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Abstract

Rationale—Scopolamine, a muscarinic antagonist, impairs learning and memory for many tasks, 

supporting an important role for the cholinergic system in these cognitive functions. The findings 

are most often interpreted to indicate that a decrease in postsynaptic muscarinic receptor activation 

mediates the memory impairments. However, scopolamine also results in increased release of 

acetylcholine in the brain as a result of blocking presynaptic muscarinic receptors.

Objectives—The present experiments assess whether scopolamine-induced increases in 

acetylcholine release may impair memory by overstimulating postsynaptic cholinergic nicotinic 

receptors, i.e., by reaching the high end of a nicotinic receptor activation inverted-U dose-response 

function.

Results—Rats tested in a spontaneous alternation task showed dose-dependent working memory 

deficits with systemic injections of mecamylamine and scopolamine. When an amnestic dose of 

scopolamine (0.15 mg/kg) was co-administered with a subamnestic dose of mecamylamine (0.25 

mg/kg), this dose of mecamylamine significantly attenuated the scopolamine-induced memory 

impairments. We next assessed the levels of acetylcholine release in the hippocampus in the 

presence of scopolamine and mecamylamine. Mecamylamine injections resulted in decreased 

release of acetylcholine, while scopolamine administration caused a large increase in acetylcholine 

release.

Conclusions—These findings indicate that a nicotinic antagonist can attenuate impairments in 

memory produced by a muscarinic antagonist. The nicotinic antagonist may block excessive 

activation of nicotinic receptors postsynaptically or attenuate increases in acetylcholine release 

presynaptically. Either effect of a nicotinic antagonist—to decrease scopolamine-induced 

increases in acetylcholine output or to decrease post-synaptic acetylcholine receptor activation—

may mediate the negative effects on memory of muscarinic antagonists.
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Introduction

Early studies of the role of brain acetylcholine systems in learning and memory showed that 

cholinergic antagonists impaired memory and agonists enhanced memory (e.g., Deutsch 

1971; Drachman 1977). Acetylcholine receptor antagonists directed at either muscarinic or 

nicotinic receptors impair learning and memory for a wide range of tasks and species. 

Conversely, muscarinic agonists, nicotinic agonists, and cholinesterase inhibitors enhance 

learning and memory (Gold et al. 2013; Hasselmo 2006; Kutlu and Gould 2015; Morris et 

al. 2013; Pepeu and Giovannini 2010).

The general findings regarding acetylcholine functions in memory, obtained largely in 

rodents, were later coupled with evidence of loss of cholinergic functions in the brains of 

patients with Alzheimer's disease (Bartus et al. 1982; Coyle et al. 1983). The association of 

cholinergic dysfunction with dementia contributed importantly to a plethora of experiments 

using cholinergic receptor antagonists in rodents and other animals to model Alzheimer's 

disease by inducing memory loss with cholinergic receptor antagonists and by reversing 

memory loss and enhancing memory with cholinergic agonists.

Important to the present experiment is evidence that cholinergic agonists enhance memory at 

moderate doses but impair memory at higher doses, i.e., they affect memory in an inverted-

U dose-response manner (e.g., Braida et al. 1996; MacLeod et al. 2006; Robbins et al. 1997; 

Terry et al. 1997); included in such reports is evidence that cholinesterase inhibitors also 

enhance learning and memory in an inverted-U dose-response manner (e.g., Braida et al. 

1996; Stratton and Petrinovich 1963; Wanibuchi et al. 1994). One interpretation of the 

inverted-U effects of cholinergic agonists on memory is that while moderate increases in 

acetylcholine may enhance memory, high levels may result in cholinergic block thereby 

opposing the presumed benefits of activation of postsynaptic acetylcholine receptors.

