Drug Rev 9:159-186. 

doi:10.1111/j.1527-3458.2003.tb00247.x 

Mulugeta E, Chandranath I, Karlsson E, Winblad B, Adem A (2006) Temporal and 

region-dependent changes in muscarinic M4 receptors in the hippocampus and 

entorhinal cortex of adrenalectomized rats. Exp Brain Res 173:309-317. 

doi:10.1007/s00221-006-0490-y 

Murray EA (1996) What have ablation studies told us about the neural substrates of 

stimulus memory? Semin Neurosci 8:13–22. doi:10.1006/smns.1996.0003 

Murray EA, Bussey TJ (1999) Perceptual-mnemonic functions of the perirhinal cortex. 

Trends Cogn Sci 3:142-151. doi:10.1016/S1364-6613(99)01303-0 

Murray CL, Fibiger HC (1986) Pilocarpine and physostigmine attenuate spatial memory 

impairments produced by lesions of the nucleus basalis magnocellularis. Behav 

Neurosci 100:23-32. doi: 10.1037/0735-7044.100.1.23 

Nesselroade JR, Stigler SM, Baltes PB (1980) Regression toward the mean and the study 

of change. Psychol Bull 88:622-637. doi:10.1037//0033-2909.88.3.622 

Ogura H, Aigner TG (1993) MK-801 impairs recognition memory in rhesus monkeys: 

comparison with cholinergic drugs. J Pharmacol Exp Ther 266:60-64. 

Parron C, Save E (2004) Comparison of the effects of entorhinal and retrosplenial cortical 

lesions on habituation, reaction to spatial and non-spatial changes during object 

http://www.ncbi.nlm.nih.gov/pubmed?term=Mirza%20NR%5BAuthor%5D&cauthor=true&cauthor_uid=12847557
http://www.ncbi.nlm.nih.gov/pubmed?term=Peters%20D%5BAuthor%5D&cauthor=true&cauthor_uid=12847557
http://www.ncbi.nlm.nih.gov/pubmed?term=Sparks%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=12847557
http://www.ncbi.nlm.nih.gov/pubmed/12847557
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Mulugeta%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16676164
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Chandranath%20I%5BAuthor%5D&cauthor=true&cauthor_uid=16676164
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Karlsson%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16676164
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Winblad%20B%5BAuthor%5D&cauthor=true&cauthor_uid=16676164
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Adem%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16676164
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Temporal+and+region-dependent+changes+in+muscarinic+M4+receptors+in+the+hippocampus+and+entorhinal+cortex+of+adrenalectomized+rats
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Murray%20EA%5BAuthor%5D&cauthor=true&cauthor_uid=10322468
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Bussey%20TJ%5BAuthor%5D&cauthor=true&cauthor_uid=10322468
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/10322468
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pilocarpine+and+Physostigmine+Attenuate+Spatial+Memory+Impairments+Produced+by+Lesions+of+the+Nucleus+Basalis+Magnocellularis
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pilocarpine+and+Physostigmine+Attenuate+Spatial+Memory+Impairments+Produced+by+Lesions+of+the+Nucleus+Basalis+Magnocellularis
http://www.ncbi.nlm.nih.gov/pubmed?term=Ogura%20H%5BAuthor%5D&cauthor=true&cauthor_uid=8331575
http://www.ncbi.nlm.nih.gov/pubmed?term=Aigner%20TG%5BAuthor%5D&cauthor=true&cauthor_uid=8331575
http://www.ncbi.nlm.nih.gov/pubmed/8331575
http://www.ncbi.nlm.nih.gov/pubmed?term=Parron%20C%5BAuthor%5D&cauthor=true&cauthor_uid=15183166
http://www.ncbi.nlm.nih.gov/pubmed?term=Save%20E%5BAuthor%5D&cauthor=true&cauthor_uid=15183166


27 
 

exploration in the rat. Neurobiol Learn Mem 82:1-11. 

doi:10.1016/j.nlm.2004.03.004 

Pazzagli A, Pepeu G (1965) Amnesic properties of scopolamine and brain acetylcholine 

in the rat. Int J Neuropharmacol 4:291-299. doi:10.1016/0028-3908(65)90025-0 

Piggott M, Owens J, O'Brien J, Paling S, Wyper D, Fenwick J, Johnson M, Perry R, 

Perry E (2002) Comparative distribution of binding of the muscarinic receptor 

ligands pirenzepine, AF-DX 384, (R,R)-I-QNB and (R,S)-I-QNB to human brain. 

