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Abstract

Cognitive dysfunction in schizophrenia (SCZ) and Alzheimer’s disease (AD) is a major driver of 

functional disability but is largely unresponsive to current therapeutics. Animal models of 

cognitive dysfunction relevant to both disorders suggest the α7 nicotinic acetylcholine receptor 

(nAChR) may be a promising drug development target, with multiple clinical trials subsequently 

testing this hypothesis in individuals with SCZ and AD. However, the translational value of rodent 

cognitive tasks for predicting the overall efficacy of this therapeutic target in clinical trials is 

unknown. To compare effect sizes between rodent and human studies, we searched PubMed and 

the Cochrane Library for all randomized, placebo-controlled trials of compounds with 

pharmacological activity at the α7 nAChR for treatment of cognitive dysfunction in SCZ and AD 

and identified 18 studies comprising 2670 subjects treated with eight different compounds acting 

as full or partial agonists. Cognitive outcomes were standardized, and random-effects meta-

analyses revealed no statistically significant effects of α7 nAChR agonists on overall cognition or 

any of eight cognitive subdomains when all doses were included (Range of all cognitive outcomes: 

Cohen’s d = −0.077 to 0.12, negative favoring drug). In contrast, analysis of 29 rodent studies 

testing the same α7 agonists revealed large effect sizes in multiple commonly used preclinical 

behavioral tests of cognition (Range: d = −1.18 to −0.73). Our results suggest that targeting the α7 

nAChR with agonists is not a robust treatment for cognitive dysfunction in SCZ or AD and 

necessitate a better understanding of the translational gap for therapeutics targeting the α7 nAChR.
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1. Introduction

Multiple lines of evidence suggest that alterations of the α7 nicotinic acetylcholine receptor 

(nAChR) may play a role in the pathophysiology of several neuropsychiatric disorders that 

manifest with cognitive impairment, including schizophrenia (SCZ) and Alzheimer’s disease 

(AD). Several brain regions important for cognition, including the hippocampus (Freedman 

et al., 1995) and cortex (Marutle et al., 2001), show reduced availability of α7 nAChR 

binding sites in patients with SCZ compared to controls. Many patients with SCZ 

demonstrate impaired sensory gating to paired stimuli, a deficit thought to contribute to 

attentional dysfunction, which is normalized by nicotine (Adler et al., 1993) and by α7-

selective agonists (Olincy et al., 2006; Stevens et al., 1998). Substantive genetic evidence 

further links the α7 nAChR to P50 gating-deficits in individuals with SCZ and their relatives 

(Freedman et al., 2003). Similarly, individuals with AD demonstrate altered levels of α7 

nAChR protein in peripheral blood leukocytes (Chu et al., 2005) and in the brain (Burghaus 

et al., 2000).

Given these electrophysiological, neurochemical, and genetic findings, treatments directed 

toward normalization or augmentation of signaling through the α7 nAChR have been 

proposed for SCZ and AD, most specifically to address cognitive deficits (Freedman, 2014). 

Cognitive decline is the hallmark of AD, while impaired cognition in SCZ plays a major role 

in driving functional deficits (Bowie and Harvey, 2005). Just as cognitive domains are 

diverse in their fundamental neurophysiology, the mechanism by which targeting α7 

nAChRs is hypothesized to enhance cognition is multifactorial. The normalization of the 

P50 deficit in SCZ by nicotine and α7 nAChR agonists is arguably the most studied of these 

effects and believed to be due to α7 nAChR stimulation of inter-neuron populations that 

inhibit excitatory pyramidal cells in the hippocampus (Freedman, 2014). Additional pro-

cognitive effects of α7 nAChRs are hypothesized to result from regulation of 

neurotransmitter release through presynaptic mechanisms (Wonnacott et al., 2006), 

enhancement of synaptic plasticity in circuits important for cognition (Gu and Yakel, 2011), 

and initiation of signal transduction cascades through calcium influx (Bitner et al., 2007). 

Thus, α7 nAChR targeting in individuals with disorders such as SCZ or AD may correct an 

established α7-signaling deficit, or independently enhance cognition through 

complementary mechanisms.