A similar interpretation may also apply to the memory impairments produced by muscarinic 

receptor antagonists. There is substantial evidence that treatment with muscarinic 

antagonists results in large increases in acetylcholine release (Liu and Kato 1994; Mishima 

et al. 2000; Moor et al. 1995; Moore et al. 1996; Quirion et al. 1994; Stillman et al. 1996; 

Vannucchi et al. 1997), with decreases in release in the presence of muscarinic agonists or 

cholinesterase inhibitors (Bruno et al. 2006; Moor et al. 1995). Additionally, increases in 

cholinergic neuronal firing can be seen with application of scopolamine and decreases with 

muscarinic agonists (Givens and Olton 1995; Sakai et al. 1990). These results suggest that, 

in addition to postsynaptic actions, acetylcholine activates presynaptic autoreceptors (mostly 

M2 subtype) to limit the levels of acetylcholine released by the cholinergic neurons 

(Hasselmo and Sarter 2011; Hoss et al. 1990; Nordstrom and Bartfai 1980). In contrast, 

muscarinic receptor antagonists may block negative feedback mechanisms thereby 

decreasing the neurotransmitter feedback resulting in increased release of acetylcholine. An 

analogous interpretation does not apply well to nicotinic receptor antagonists. Unlike 

muscarinic autoreceptors, nicotinic autoreceptors have a positive feedback influence on 

acetylcholine release, such that activation of nicotinic autoreceptors increases acetylcholine 

release (Bruno et al. 2006; Wilkie et al. 1996; Wonnacott et al. 1996).
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The inverted-U dose-response curves seen with cholinergic agonists suggest that an optimal 

level of acetylcholine release is necessary for neuronal processing during learning and 

memory activities. Cholinergic tone that is too low or too high is related to poor cognitive 

functions, depending on the task (Hasselmo and McGaughy 2004; Hasselmo and Sarter 

2011). Thus, while scopolamine can have amnesic effects due to antagonism of postsynaptic 

muscarinic receptors, it is also possible that excessive acetylcholine release due to 

presynaptic muscarinic autoreceptor block may also be detrimental to memory formation. 

The present report tests one prediction of this view that a nicotinic antagonist might 

attenuate the impairing effects on memory of a muscarinic antagonist. This experiment used 

the nicotinic receptor antagonist, mecamylamine, to challenge the impairment in memory 

produced by the muscarinic receptor antagonist, scopolamine. In addition, we examined 

acetylcholine release during training in the presence and absence of either and both 

acetylcholine receptor antagonists. Specifically, we co-injected an amnestic dose of 

scopolamine and a low sub-amnestic dose of mecamylamine and assessed the effects on 

memory and on acetylcholine release. The rationale was that, if the increased release of 

acetylcholine is a significant contributor to memory impairments induced by scopolamine, 

the addition of mecamylamine would reduce these impairments by limiting the effects of 

excessive acetylcholine activation of nicotinic receptors.

Materials and methods

Animals

Male Sprague-Dawley rats (N=36; Harlan Laboratories, Indianapolis, IN), approximately 

90–100 days old, were housed individually on a 12-h/12-h light-dark cycle (on 7:00 a.m.) 

with continuous access to food and water. All procedures described in this paper were 

approved by the University of Illinois Urbana-Champaign Institutional Animal Care and Use 

Committee in accordance with guidelines outlined in Guide for Care and Use of Laboratory 

Animals and accredited by the Association for Assessment and Accreditation of Laboratory 

Animal Care.

Spontaneous alternation testing

Each rat was handled for several minutes/day on each of the 5 days prior to testing. During 

behavioral testing, animals were placed on a 4-arm, plus-shaped maze (arms 45 cm long, 14 

cm wide, 7.5 cm tall; center area 14×14 cm) constructed of opaque, black Plexiglas, as 

described previously (Newman et al. 2011). The maze was located in the center of the 

testing rooms on a table 76 cm above the floor surrounded by a rich assortment of extra-

maze visual cues. Animals were tested between 9:00 a.m. and 12:00 p.m.