J Chem Neuroanat 24:211-223. doi:10.1016/S0891-0618(02)00066-2 

Prediger RDS, De-Mello N, Takahashi RN (2006) Pilocarpine improves olfactory 

discrimination and social recognition memory deficits in 24 month-old rats. Eur J 

Pharmacol 531:176–182. doi:10.1016/j.ejphar.2005.12.032 

Raffaele KC, Berardi A, Morris PP, Asthana S, Haxby JV, Schapiro MB, Rapoport SI, 

Soncrant TT (1991) Effects of acute infusion of the muscarinic cholinergic 

agonist arecoline on verbal memory and visuo-spatial function in dementia of the 

Alzheimer type. Prog Neuropsychopharmacol Biol Psychiatry 15:643-648. 

Rahman J, Berger T (2011) Persistent activity in layer 5 pyramidal neurons following 

cholinergic activation of mouse primary cortices. Eur J Neurosci 34:22-30. 

doi:10.1111/j.1460-9568.2011.07736.x 

Ridley RM, Murray TK, Johnson JA, Baker HF (1986) Learning impairment following 

lesion of the basal nucleus of Meynert in the marmoset: modification by 

cholinergic drugs. Brain Res 376:108-16. 

http://www.ncbi.nlm.nih.gov/pubmed/15183166
http://www.ncbi.nlm.nih.gov/pubmed?term=Pazzagli%20A%5BAuthor%5D&cauthor=true&cauthor_uid=5893609
http://www.ncbi.nlm.nih.gov/pubmed?term=Pepeu%20G%5BAuthor%5D&cauthor=true&cauthor_uid=5893609
http://www.ncbi.nlm.nih.gov/pubmed/5893609
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Piggott%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12297267
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Owens%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12297267
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=O%27Brien%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12297267
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Paling%20S%5BAuthor%5D&cauthor=true&cauthor_uid=12297267
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Wyper%20D%5BAuthor%5D&cauthor=true&cauthor_uid=12297267
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Fenwick%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12297267
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Johnson%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12297267
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Perry%20R%5BAuthor%5D&cauthor=true&cauthor_uid=12297267
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Perry%20E%5BAuthor%5D&cauthor=true&cauthor_uid=12297267
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Comparative+distribution+of+binding+of+the+muscarinic+receptor+ligands+pirenzepine%2C+AF-DX+384%2C+%28R%2CR%29-I-QNB+and+%28R%2CS%29-I-QNB+to+human+brain
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pilocarpine+improves+olfactory+discrimination+and+social+recognition+memory+deficits+in+24+month-old+rats
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pilocarpine+improves+olfactory+discrimination+and+social+recognition+memory+deficits+in+24+month-old+rats
http://www.ncbi.nlm.nih.gov/pubmed?term=Raffaele%20KC%5BAuthor%5D&cauthor=true&cauthor_uid=1956992
http://www.ncbi.nlm.nih.gov/pubmed?term=Berardi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=1956992
http://www.ncbi.nlm.nih.gov/pubmed?term=Morris%20PP%5BAuthor%5D&cauthor=true&cauthor_uid=1956992
http://www.ncbi.nlm.nih.gov/pubmed?term=Asthana%20S%5BAuthor%5D&cauthor=true&cauthor_uid=1956992
http://www.ncbi.nlm.nih.gov/pubmed?term=Haxby%20JV%5BAuthor%5D&cauthor=true&cauthor_uid=1956992
http://www.ncbi.nlm.nih.gov/pubmed?term=Schapiro%20MB%5BAuthor%5D&cauthor=true&cauthor_uid=1956992
http://www.ncbi.nlm.nih.gov/pubmed?term=Rapoport%20SI%5BAuthor%5D&cauthor=true&cauthor_uid=1956992
http://www.ncbi.nlm.nih.gov/pubmed?term=Soncrant%20TT%5BAuthor%5D&cauthor=true&cauthor_uid=1956992
http://www.ncbi.nlm.nih.gov/pubmed/?term=EFFECTS+OF+ACUTE+INFUSION+OF+THE+MUSCARINIC+CHOLINERGIC+AGONIST+ARECOLINE+ON+VERBAL+MEMORY+AND+VISUO-SPATIAL+FUNCTION+IN+DEMENTIA+OF+THE+ALZHEIMER+TYPE
http://www.ncbi.nlm.nih.gov/pubmed?term=Rahman%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21645136
http://www.ncbi.nlm.nih.gov/pubmed?term=Berger%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21645136
http://www.ncbi.nlm.nih.gov/pubmed/?term=Persistent+activity+in+layer+5+pyramidal+neurons+following+cholinergic+activation+of+mouse+primary+cortices
http://www.ncbi.nlm.nih.gov/pubmed?term=Ridley%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=3087582
http://www.ncbi.nlm.nih.gov/pubmed?term=Murray%20TK%5BAuthor%5D&cauthor=true&cauthor_uid=3087582
http://www.ncbi.nlm.nih.gov/pubmed?term=Johnson%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=3087582
http://www.ncbi.nlm.nih.gov/pubmed?term=Baker%20HF%5BAuthor%5D&cauthor=true&cauthor_uid=3087582
http://www.ncbi.nlm.nih.gov/pubmed/?term=Learning+Impairment+Following+Lesion+of+the+Basal+Nucleus+of+Meynert+in+the+Marmoset%3A+Modification+by+Cholinergic+Drugs


28 
 

Ridley RM, Samson NA, Baker HF, Johnson JA (1988) Visuospatial learning impairment 

following lesion of the cholinergic projection to the hippocampus. Brain Res 

456:71-87. 