The majority of evidence supporting the therapeutic use of α7 nAChR-selective drugs for 

cognitive impairment derives from rodent preclinical tasks in genetic, environmental, or 

pharmacological models of cognitive impairment (Levin, 2012) – however, pharmaceutical 

development of compounds targeting neuronal nAChRs has been challenging. For instance, 

the α4β2* nAChR-selective agonist TC-1734/AZD3480 (ispronicline) showed efficacy in 

early clinical trials for mild, age-associated memory loss (Dunbar et al., 2011) but failed to 

show clear efficacy in follow-up studies for cognitive impairment in AD (Frolich et al., 

2011) or SCZ (Velligan et al., 2012). The ultimate failure of drugs such as ispronicline in 

large clinical trials despite encouraging preclinical and early clinical data suggests that the 

translational pathway for drugs targeting neuronal nAChRs may benefit from a reappraisal to 

identify specific barriers. With this goal in mind, the past ten years have witnessed the 

assessment of multiple drugs active at α7 nAChRs in randomized, placebo-controlled 
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clinical trials for cognitive impairment in SCZ and AD, most of which have extensive 

preclinical assessment. We thus sought to apply the technique of meta-analysis to this 

collection of rodent and human data to evaluate the strategy of α7 nAChR targeting for 

cognitive symptoms in SCZ and AD. Specifically, we compare evidence of efficacy for this 

strategy in humans with that from the preclinical rodent models which supported initial drug 

development of these compounds. Taken together, our overall objective is to quantitatively 

evaluate preclinical and clinical data seeking to alleviate a major unanswered clinical burden 

and facilitate the successful development of therapeutics targeting nAChRs.

2. Methods and materials

2.1. Identification of studies

2.1.1. Search strategy—PubMed was searched on April 1, 2016 for relevant studies 

using the search term: (alpha7 OR alpha-7) AND (nicotinic receptor OR nicotinic 

acetylcholine receptor) AND (agonist OR positive allosteric modulator) AND placebo. 

References from appropriate papers and clinicaltrials.gov were searched for additional 

relevant publications or unpublished studies that might contribute to the meta-analysis. The 

Cochrane Library was also searched using the same search terms and no new additional 

references were identified. Upon identification of α7 nAChR-targeting compounds used in 

clinical trials, PubMed was again searched to identify rodent studies of these compounds 

using the search term: ((choline AND galantamine) OR (ABT-126) OR (DMXB-A OR 

GTS-21) OR (encenicline OR EVP-6124) OR RG3487 OR TC-5619 OR tropisetron OR 

varenicline) AND (rat OR mouse) AND (cognition OR cognitive). References were 

reviewed for additional relevant published and unpublished research.

2.1.2. Selection of studies—Two reviewers examined the titles, abstracts, and in some 

cases texts of studies obtained by the above search strategies to determine inclusion in the 

meta-analyses. Discrepancies were resolved by a final reviewer. Eligibility for inclusion in 

the human meta-analysis was based upon analysis of the full articles for the following 

criteria: randomized, double-blind, placebo-controlled trials of single drug or drug 

combination with a potential mechanism of action targeting the α7 nAChR, compared with 

placebo; and subject diagnosis of SCZ or AD. Studies were excluded if no cognitive 

outcomes were measured or reported. We excluded studies solely of galantamine (without an 

additional α7-selective agonist) on the basis of its relative non-specificity as a positive 

allosteric modulator (PAM) at α7 (Samochocki et al., 2003). Study eligibility for inclusion 

in the rodent meta-analysis was based upon analysis of the full articles for the following 

criteria: study tested α7 compound or combination used in clinical trials; reported outcome 

of cognitive behavioral task(s); adequate statistical description of sample size and outcomes 

to calculate effect size (ES). Studies were excluded if only juvenile animals were examined, 

rats or mice were not used, or the paper was solely a review article.

2.2. Meta-analytic procedures

Data were extracted by the first author and corroborated independently by a second reviewer. 