During the spontaneous alternation task, the rat was allotted 20 min with no interruption to 

explore the 4-arm maze. Each arm entry was recorded. An entry was defined as all four 

paws crossing an arm entrance. The entries were then evaluated to determine the number of 

successful alternations. A successful alternation consisted of the rat visiting all four possible 

arms across every five arms that the rat entered. The spontaneous alternation score was 

computed by dividing the number of successful alternations by the number of possible 

alternations times 100. With this measure, chance performance is 44 %.
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All drugs were obtained from Sigma-Aldrich (St. Louis, MO, USA). A repeated testing 

design was used in which eight rats received subcutaneous injections (0.5 ml/kg) of 

mecamylamine hydrochloride (0.25, 0.5, 1.5, and 4.5 mg/kg) or saline 30 min prior to 

testing, and another group of eight rats received scopolamine hydrobromide (0.02, 0.05, and 

0.15 mg/kg), 0.25 mg/kg mecamylamine+0.15 mg/kg scopolamine, 0.5 mg/kg 

mecamylamine+0.15 mg/kg scopolamine, or saline. Animals were given 48 h between 

testing sessions to allow drug effects to dissipate. In addition, the doses were given in a 

counterbalanced order to control for possible anterograde effects of injections on behavioral 

scores.

Acetylcholine measures testing drug×behavior interactions

Separate groups of rats were prepared surgically for microdialysis measures of acetylcholine 

release during spontaneous alternation testing. Under isofluorane (2–4 % v/v) anesthesia, 

rats received guide cannulae (CMA 12 Guide Cannula; CMA Microdialysis AB, Holliston, 

MA) for microdialysis probes approximately 10 days before behavioral testing. The guide 

cannulae were lowered through holes in the skull above the ventral hippocampus 

(coordinates 5.6 mm posterior to bregma, ±5.0 mm lateral and 3.8 mm ventral from the 

surface of the skull). The cannulae were anchored in place with dental cement affixed to 

four skull screws surrounding the cannulae. Dummy probes, which were flushed with the 

cannulae tips, were inserted into the cannulae until the start of microdialysis procedures. To 

avoid attrition during the dialysis sampling time of over 4 h total, we used bilateral probes 

and dialysis collections for all rats. In nine rats, one probe either gave poor recovery or was 

blocked. For these rats, dialysis was performed on the contralateral side. In all rats, only 

dialysis from a single side was used for data collection.

During all microdialysis procedures, the microdialysis probes (20 kD CMA 12 Elite 

Microdialysis Probe with a membrane length of 2 mm, CMA Microdialysis AD, Holliston, 

MA) were perfused continuously at a rate of 1.0 μl/min with artificial cerebrospinal fluid 

(aCSF 128 mM NaCl, 2.5 mM KCl, 1.3 mM CaCl2, 2.1 mM MgCl2, 0.9 mM NaH2PO4, 2.0 

mM Na2HPO4, 1.0 mM dextrose, 200 nM neostigmine, pH=7.4). The inclusion of 

neostigmine protects acetylcholine in the dialysate from being hydrolyzed after collection 

from the extracellular fluid thereby increasing the measurable amount of acetylcholine in the 

dialysate (Chang et al. 2006; Himmelheber et al. 1998; Liu and Kato 1994; Noori et al. 

2012).

Prior to insertion of microdialysis probes into the hippocampus, each probe was placed in a 

100-nM acetylcholine solution for 10 min (10-μl dialysate sample) to assess probe 

efficiency. After, the 100 nM acetylcholine standards were collected, and the probes were 

inserted via the guide cannulae into the hippocampus. Rats were then placed into a holding 

cage with fresh bedding and allowed to rest for 1 h. The initial 1-h time permitted 

stabilization of the perfusion site; samples collected during this time were discarded. After 

this, dialysate samples were collected every 10 min into 0.5-μL microcentrifuge tubes. The 

first three samples were collected as a measure of baseline acetylcholine levels. After the 

baseline sampling period, an injection of saline, 0.15 mg/kg scopolamine, 0.25 mg/kg 

mecamylamine, or injections of both scopolamine and mecamylamine doses (Ns=5 for each 
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dose) were given 30 min prior to spontaneous alternation testing. The rats were then tested 

behaviorally, while samples continued to be collected every 10 min for 20 min. Eight more 

samples were collected after injection. The samples were sealed and stored at –20 °C until 

they were assayed for acetylcholine content.