Rodríguez-Puertas R, Pascual J, Vilaró T, Pazos A (1997) Autoradiographic distribution 

of M1, M2, M3, and M4 muscarinic receptor subtypes in Alzheimer's disease. 

Synapse 26:341-350. doi:10.1002/(SICI)1098-2396(199708)26:4<341::AID-

SYN2>3.0.CO;2-6 

Rouse ST, Levey AI (1996) Expression of m1-m4 muscarinic acetylcholine receptor 

immunoreactivity in septohippocampal neurons and other identified hippocampal 

afferents. J Comp Neurol 375:406-416. doi:10.1002/(SICI)1096-

9861(19961118)375:3<406::AID-CNE5>3.0.CO;2-6 

Rupniak NM, Steventon MJ, Field MJ, Jennings CA, Iversen SD (1989) Comparison of 

the effects of four cholinomimetic agents on cognition in primates following 

disruption by scopolamine or by lists of objects. Psychopharmacology (Berl) 

99:189-95. 

Saar D, Dadon M, Leibovich M, Sharabani H, Grossman Y, Heldman E (2007) Opposing 

effects on muscarinic acetylcholine receptors in the piriform cortex of odor-

trained rats. Learn Mem 14:224-8.  

Sánchez G, Alvares Lde O, Oberholzer MV, Genro B, Quillfeldt J, da Costa JC, 

Cerveñansky C, Jerusalinsky D, Kornisiuk E (2009) M4 muscarinic receptors are 

involved in modulation of neurotransmission at synapses of Schaffer collaterals 

on CA1 hippocampal neurons in rats.  J Neurosci Res 87:691-700. doi: 

10.1002/jnr.21876 

http://www.ncbi.nlm.nih.gov/pubmed?term=Ridley%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=3136860
http://www.ncbi.nlm.nih.gov/pubmed?term=Samson%20NA%5BAuthor%5D&cauthor=true&cauthor_uid=3136860
http://www.ncbi.nlm.nih.gov/pubmed?term=Baker%20HF%5BAuthor%5D&cauthor=true&cauthor_uid=3136860
http://www.ncbi.nlm.nih.gov/pubmed?term=Johnson%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=3136860
http://www.ncbi.nlm.nih.gov/pubmed/?term=Visuospatial+learning+impairment+following+lesion+of+the+cholinergic+projection+to+the+hippocampus
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Rodr%C3%ADguez-Puertas%20R%5BAuthor%5D&cauthor=true&cauthor_uid=9215593
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Pascual%20J%5BAuthor%5D&cauthor=true&cauthor_uid=9215593
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Vilar%C3%B3%20T%5BAuthor%5D&cauthor=true&cauthor_uid=9215593
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Pazos%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9215593
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Autoradiographic+Distribution+of+M1%2C+M2%2C+M3%2C+and+M4+Muscarinic+Receptor+Subtypes+in+Alzheimer%E2%80%99s+Disease
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Rouse%20ST%5BAuthor%5D&cauthor=true&cauthor_uid=8915839
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Levey%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=8915839
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Expression+of+ml-m4+Muscarinic+Acetylcholine+Receptor+Immunoreactivity+in+Septohippocampal+Neurons+and+Other+Identified+Hippocampal+Afferents
http://www.ncbi.nlm.nih.gov/pubmed?term=Rupniak%20NM%5BAuthor%5D&cauthor=true&cauthor_uid=2508153
http://www.ncbi.nlm.nih.gov/pubmed?term=Steventon%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=2508153
http://www.ncbi.nlm.nih.gov/pubmed?term=Field%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=2508153
http://www.ncbi.nlm.nih.gov/pubmed?term=Jennings%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=2508153
http://www.ncbi.nlm.nih.gov/pubmed?term=Iversen%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=2508153
http://www.ncbi.nlm.nih.gov/pubmed/2508153
http://www.ncbi.nlm.nih.gov/pubmed?term=Saar%20D%5BAuthor%5D&cauthor=true&cauthor_uid=17353547
http://www.ncbi.nlm.nih.gov/pubmed?term=Dadon%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17353547
http://www.ncbi.nlm.nih.gov/pubmed?term=Leibovich%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17353547
http://www.ncbi.nlm.nih.gov/pubmed?term=Sharabani%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17353547
http://www.ncbi.nlm.nih.gov/pubmed?term=Grossman%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17353547
http://www.ncbi.nlm.nih.gov/pubmed?term=Heldman%20E%5BAuthor%5D&cauthor=true&cauthor_uid=17353547
http://www.ncbi.nlm.nih.gov/pubmed/?term=Opposing+effects+on+muscarinic+acetylcholine+receptors+in+the+piriform+cortex+of+odor-trained+rats
http://www.ncbi.nlm.nih.gov/pubmed?term=S%C3%A1nchez%20G%5BAuthor%5D&cauthor=true&cauthor_uid=18816796
http://www.ncbi.nlm.nih.gov/pubmed?term=Alvares%20Lde%20O%5BAuthor%5D&cauthor=true&cauthor_uid=18816796
http://www.ncbi.nlm.nih.gov/pubmed?term=Oberholzer%20MV%5BAuthor%5D&cauthor=true&cauthor_uid=18816796
http://www.ncbi.nlm.nih.gov/pubmed?term=Genro%20B%5BAuthor%5D&cauthor=true&cauthor_uid=18816796
http://www.ncbi.nlm.nih.gov/pubmed?term=Quillfeldt%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18816796
http://www.ncbi.nlm.nih.gov/pubmed?term=da%20Costa%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=18816796
http://www.ncbi.nlm.nih.gov/pubmed?term=Cerve%C3%B1ansky%20C%5BAuthor%5D&cauthor=true&cauthor_uid=18816796
http://www.ncbi.nlm.nih.gov/pubmed?term=Jerusalinsky%20D%5BAuthor%5D&cauthor=true&cauthor_uid=18816796
http://www.ncbi.nlm.nih.gov/pubmed?term=Kornisiuk%20E%5BAuthor%5D&cauthor=true&cauthor_uid=18816796
http://www.ncbi.nlm.nih.gov/pubmed/?term=M4+Muscarinic+Receptors+Are+Involved+in+Modulation+of+Neurotransmission+at+Synapses+of+Schaffer+Collaterals+on+CA1+Hippocampal+Neurons+in+Rats