The primary outcome measure for clinical trials was performance on cognitive tasks. To 

standardize the cognitive measures across trials for ES calculation, we created nine cognitive 
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subdomains relevant to assessment of cognition in SCZ and AD (Keefe et al., 1999): overall 

cognitive index, attention, working memory, executive function, speed of processing, verbal 

learning, visual learning, social cognition, and language (Supplemental Table 1). Reviewers 

also gathered data on dose, trial design, smoking status, number of participants, duration of 

active treatment, and other relevant attributes of the studies. When additional information 

was required for analysis, a request for the data was made to the corresponding author of the 

study by email. For the rodent studies, primary outcome measure was performance on 

behavioral tasks relevant to human cognition. For water maze (WM) tasks, results from the 

probe trial were preferentially used to calculate ES. If these data were not available, group 

differences in learning were used. Data was gathered on behavioral task, dose, duration of 

treatment, method of drug delivery (oral, intraperitoneal, subcutaneous, intraventricular), 

sample size, and other relevant attributes.

Meta-analysis was conducted using Open Meta-Analyst (Wallace et al., 2012). Effect sizes 

of drug treatment were calculated as Cohen’s d using Open Meta-Analyst, freely available 

web tools for ES calculation (Lipsey and Wilson, 2001; Wilson, 2010), and Microsoft Excel. 

Egger’s test and Duval and Tweedie’s trim and fill correction were performed using 

Comprehensive Meta-Analysis (Biostat, Englewood, NJ). The convention throughout the 

study is negative ES favor drug treatment, whereas positive ES favor placebo/vehicle. Effect 

sizes from clinical trials were calculated using one of the following: 1) Group mean change 

from baseline to trial endpoint, sample size, and SD; 2) trial endpoint group means, sample 

size, and SD; 3) p-value between groups and sample size, or; 4) ES for outcome and 

duration of interest reported directly from the study text. For all ES, 95% confidence 

intervals (CIs) were calculated. In the case of multiple doses of α7 agonist, ES of each 

comparison to placebo were weighted by participant number and averaged to create a single 

ES with the exception of subgroup analysis examining effect sizes of the highest doses used 

or the doses corresponding to the largest ES. When studies reported the results of multiple 

cognitive tasks that fell within the same cognitive subdomain without a subdomain index, we 

utilized a task hierarchy ordered by the most commonly used tasks across trials.

For meta-analysis of the rodent studies, ES were calculated using 1) t-statistic and sample 

size; 2) F-test and sample size; 3) p-value between groups and sample size. When a range of 

p-values (i.e. “p < 0.05”) was reported, the least significant p-value was used to calculate the 

ES for statistically significant results, and a p-value of 0.50 was used when the p-value was 

simply reported as “non-significant” without further specification (Moran et al., 2016). The 

effect direction was concluded by visual inspection of graphical results. As in the analysis of 

human studies, a weighted average was performed across doses to obtain a single ES. No 

additional correction for multiple comparisons beyond what was employed in the source 

data was performed. For meta-analysis within a single rodent cognitive task (i.e., novel 

object recognition (NOR) task or WM task, a single ES was calculated for each independent 

cognitive deficit model and entered into the meta-analysis. For both human and rodent 

studies, a random-effects model for meta-analysis was used. Publication bias was assessed 

by visual inspection of funnel plots and Egger’s test. We assessed the association between 

sample size and ES using meta-regression. For secondary analyses of human trials we 

performed subgroup analysis based on the diagnosis of patient group (SCZ vs. AD). p < 0.05 

were considered statistically significant.
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3. Results

3.1. Included studies

Fig. 1 depicts the selection strategy of studies for inclusion in the human and rodent meta-

analyses. Thirty-six potential references were identified in PubMed of placebo-controlled 

clinical trials of α7 nAChR agonists or PAMs for cognitive impairment in SCZ and AD. 