High-performance liquid chromatography

Microdialysis samples were assayed for acetylcholine using high-performance liquid 

chromatography with electrochemical detection (Bioanalytical Systems Inc. (BASi), West 

Lafayette, IN, USA). During the analysis of the samples, a LC-10AD VP Shimadzu Liquid 

Chromatograph pump (Shimadzu Scientific Instruments, Columbia, MD, USA) continued to 

pump the fresh mobile phase (50 mM NaH2PO4, 0.5 mM EDTA, 0.005 % ProClin, pH=8.5) 

at a rate of 0.14 ml/min. Five-microliter samples were manually injected into the system via 

an injection port using a 10-μL loop (Rheodyne, Rohnert Park, CA, USA). Choline was first 

removed using a choline oxidase immobilized enzyme reactor (BASi UniJet P/N MF-8901). 

Samples were then separated using an ion-exchange microbore analytical column (BASi 

UniJet P/N MF-8904, 530 mm×1 mm) followed by a microbore ACh/choline immobilized 

enzyme reactor containing acetylcholinesterase and choline oxidase (BASi UniJet P/N 

MF-8903, 50 mm×1 mm). Electrochemical detection was performed by a 3-mm glassy fiber 

working electrode (BASi P/N MF-1095) coated with a redox polymer film containing 

horseradish peroxidase and an auxiliary electrode with a radial flow electrochemical thin-

layer cell and a 13-mm thin-layer gasket (BASi P/N MF-1091). The working electrode held 

a 100 mV potential relative to an Ag/AgCl reference electrode (BASi P/N MF-2078). 

Assays were completed within 12.5 min. The detection limit of this system was 

approximately 5 fmol. Acetylcholine standards of 12.5, 25, 50, 100, 200, and 1000 nM were 

injected in triplicate to assure consistent readings and a linear curve. The acetylcholine 

peaks appeared at 7.8 min into the chromatograph. The height of the peak was used and 

compared to the acetylcholine standard curve to get the concentration of the extracellular 

acetylcholine in each sample. Microdialysis samples taken from the 100-nM acetylcholine 

standard were used to adjust readings for probe detection limitations. Acetylcholine 

standards (100 nM) were assayed after every seven or eight samples to ensure that there was 

no shift in detection throughout the assay.

Histology

Immediately after the last microdialysis sample was taken, rats received an overdose of 

sodium pentobarbital and were perfused transcardially 0.9 % NaCl saline followed by 4 % 

paraformaldehyde. Brains were removed and stored in 4 % paraformaldehyde for 48 h 

before being transferred to 20 % glycerol in phosphate-buffered solution (PBS) for another 

48 h or until the brain sank. A notch was made in the right hemisphere. Brains were then 

frozen and 40-μm slices were collected with a cryostat targeting the ventral hippocampus. 

The collected sections were stained with cresyl violet and assessed for accurate 

microdialysis cannulae placement.

Statistical analysis

Statistics were performed using SPSS v20 (IBM, Armonk, NY, USA). The effects of 

scopolamine and mecamylamine on working memory were assessed using repeated 
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measures ANOVAs. Bonferroni corrected planned multiple comparisons were done to 

compare scopolamine or mecamylamine doses to saline. Differences in acetylcholine release 

were analyzed through univariate or mixed factors ANOVAs with mecamylamine and 

scopolamine as between-subjects factors and time (10-min samples) as a within-subjects 

factor.