29 
 

Schmidt LS, Thomsen M, Weikop P, Dencker D, Wess J, Woldbye DP, Wortwein G, 

Fink-Jensen A (2011) Increased cocaine self-administration in M4 muscarinic 

acetylcholine receptor knockout mice. Psychopharmacology (Berl) 216:367-378. 

doi:10.1007/s00213-011-2225-4 

Shekhar A, Potter WZ, Lightfoot J, Lienemann J, Dubé S, Mallinckrodt C, Bymaster FP, 

McKinzie DL, Felder CC (2008) Selective muscarinic receptor agonist 

xanomeline as a novel treatment approach for schizophrenia. Am J 

Psychiatry165:1033-1039. doi:10.1176/appi.ajp.2008.06091591. 

Shirey JK, Brady AE, Jones PJ, Davis AA, Bridges TM, Kennedy JP, Jadhav SB, Menon 

UN, Xiang Z, Watson ML, Christian EP, Doherty JJ, Quirk MC, Snyder DH, Lah 

JJ, Levey AI, Nicolle MM, Lindsley CW, Conn PJ (2009) A selective allosteric 

potentiator of the M1 muscarinic acetylcholine receptor increases activity of 

medial prefrontal cortical neurons and restores impairments in reversal learning. J 

Neurosci 29:14271-86. doi:10.1523/JNEUROSCI.3930-09.2009 

Shirey JK, Xiang Z, Orton D, Brady AE, Johnson KA, Williams R, Ayala JE, Rodriguez 

AL, Wess J, Weaver D, Niswender CM, Conn PJ (2008) An allosteric potentiator 

of M4 mAChR modulates hippocampal synaptic transmission. Nat Chem Biol 

4:42-50. doi:10.1038/nchembio.2007.55 

Si W, Zhang X, Niu Y, Yu H, Lei X, Chen H, Cao X (2010) A novel derivative of 

xanomeline improves fear cognition in aged mice. Neurosci Lett 473:115-119. 