After trial exclusion and addition of eligible trials from review of references and 

clinicaltrials.gov, 18 trials were eligible for inclusion. Of these, 16 trials provided data sets 

within the publication, and we were able to ascertain additional cognitive subdomain data 

from two trials via email request. Altogether, we included 18 studies involving 2670 

participants testing eight drugs or drug combinations, all of which have agonist activity at 

the α7 nAChR (Table 1, Supplemental Table 2). No new references were identified from a 

Cochrane Library search using the same terms. We then searched PubMed for rodent studies 

using cognitive tasks following treatment with these eight drugs or drug combinations. We 

identified 67 potential rodent studies, and after study exclusion and addition of studies 

identified from the study references, included 29 studies in our rodent meta-analysis 

(Supplemental Table 3). We were unable to identify any published rodent studies of 

ABT-126.

3.2. α7 agonist efficacy in two common rodent tasks of cognition

The two most commonly used preclinical cognitive models were the NOR task, a test of 

rodent non-spatial memory, and the Morris WM or water labyrinth, tests of rodent spatial 

memory, used in 10/29 (34%) and 11/29 studies (38%), respectively (Supplemental Table 3). 

The remainder included tests of social interaction, fear conditioning, passive and active 

avoidance, additional tests of spatial memory, impulsivity, and attention. Models of cognitive 

impairment were diverse (listed in Supplemental Table 3), and included pharmacological, 

genetic, neuro-degenerative, and acquired injury models. Cognitive enhancement in 

unmanipulated animals was also commonly tested. To determine the ES of α7 nAChR 

agonists in the most common paradigms, NOR and WM, random-effects meta-analysis was 

performed. Large ES were found for both NOR (ES = −0.73, 95% CI = −1.00 to −0.45, p < 

0.001, Fig. 2A) and WM (ES = −1.18, 95% CI = −1.69 to −0.66, p < 0.001, Fig. 2B). There 

was minimal heterogeneity between studies for the NOR (I2 = 18%, p = 0.26), though 

heterogeneity was significant in studies using WM (I2 = 56%, p = 0.015). Visual inspection 

of funnel plots revealed asymmetry for both paradigms (Supplemental Fig. 1), and Egger’s 

test provided evidence of publication bias for WM studies (p = 0.0092) but not for NOR 

studies (p = 0.24). Correction for publication bias in the WM using Duval and Tweedie’s 

trim and fill yielded an effect size similar to that derived from the NOR studies (corrected 

ES = −0.84, 95% CI = −1.39 to −0.51). Taken together, we found that rodent preclinical 

testing of α7 nAChR drugs focused on tests of spatial and non-spatial memory across a wide 

variety of cognitive impairment models, with published results demonstrating large ES of 

these agents.

3.3. α7 agonists for cognitive impairment in clinical trials of SCZ and AD

Cognitive outcomes in the clinical trials were grouped into nine cognitive subdomains 

(Supplemental Table 1). Meta-analysis of studies reporting an overall cognitive index (13/18, 
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72%) demonstrated no significant benefit of α7 nAChR agonists over placebo (ES = −0.057, 

95% CI = −0.16 to 0.044, p = 0.27; Fig. 3A). No significant heterogeneity was found (I2 = 0, 

p = 0.72). Visual inspection of the funnel plot suggested minimal publication bias 

(Supplemental Fig. 2A). Varenicline’s affinity at α7 nAChR is many orders of magnitude 

lower than at α4β2* nAChRs and at low doses may exert insignificant agonism at α7 (Coe 

et al., 2005; Hong et al., 2011). We thus performed a subgroup analysis of studies leaving 

out varenicline. Random-effect meta-analysis again revealed a small, non-significant ES of 

remaining α7 agonists on overall cognition (ES = −0.097, 95% CI = −0.21 to 0.012, p = 

0.081). Subgroup analysis by patient diagnosis found no significant difference in effect of 

α7 agonists on overall cognitive index in patients with SCZ (ES = − 0.062, 95% CI = −0.19 

to 0.061, p = 0.32) and AD (ES = −0.046, 95% CI = −0.22 to 1.29, p = 0.61). Meta-

regression demonstrated no significant association between trial size and ES on overall 

cognitive index (β = −0.000, 95% CI = −0.001 to 0.001, p = 0.75). The results of the 

individual rodent studies demonstrate cognitive effects of α7 nAChR agonists are highly 

dose-dependent. We thus repeated the meta-analysis using two additional subgroups: 1) the 

highest dose employed in each study, and 2) the highest ES in each study. Meta-analysis of 

the highest dose in each study did not meaningfully change the overall ES (ES = − 0.055, 