Results

Spatial working memory

Rats showed dose-dependent decreases in the spontaneous alternation scores after 

mecamylamine (Fig. 1) or scopolamine (Fig. 2; mecamylamine: F4,28=4.75, p<0.01; saline 

vs. Mec 4.5 mg/kg: t7=4.83, p<0.005; scopolamine: F3,21= 11.71, p<0.001; saline vs. scop 

0.05 mg/kg: t7=2.88, p<0.05, saline vs. scop 0.15 mg/kg: t7=6.18, p<0.001). Thus, both 

drugs impaired alternation scores at the high doses tested. When 0.25 mg/kg or 0.50 mg/kg 

doses of mecamylamine, which did not individually impair alternation scores, were paired 

with a 0.15 mg/kg dose of scopolamine, there was a partial reversal of the scopolamine-

induced impairment (Fig. 2, right bars). Both doses of mecamylamine resulted in increases 

in spontaneous alternation scores as compared to those seen in the scopolamine alone 

condition (scop 0.15 mg/kg vs. scop 0.15/Mec 0.25: t7=3.17, p<0.05; 0.15 mg/kg 

scopolamine vs. scop 0.15/mec 0.5: t7=2.61, p<0.05).

With the exception of the 4.5 mg/kg mecamylamine group, there was no significant effect of 

treatment on the number of arm entries (range=29.8±4.7 to 35.4±3.7). The group that 

received the high 4.5 mg/kg dose of mecamylamine had significantly fewer arm entries 

(20.5±2.9) than did the saline group (35.4±3.7) (t7=4.21, p<0.05). There were no other drug 

effects on arm entries (p>0.1).

Acetylcholine microdialysis

As shown in Fig. 3, scopolamine injections increased acetylcholine output in the samples 

taken throughout microdialysis (scopolamine F1,16=27.06, p<0.001). Conversely, 

mecamylamine injections resulted in a slight but significant decrease in acetylcholine output 

(F1,16=4.66, p<0.05). There was no mecamylamine×scopolamine interaction suggesting that 

when the drugs were combined, the scopolamine enhancement of acetylcholine release was 

attenuated by mecamylamine to a similar degree as when mecamylamine was given alone 

(p>0.3).

Significant increases in acetylcholine release were evident during spontaneous alternation 

testing. The increase in acetylcholine release after scopolamine continued into behavioral 

testing, complicating determining whether the increases during alternation testing were a 

result of the testing per se or were a continuation of the rise in acetylcholine release after 

scopolamine treatment. Of note, acetylcholine output increased during alternation testing in 

rats both in the groups that did and did not have scopolamine prior to testing (without 

scopolamine, t9=3.47, p<0.01; with scopolamine, t9=2.28, p<0.05). These analyses indicate 

that behavioral testing increased acetylcholine release as seen previously (Ragozzino et al. 

1996, 1998).
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All animals included in the study had accurate ventral hippocampal microdialysis probe 

placements (Fig. 4).

The behavioral results obtained in rats tested during microdialysis procedures were generally 

consistent with those reported with unimplanted rats in Fig. 2. However, these rats were 

more variable, and alternation scores were lower in both the saline and low-dose 

mecamylamine rats, reducing the effect size of the scopolamine vs. control impairment, 

which here was not significantly different but exhibited a trend in the direction of 

scopolamine impairment in the microdialysis-tested rats (p<0.2). As before, the combination 

mecamylamine+scopolamine group did not differ from that of controls (p>0.7).

Discussion

At high doses, mecamylamine and scopolamine both decreased spontaneous alternation 

scores, reflecting the ability of both nicotinic and muscarinic receptor antagonists to impair 

working memory (Figs. 1 and 2). These results support previous findings that also showed 

that blocking nicotinic or muscarinic receptors can impair working memory (Hasselmo 

2006; Kutlu and Gould 2015; Morris et al. 2013; Pepeu and Giovannini 2010), though there 

is also a report that a low dose of mecamylamine (0.125 mg/kg) can itself enhance learning 

in rats (Levin and Caldwell 2006). Of particular interest, the memory impairment induced by 

the muscarinic receptor antagonist was partially attenuated by the concomitant 

administration of the nicotinic receptor antagonist, which was administered at a dose that did 

not itself impair memory.