doi:10.1016/j.neulet.2010.02.031 

http://www.ncbi.nlm.nih.gov/pubmed?term=Schmidt%20LS%5BAuthor%5D&cauthor=true&cauthor_uid=21373792
http://www.ncbi.nlm.nih.gov/pubmed?term=Thomsen%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21373792
http://www.ncbi.nlm.nih.gov/pubmed?term=Weikop%20P%5BAuthor%5D&cauthor=true&cauthor_uid=21373792
http://www.ncbi.nlm.nih.gov/pubmed?term=Dencker%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21373792
http://www.ncbi.nlm.nih.gov/pubmed?term=Wess%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21373792
http://www.ncbi.nlm.nih.gov/pubmed?term=Woldbye%20DP%5BAuthor%5D&cauthor=true&cauthor_uid=21373792
http://www.ncbi.nlm.nih.gov/pubmed?term=Wortwein%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21373792
http://www.ncbi.nlm.nih.gov/pubmed?term=Fink-Jensen%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21373792
http://www.ncbi.nlm.nih.gov/pubmed/?term=Increased+cocaine+self-administration+in+M4+muscarinic+acetylcholine+receptor+knockout+mice
http://www.ncbi.nlm.nih.gov/pubmed?term=Shekhar%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18593778
http://www.ncbi.nlm.nih.gov/pubmed?term=Potter%20WZ%5BAuthor%5D&cauthor=true&cauthor_uid=18593778
http://www.ncbi.nlm.nih.gov/pubmed?term=Lightfoot%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18593778
http://www.ncbi.nlm.nih.gov/pubmed?term=Lienemann%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18593778
http://www.ncbi.nlm.nih.gov/pubmed?term=Dub%C3%A9%20S%5BAuthor%5D&cauthor=true&cauthor_uid=18593778
http://www.ncbi.nlm.nih.gov/pubmed?term=Mallinckrodt%20C%5BAuthor%5D&cauthor=true&cauthor_uid=18593778
http://www.ncbi.nlm.nih.gov/pubmed?term=Bymaster%20FP%5BAuthor%5D&cauthor=true&cauthor_uid=18593778
http://www.ncbi.nlm.nih.gov/pubmed?term=McKinzie%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=18593778
http://www.ncbi.nlm.nih.gov/pubmed?term=Felder%20CC%5BAuthor%5D&cauthor=true&cauthor_uid=18593778
http://www.ncbi.nlm.nih.gov/pubmed/?term=Selective+Muscarinic+Receptor+Agonist+Xanomeline+as+a+Novel+Treatment+Approach+for+Schizophrenia
http://www.ncbi.nlm.nih.gov/pubmed/?term=Selective+Muscarinic+Receptor+Agonist+Xanomeline+as+a+Novel+Treatment+Approach+for+Schizophrenia
http://www.ncbi.nlm.nih.gov/pubmed?term=Shirey%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Brady%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Jones%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Davis%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Bridges%20TM%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Kennedy%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Jadhav%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Menon%20UN%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Menon%20UN%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Xiang%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Watson%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Christian%20EP%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Doherty%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Quirk%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Snyder%20DH%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Lah%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Lah%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Levey%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Nicolle%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Lindsley%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Conn%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=19906975
http://www.ncbi.nlm.nih.gov/pubmed/19906975
http://www.ncbi.nlm.nih.gov/pubmed/19906975
http://www.ncbi.nlm.nih.gov/pubmed?term=Shirey%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Xiang%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Orton%20D%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Brady%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Johnson%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Williams%20R%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Ayala%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Rodriguez%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Rodriguez%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Wess%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Weaver%20D%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Niswender%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Conn%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=18059262
http://www.ncbi.nlm.nih.gov/pubmed/18059262
http://www.ncbi.nlm.nih.gov/pubmed?term=Si%20W%5BAuthor%5D&cauthor=true&cauthor_uid=20178835
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20X%5BAuthor%5D&cauthor=true&cauthor_uid=20178835
http://www.ncbi.nlm.nih.gov/pubmed?term=Niu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20178835
http://www.ncbi.nlm.nih.gov/pubmed?term=Yu%20H%5BAuthor%5D&cauthor=true&cauthor_uid=20178835
http://www.ncbi.nlm.nih.gov/pubmed?term=Lei%20X%5BAuthor%5D&cauthor=true&cauthor_uid=20178835
http://www.ncbi.nlm.nih.gov/pubmed?term=Chen%20H%5BAuthor%5D&cauthor=true&cauthor_uid=20178835
http://www.ncbi.nlm.nih.gov/pubmed?term=Cao%20X%5BAuthor%5D&cauthor=true&cauthor_uid=20178835
http://www.ncbi.nlm.nih.gov/pubmed/?term=A+novel+derivative+of+xanomeline+improves+fear+cognition+in+aged+mice


30 
 

Silver MA, Shenhav A, D'Esposito M (2008) Cholinergic enhancement reduces spatial 

spread of visual responses in human early visual cortex. Neuron 60:904-914. 

doi:10.1016/j.neuron.2008.09.038. 