95% CI = −0.16 to 0.046, p = 0.28). However, when only the most effective doses were 

included in the meta-analysis, we detected a small but significant effect of α7 agonists on 

overall cognitive index (ES = −0.12, 95% CI = −0.22 to −0.02, p = 0.020).

Random effects meta-analysis on the most commonly reported cognitive outcome, attention 

(14/18 studies, 78%), again found that α7 agonists did not significantly differ from placebo 

(ES = −0.077, 95% CI = −0.20 to 0.047, p = 0.22; Fig. 3B). No significant heterogeneity 

was found (I2 = 0, p = 0.65) or evidence of publication bias by inspection of funnel plot 

(Supplemental Fig. 2B). Subgroup analysis of non-varenicline studies was of small, non-

significant ES (ES = −0.13, 95% CI = −0.30 to 0.044, p = 0.15). Only one study reported 

attentional measures in subjects with AD and thus subgroup analysis by disorder was not 

performed. Meta-regression demonstrated no significant association between trial size and 

ES on attentional measures (β = −0.000, 95% CI = −0.002 to 0.001, p = 0.55). Similar to 

overall cognitive index, subgroup analysis taking only the highest dose of α7 nAChR 

agonist did not substantially alter the result of the meta-analysis for attention (ES = −0.033, 

95% CI = −0.17 to 0.11, p = 0.65), while meta-analysis incorporating only the most effective 

doses found a small but significant effect of α7 agonists on attention (ES = −0.13, 95% CI = 

−0.25 to −0.00, p = 0.049). Meta-analysis incorporating all doses of the remaining seven 

cognitive subdomains failed to demonstrate significant effects of α7 nAChR drugs (Table 2), 

with some subdomains including only a small number of studies.

4. Discussion

The main findings of our meta-analyses are that α7 nAChR agonists show large ES in 

commonly used preclinical behavioral tests of cognition in rodents, yet do not demonstrate 

commensurate large effects on cognition in humans with SCZ and AD. In most subdomains 

of cognition, including attention, α7 nAChR drugs across a range of tested doses showed 

extremely modest beneficial effects that did not approach statistical or clinical significance. 

Such results were consistent in subgroup analyses by diagnosis and when varenicline was 
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excluded. Even when the most effective doses were entered into a subgroup meta-analysis, 

only small ES of uncertain clinical significance were found. The discrepancy between 

results of preclinical animal models demonstrating large ES and those of clinical trials 

demonstrating non-significant or small magnitude ES further illuminates the challenges of 

translating nAChR-based drugs for psychiatric and neurocognitive disorders.

4.1. Challenges of α7 nAChR agonists as human therapeutics and alternative 
pharmacological options

Our search strategy identified eight pharmacological compounds or combinations, all of 

which were used as exogenous partial or full agonists at α7 nAChRs. Multiple 

pharmacological properties of α7 nAChR agonists complicate their use as therapeutic 

compounds. Most importantly, the proclivity of α7 nAChRs to rapidly desensitize in the 

presence of agonists, including nicotine, is well described (Amar et al., 1993), which may 

interfere with repeated dosing, and some studies suggest that desensitization varies between 

agonists (Stevens et al., 1998). Furthermore, α7 nAChR agonists frequently demonstrate 

inverted U-shaped curves in cognitive tasks, exemplified in a recent study of working 

memory in non-human primates (Yang et al., 2013). These properties enhance the difficulty 

of dose choices in human trials. Finally, many of the agonists studied have activity at non-α7 

nAChRs, especially 5-HT3, complicating the interpretation of their effects. An alternative 

strategy to target the α7 nAChR is through the use of PAMs (reviewed in (Uteshev, 2014)), 

which are compounds that do not activate the receptor on their own, but rather increase the 

peak current amplitude (type I PAM) or both increase the peak current amplitude and 

influence desensitization kinetics (type II PAM) in response to the endogenous agonists 

acetylcholine and choline. Thus, unlike α7 agonists, PAMs preserve the endogenous spatial 

and temporal properties of cholinergic signaling through α7 nAChRs and minimize off-

target effects. Similar to α7 agonists, PAMs such as PNU-120596 can improve the auditory 

gating abnormality in rodents, yet do not cause desensitization and do not generally exhibit 