These findings are consistent with the possibility that scopolamine results in increase of 

acetylcholine to supraphysiological levels that may themselves be amnestic. The 

neurochemical results confirm the large increase in acetylcholine output in the hippocampus 

after scopolamine injections reported by others (Mishima et al. 2000; Moor et al. 1995; 

Quirion et al. 1994; Vannucchi et al. 1997). The increased output of acetylcholine after 

administration of scopolamine is consistent with the view that the drug acts at presynaptic 

muscarinic autoreceptors that would otherwise limit the release of acetylcholine, resulting in 

high acetylcholine levels that can possibly interfere with memory processing. Thus, 

impairments of memory by muscarinic antagonists may reflect actions at presynaptic 

muscarinic receptors. The high acetylcholine levels may interfere with memory by reaching 

the top of an inverted-U relationship between acetylcholine and memory (e.g., MacLeod et 

al. 2006; Robbins et al. 1997), perhaps by attaining cholinergic block.

Most interpretations of scopolamine-induced impairments of learning and memory attribute 

the amnestic effects to interference with postsynaptic muscarinic receptors necessary for the 

cognitive processes. In contrast, the present results suggest that an increase in acetylcholine 

release may contribute to the amnestic properties of scopolamine, and presumably other 

muscarinic receptor antagonists, by achieving levels of acetylcholine that reach the upper 

impairing range of an inverted-U function. A nicotinic receptor antagonist reduces 

scopolamine-induced memory impairments, suggesting further that the overstimulation of 

ACh release may impair learning and memory via nicotinic receptors. However, the 

neurochemical results also open the possibility that mecamylamine may act not only by 
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blocking overexcitation of postsynaptic receptors per se but also indirectly by inactivating 

feed-forward presynaptic nicotinic receptors. The results also show that the nicotinic 

receptor antagonist not only reduces the high levels of acetylcholine release after 

scopolamine but also significantly, if modestly, reduces acetylcholine release during 

memory testing, a result similar to those obtained before (Tani et al. 1998). Thus, the 

mitigating effects on memory of the low mecamylamine dose may be due to mecamylamine 

attenuating the effect of acetylcholine release on postsynaptic nicotinic receptors or to 

mecamylamine decreasing acetylcholine release through presynaptic nicotinic autoreceptors, 

or both. Together, the results of the present experiments support the hypothesis that either 

too much or too little acetylcholine can contribute to disruptions in mnemonic processing 

(Deutsch 1971; Hasselmo and McGaughy 2004; Hasselmo and Sarter 2011).

The amnesia produced by high levels of neurotransmitters has been seen before with many 

examples of inverted-U dose-response curves with drugs that increase neurotransmitter, 

hormone, and other neurobiological functions, showing enhancement of memory at 

moderate doses and impairment of memory at high doses (Baldi and Bucherelli 2005; 

Calabrese 2008; Gold 2006; Gold and Korol 2012; Koob 1991; Mattson 2008).

In addition to the reduced memory impairments in rats that received scopolamine plus 

mecamylamine, scopolamine-induced memory impairments can also be attenuated by other 

substances including glucose, nicotinic and muscarinic receptor agonists, and cholinesterase 

inhibitors (e.g., Bejar et al. 1999; Higgins et al. 2002; Nakahara et al. 1990; Ragozzino et al. 

1994; Snyder et al. 2005; Stone et al. 1988, 1991). In the presence of muscarinic antagonists, 

both M1 and M2 selective agonists can improve memory deficits, with the M1 agonists 

potentially reversing some of the postsynaptic effects of scopolamine and the M2 potentially 

reducing the amount of acetylcholine release (Chambon et al. 2012; Nakahara et al. 1990; 

Stone et al. 1991; Wanibuchi et al. 1994).

Administration of cholinesterase inhibitors enhances learning, memory, and attention 

processes and reverses deficits in an inverted-U dose-response manner (Bejar et al. 1999; 

Braida et al. 1996; Deutsch 1971; Robbins et al. 1997; Stratton and Petrinovich 1963; 

Yoshida and Suzuki 1993). Cholinesterase inhibitors can also attenuate scopolamine-

induced memory impairments (Bejar et al. 1999; Braida et al. 1996; Higgins et al. 2002; 