Smith RD, Kistler MK, Cohen-Williams M, Coffin VL (1996) Cholinergic improvement 

of a naturally-occurring memory deficit in the young rat. Brain Res707:13-21. 

Tang Y, Mishkin M, Aigner TG (1997) Effects of muscarinic blockade in perirhinal 

cortex during visual recognition. Proc Natl Acad Sci 94:12667-12669. 

doi:10.1073/pnas.94.23.12667 

Tariot PN, Cohen RM, Welkowitz JA, Sunderland T, Newhouse PA, Murphy DL, 

Weingartner H (1988) Multiple-dose arecoline infusions in Alzheimer's disease. 

Arch Gen Psychiatry 45:901-5. 

Thomsen M, Lindsley CW, Conn PJ, Wessell JE, Fulton BS, Wess J, Caine SB (2012) 

Contribution of both M1 and M4 receptors to muscarinic agonist-mediated 

attenuation of the cocaine discriminative stimulus in mice. Psychopharmacology 

(Berl) 220:673-85. doi: 10.1007/s00213-011-2516-9 

Tzavara ET, Bymaster FP, Davis RJ, Wade MR, Perry KW, Wess J, McKinzie DL, 

Felder C, Nomikos GG (2004) M4 muscarinic receptors regulate the dynamics of 

cholinergic and dopaminergic neurotransmission: Relevance to the 

pathophysiology and treatment of related CNS pathologies. FASEB J 18:1410-

1412. doi:10.1096/fj.04-1575fje 

Uslaner JM, Eddins D, Puri V, Cannon CE, Sutcliffe J, Chew CS, Pearson M, Vivian JA, 

Chang RK, Ray WJ, Kuduk SD, Wittmann M (2013) The muscarinic M1 receptor 

positive allosteric modulator PQCA improves cognitive measures in rat, 

http://www.ncbi.nlm.nih.gov/pubmed?term=Silver%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=19081383
http://www.ncbi.nlm.nih.gov/pubmed?term=Shenhav%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19081383
http://www.ncbi.nlm.nih.gov/pubmed?term=D%27Esposito%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19081383
http://www.ncbi.nlm.nih.gov/pubmed/19081383
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20RD%5BAuthor%5D&cauthor=true&cauthor_uid=8866709
http://www.ncbi.nlm.nih.gov/pubmed?term=Kistler%20MK%5BAuthor%5D&cauthor=true&cauthor_uid=8866709
http://www.ncbi.nlm.nih.gov/pubmed?term=Cohen-Williams%20M%5BAuthor%5D&cauthor=true&cauthor_uid=8866709
http://www.ncbi.nlm.nih.gov/pubmed?term=Coffin%20VL%5BAuthor%5D&cauthor=true&cauthor_uid=8866709
http://www.ncbi.nlm.nih.gov/pubmed/8866709
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Tang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=9356507
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Mishkin%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9356507
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Aigner%20TG%5BAuthor%5D&cauthor=true&cauthor_uid=9356507
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/9356507
http://www.ncbi.nlm.nih.gov/pubmed?term=Tariot%20PN%5BAuthor%5D&cauthor=true&cauthor_uid=3048224
http://www.ncbi.nlm.nih.gov/pubmed?term=Cohen%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=3048224
http://www.ncbi.nlm.nih.gov/pubmed?term=Welkowitz%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=3048224
http://www.ncbi.nlm.nih.gov/pubmed?term=Sunderland%20T%5BAuthor%5D&cauthor=true&cauthor_uid=3048224
http://www.ncbi.nlm.nih.gov/pubmed?term=Newhouse%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=3048224
http://www.ncbi.nlm.nih.gov/pubmed?term=Murphy%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=3048224
http://www.ncbi.nlm.nih.gov/pubmed?term=Weingartner%20H%5BAuthor%5D&cauthor=true&cauthor_uid=3048224
http://www.ncbi.nlm.nih.gov/pubmed/3048224
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dThomsen%2520M%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d21964721
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dLindsley%2520CW%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d21964721
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dConn%2520PJ%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d21964721
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dWessell%2520JE%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d21964721
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dFulton%2520BS%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d21964721
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dWess%2520J%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d21964721
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%3fterm%3dCaine%2520SB%255BAuthor%255D%26cauthor%3dtrue%26cauthor_uid%3d21964721
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%2f%3fterm%3dContribution%2bof%2bboth%2bM1%2band%2bM4%2breceptors%2bto%2bmuscarinic%2bagonist-mediated%2battenuation%2bof%2bthe%2bcocaine%2bdiscriminative%2bstimulus%2bin%2bmice%23
https://owa.emory.edu/owa/redir.aspx?C=V1-AQURI8keYfa1I4ga8pbAGGDxD888IxhsJvVU973D7nPQ0MI_UoycXqTkzDcvFcS6I9pwkO3E.&URL=http%3a%2f%2fwww.ncbi.nlm.nih.gov%2fpubmed%2f%3fterm%3dContribution%2bof%2bboth%2bM1%2band%2bM4%2breceptors%2bto%2bmuscarinic%2bagonist-mediated%2battenuation%2bof%2bthe%2bcocaine%2bdiscriminative%2bstimulus%2bin%2bmice%23
http://www.ncbi.nlm.nih.gov/pubmed?term=Uslaner%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=22825578
http://www.ncbi.nlm.nih.gov/pubmed?term=Eddins%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22825578
http://www.ncbi.nlm.nih.gov/pubmed?term=Puri%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22825578
http://www.ncbi.nlm.nih.gov/pubmed?term=Cannon%20CE%5BAuthor%5D&cauthor=true&cauthor_uid=22825578
http://www.ncbi.nlm.nih.gov/pubmed?term=Sutcliffe%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22825578
http://www.ncbi.nlm.nih.gov/pubmed?term=Chew%20CS%5BAuthor%5D&cauthor=true&cauthor_uid=22825578
http://www.ncbi.nlm.nih.gov/pubmed?term=Pearson%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22825578
http://www.ncbi.nlm.nih.gov/pubmed?term=Vivian%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=22825578
http://www.ncbi.nlm.nih.gov/pubmed?term=Ray%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=22825578
http://www.ncbi.nlm.nih.gov/pubmed?term=Kuduk%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=22825578
http://www.ncbi.nlm.nih.gov/pubmed?term=Wittmann%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22825578