U-shaped dosing curves (Uteshev, 2014). Pharmaceutical development of PAMs for 

cognitive outcomes has not been as robust as for α7 nAChR agonists for cognition, though 

both galantamine monotherapy and JNJ-39393406 have been examined in small human 

studies with mixed results (reviewed in (Rowe et al., 2015)). Larger scale trials of α7 PAMs 

may overcome some of the challenges presented by α7 agonists for cognitive enhancement.

4.2. Translational barriers between rodent and human studies

4.2.1. Dosing paradigms between rodent preclinical studies and clinical trials
—The choice of dose and dosing frequency are critical to the demonstration of therapeutic 

effects in clinical trials. Many of the rodent studies included in our meta-analysis employed 

acute or sub-acute dosing of α7 nAChR agonists, in stark contrast to many of the larger 

clinical trials, which were conducted over months. As noted above, repeated doses of α7 

nAChR agonists can induce receptor desensitization, potentially even resulting in functional 

antagonism. Thus, the results of acute dosing in rodent behavioral tasks of many α7 nAChR 

agonists may not accurately predict their effects in chronic dosing paradigms. Furthermore, 

the specific choice of dose in clinical trials is extremely challenging given the wide range of 

receptor activation in conjunction with the demonstration of the inverted U-shape curve. 

These challenges are mitigated in rodent tasks, especially tasks with acute administration, as 
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such studies can relatively quickly generate dose-response curves using numerous doses. 

Additionally, such acute studies are not hampered by drug intolerances or side effects that 

might develop over time. For logistical and financial reasons and to maintain statistical 

power, clinical trials can at most study a few doses, with doses frequently chosen from 

earlier tolerability data, cognitive findings in healthy subjects, or from in vitro studies using 

binding and activation data with human α7 nAChR. For instance, the doses of TC-5619 

were chosen based on phase I tolerability data, improvement in attentional measures in 

healthy controls, and oocyte electrophysiological studies expressing human α7 nAChR 

(Lieberman et al., 2013). The exquisite sensitivity of α7 agonists to dose for cognitive 

outcomes is illustrated by two subgroup meta-analyses. Meta-analysis incorporating the 

highest dose of α7 agonist within each trial failed to demonstrate any significant drug effects 

on overall cognitive index or attention. The sub-group analysis incorporating only the most 

effective doses, which can be considered an estimate of the upper bound of ES, calculated 

only small effect sizes on overall cognitive index or attention (ES = −0.12 to −0.13). These 

ES are of unclear clinical significance and differ substantially from the large ES found in 

rodent cognitive studies (ES = −1.18 to −0.73). The results of these analyses clearly 

illustrate that dose selection is a difficult barrier to overcome in the translation of α7 nAChR 

agonists into human treatments.

4.2.2. Relevance and predictive validity of rodent models and tasks to human 
cognitive enhancement—Many preclinical studies performed the NOR task, a test of 

nonspatial learning and memory, and/or the Morris WM or related tests of spatial learning 

and memory. Other tasks more specifically examining attention, social interaction, executive 

function, or processing, represented a minority. Both the NOR and WM map onto multiple 

domains of human cognition in addition to learning and memory, recruiting attentional 

processes as well as executive functioning and working memory. We thus reasoned that 

focusing on the NOR and WM were appropriate rodent paradigms to include in a meta-

analysis not only because of the quantity of published studies reporting these tests, but also 

because they involve similar cognitive processes as tested in humans. It should be noted that 

the NOR and WM have predictive validity for deficits in cognition in humans (Cohen and 