Snyder et al. 2005). If scopolamine impairs memory by increasing acetylcholine release, this 

effect of cholinesterase inhibitors to blunt the actions of scopolamine appears 

counterintuitive, as it would seem that this would further increase acetylcholine in the 

synapse. However, microdialysis studies have shown that if the concentration of 

cholinesterase inhibitors in the dialysate is high, the amount of acetylcholine in the perfusate 

decreases (Liu and Kato 1994; Noori et al. 2012). Therefore, depending on the 

concentrations used, it is possible that cholinesterase inhibitors in combination with 

scopolamine can lead to a decreased release of acetylcholine. The muscarinic autoreceptor 

activation with the addition of cholinesterase inhibitors could also account for the memory 

impairments of cholinesterase inhibitors at higher doses in several species and training 

conditions, effects seen in early and recent reports (e.g., Stratton and Petrinovich 1963; 

Bohdanecký and Jarvik 1967; Hamburg 1967; Deutsch 1971; Bejar et al. 1999; Pan et al. 

2006) and for the inverted-U dose-response curve in the effective amelioration of the 
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scopolamine deficit (Braida et al. 1996; Flood et al. 1983; Wanibuchi et al. 1994). 

Furthermore, some findings suggest that scopolamine increases the activity of the enzyme, 

leading to scopolamine potentially decreasing the efficacy of cholinesterase inhibitors (Kato 

1972; Tota et al. 2012).

These results could have important implications for the treatment of dementia in aging and 

Alzheimer's disease. Previous work has shown in addition to cholinergic transmission loss in 

aging and Alzheimer's disease that there is also a reduction in muscarinic receptors with 

some studies finding a specific loss of M2 receptors (Araujo et al. 2011; Banuelos et al. 

2013; Decossas et al. 2005; Grothe et al. 2012; Mash et al. 1985; Mesulam 2013). Aged 

individuals and patients with Alzheimer's disease also show greater cognitive impairment 

with lower doses of scopolamine (Huff et al. 1988). This could be an indication that the 

cholinergic system in aged and Alzheimer patients does not regulate acetylcholine release as 

well. Treatment with acetylcholinesterase inhibitors has also been shown to significantly 

decrease the number of muscarin-ic autoreceptors (Araujo et al. 2011) potentiating the 

unregulated release of acetylcholine. Aged animals also show increased sensitivity of 

nicotinic autoreceptors, which might lead to increased release of acetylcholine at the 

remaining cholinergic neurons (Grilly et al. 2000; Wu et al. 2003).

Thus, the interpretation of the drug effects on acetylcholine functions in learning and 

memory is complicated by multiple controls over acetylcholine release together with 

evidence that too much or too little acetylcholine can cause mnemonic impairments. 

Changes that lead to the loss of the control of acetylcholine release, such as with the 

administration of scopolamine or during aging and Alzheimer's disease, contribute to 

memory impairments. While there has been a focus on methods to increase acetylcholine 

release to combat dementia, the current data suggest that this could lead to mnemonic 

problems as well. The findings shown here suggest that overactivation of nicotinic receptors 

may lead to mnemonic impairments, and high levels of acetylcholine can be detrimental to 

memory. If cholinesterase inhibitors attenuate the release of acetylcholine through activity 

on M2 autoreceptors, this may lead to lower release when the cholinergic system is 

activated, such as during times of learning and memory. Therefore, cholinesterase inhibitors 

may actually decrease acetylcholine release in a system already compromised during aging 

and Alzheimer's disease.
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Fig. 1. 
Mecamylamine effects on spatial working memory. At higher doses, mecamylamine 

significantly impaired spontaneous alternation scores (*p<0.05)
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Fig. 2. 
Scopolamine and scopolamine+mecamylamine effects on spatial working memory 

(*p<0.05)

Newman and Gold Page 15

Psychopharmacology (Berl). Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Acetylcholine release after saline, scopolamine, mecamylamine, or scopolaomine

+mecamylamine injections. Saline (diamond), 0.15 scopolamine (square), 0.25 

mecamylamine (triangle), and 0.15 scopolamine+0.25 mecamylamine (circle)
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Fig. 4. Ventral hippocampus microdialysis placement
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