31 
 

cynomolgus macaque, and rhesus macaque. Psychopharmacology (Berl) 225:21-

30. doi:10.1007/s00213-012-2788-8 

Warburton EC, Koder T, Cho K, Massey PV, Duguid G, Barker GR, Aggleton JP, Bashir 

ZI, Brown MW (2003) Cholinergic neurotransmission is essential for perirhinal 

cortical plasticity and recognition memory. Neuron 38:987-996. 

doi:10.1016/S0896-6273(03)00358-1 

Weiner DM, Levey AI, Brann MR (1990) Expression of muscarinic acetylcholine and 

dopamine receptor mRNAs in rat basal ganglia. Proc Natl Acad Sci USA 

87:7050-7054. 

Wilson DA (2001) Scopolamine enhances generalization between odor representations in 

rat olfactory cortex. Learn Mem 8:279-85. 

Winters BD, Bussey TJ (2005) Removal of cholinergic input to perirhinal cortex disrupts 

object recognition but not spatial working memory in the rat. Eur J Neurosci 

21:2263-2270. doi:10.1111/j.1460-9568.2005.04055.x 

Witter MP, Griffioen AW, Jorritsma-Byham B, Krijnen JL (1988) Entorhinal projections 

to the hippocampal CA1 region in the rat: An underestimated pathway. Neurosci 

Lett 85:193-198. doi:10.1016/0304-3940(88)90350-3 

Ye JW, Cai JX, Wang LM, Tang XC (1999) Improving effects of huperzine A on spatial 

working memory in aged monkeys and young adult monkeys with experimental 

cognitive impairment. J Pharmacol Exp Ther 288:814-819. 

Zhang W, Basile AS, Gomeza J, Volpicelli LA, Levey AI, Wess J (2002) 

Characterization of central inhibitory muscarinic autoreceptors by the use of 

muscarinic acetylcholine receptor knock-out mice. J Neurosci 22:1709-1717. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=The+muscarinic+M1+receptor+positive+allosteric+modulator+PQCA+improves+cognitive+measures+in+rat%2C+cynomolgus+macaque%2C+and+rhesus+macaque
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Warburton%20EC%5BAuthor%5D&cauthor=true&cauthor_uid=12818183
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Koder%20T%5BAuthor%5D&cauthor=true&cauthor_uid=12818183
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Cho%20K%5BAuthor%5D&cauthor=true&cauthor_uid=12818183
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Massey%20PV%5BAuthor%5D&cauthor=true&cauthor_uid=12818183
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Duguid%20G%5BAuthor%5D&cauthor=true&cauthor_uid=12818183
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Barker%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=12818183
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Aggleton%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=12818183
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Bashir%20ZI%5BAuthor%5D&cauthor=true&cauthor_uid=12818183
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Bashir%20ZI%5BAuthor%5D&cauthor=true&cauthor_uid=12818183
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Brown%20MW%5BAuthor%5D&cauthor=true&cauthor_uid=12818183
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Cholinergic+Neurotransmission+Is+Essential+for+Perirhinal+Cortical+Plasticity+and+Recognition+Memory
http://www.ncbi.nlm.nih.gov/pubmed?term=Weiner%20DM%5BAuthor%5D&cauthor=true&cauthor_uid=2402490
http://www.ncbi.nlm.nih.gov/pubmed?term=Levey%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=2402490
http://www.ncbi.nlm.nih.gov/pubmed?term=Brann%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=2402490
http://www.ncbi.nlm.nih.gov/pubmed/2402490
http://www.ncbi.nlm.nih.gov/pubmed?term=Wilson%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=11584075
http://www.ncbi.nlm.nih.gov/pubmed/11584075
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Winters%20BD%5BAuthor%5D&cauthor=true&cauthor_uid=15869523
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Bussey%20TJ%5BAuthor%5D&cauthor=true&cauthor_uid=15869523
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Removal+of+cholinergic+input+to+perirhinal+cortex+disrupts+object+recognition+but+not+spatial+working+memory+in+the+rat
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Witter%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=3374835
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Griffioen%20AW%5BAuthor%5D&cauthor=true&cauthor_uid=3374835
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Jorritsma-Byham%20B%5BAuthor%5D&cauthor=true&cauthor_uid=3374835
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed?term=Krijnen%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=3374835
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Entorhinal+projections+to+the+hippocampal+CA1+region+in+the+rat%3A+an+underestimated+pathway
http://www.ncbi.nlm.nih.gov.proxy.library.emory.edu/pubmed/?term=Entorhinal+projections+to+the+hippocampal+CA1+region+in+the+rat%3A+an+underestimated+pathway
http://www.ncbi.nlm.nih.gov/pubmed?term=Ye%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=9918593
http://www.ncbi.nlm.nih.gov/pubmed?term=Cai%20JX%5BAuthor%5D&cauthor=true&cauthor_uid=9918593
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=9918593
http://www.ncbi.nlm.nih.gov/pubmed?term=Tang%20XC%5BAuthor%5D&cauthor=true&cauthor_uid=9918593
http://www.ncbi.nlm.nih.gov/pubmed/?term=Improving+Effects+of+Huperzine+A+on+Spatial+Working+Memory+in+Aged+Monkeys+and+Young+Adult+Monkeys+with+Experimental+Cognitive+Impairment
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhang%20W%5BAuthor%5D&cauthor=true&cauthor_uid=11880500
http://www.ncbi.nlm.nih.gov/pubmed?term=Basile%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=11880500
http://www.ncbi.nlm.nih.gov/pubmed?term=Gomeza%20J%5BAuthor%5D&cauthor=true&cauthor_uid=11880500
http://www.ncbi.nlm.nih.gov/pubmed?term=Volpicelli%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=11880500
http://www.ncbi.nlm.nih.gov/pubmed?term=Levey%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=11880500
http://www.ncbi.nlm.nih.gov/pubmed?term=Wess%20J%5BAuthor%5D&cauthor=true&cauthor_uid=11880500
http://www.ncbi.nlm.nih.gov/pubmed/?term=Characterization+of+Central+Inhibitory+Muscarinic+Autoreceptors+by+the+Use+of+Muscarinic+Acetylcholine+Receptor+Knock-Out+Mice


32 
 

  Figure Captions 

Fig. 1 Schematic of the testing procedure.  (a) 30 min. after injection rats completed a 

testing session consisting of a study phase, a 5-min delay, and a test phase that together 

lasted about 1 hr.  (b) On each trial of the study phase and the test phase, a rat 

encountered a single object as it completed a clockwise lap around a circular track.  

During the study phase, rats encountered 12 novel objects.  During the test phase, rats 

encountered duplicates of the 12 objects from the study phase and an additional 12 novel 

objects.  Individual objects are denoted by “O”.  *indicates duplicates of study objects 

Fig. 2 Memory performance for each drug condition.  The results are shown as mean 

Discrimination Index (DI) and are plotted for (a) all rats (n = 11), (b) rats who performed 

well at baseline (n = 6), and (c) rats who performed poorly at baseline (n = 5).  The rats 

who performed poorly at baseline showed significantly improved memory performance 

for the 3 mg/kg dose of VU0152100, even after correction for multiple comparisons.  

Error bars show SEM.  The dashed line indicates chance performance. All drug doses are 

mg/kg. * = p < 0.05 with LSD simple comparisons, # = p < 0.05 after Dunnett's 

correction 

Fig. 3 Exploration times during the study phase for each drug condition.  The results are 

shown as mean object exploration durations in seconds and are plotted for (a) all rats (n = 

11), (b) rats who performed well at baseline (n = 6), and (c) rats who performed poorly at 

baseline (n = 5).  The tendency to explore novel objects did not seem to be influenced by 

any of the drug conditions.  Error bars show SEM. All drug doses are mg/kg 
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