Stackman, 2015; Terry, 2009), but it is poorly understood whether predictive validity in 

these tasks is bidirectional, whereby improved performance predicts improvement in human 

cognition, either in healthy controls or in clinical populations. As opposed to the rather 

narrowly focused set of behavioral tasks, we identified a large range of pharmacological, 

environmental, and genetic preclinical models of cognitive deficits. Most pharmacological 

models involved acute or sub-chronic systemic administration of muscarinic AChR or 

NMDA receptor antagonists. In especially the case of glutamate receptor-antagonists such as 

PCP, MK-801, and ketamine, these compounds can mimic some of the positive and 

cognitive symptoms of psychotic illness and model pathological network effects that arise 

within patients with SCZ through changes in excitatory-inhibitory balance (Meltzer et al., 

2013). However, unlike genetic models and environmental models with early-life insults, 

acute and sub-chronic pharmacological models do not model deficits in neural development 

or migration, a critical aspect of SCZ pathogenesis. Thus, difficulty in recapitulating critical 

aspects of underlying pathophysiology might represent an additional roadblock to 

translation.
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4.2.3. α7 nAChR genetic, pharmacological, and expression differences 
between rodent and human—Important differences exist in the genetics, pharmacology, 

biophysical properties, and neuronal localization of the α7 nAChR between rodents and 

humans, some of which might mediate the observed differences between preclinical studies 

and clinical trials. In humans but not rodents, CHRNA7, the gene coding for α7 nAChR 

protein, is partially duplicated and known as CHRFAM7A (Bertrand et al., 2015). The 

partially duplicated gene can coassemble with full-length α7 nAChR to potentially regulate 

its expression and function, which might differentially influence agonist effects between 

human and rodent. Additional complexities of the human genetics of CHRNA7 include a 

highly unstable localization on chromosome 15 that predisposes to inversions, deletions, and 

duplications, as well as polymorphisms in the promoter region resulting in differential 

expression levels of the protein (Bertrand et al., 2015). The complexity of genetics of 

CHRNA7 in humans as compared to the analogous gene in rodents might influence the 

findings in clinical trials. Along similar lines, the pharmacology of specific agonists differs 

between human and rodents sequences coding for α7 nAChRs. For example, the partial 

agonist GTS-21 activates the rat α7 nAChR to a maximal response greater than twice that of 

the human α7 nAChR, and the Ki of GTS-21 at the rat receptor is roughly an order of 

magnitude less than at the human receptor (Meyer et al., 1998), suggesting that similar 

serum levels might have strongly disparate effects between species. Finally, localization 

differences of α7 nAChRs may differ between rodents and humans, as suggested by a recent 

study in non-human primates demonstrating postsynaptic localization of α7 nAChRs in 

glutamatergic synapses of layer III dorsolateral prefrontal cortex (Yang et al., 2013). The 

authors suggest that higher evolved organisms with enhanced cognitive capacity, such as 

primates, may place increasing importance on α7 nAChRs localized to the post-synaptic 

spine as compared to rodents. Thus, the mechanism of functional interaction with other 

receptors critical for cognition, such as NMDA receptors, may differ between rodents and 

humans.

4.3. Study limitations

Our human meta-analysis, despite studying 18 trials, synthesized heterogeneous trial designs 

and was of modest overall subject size, which precluded the possibility of performing many 

meaningful subgroup analyses that may be informative as to which groups of patients may 

truly benefit from α7 agonists. Studies of cognitive enhancement require very large sample 

sizes to find small ES, and thus there exists the possibility of type II error in our clinical trial 

meta-analysis. Furthermore, only three of 18 studies enrolled subjects with AD, with the two 

largest AD trials reporting only composite cognitive outcomes but not cognitive subdomains, 

limiting our power to assess α7 drugs in this clinical population. We nonetheless felt it was 

important to perform meta-analysis combining SCZ and AD populations because 

postmortem evidence suggests similar loss of α7 nAChR expression in cortical and other 

brain regions (Burghaus et al., 2000; Marutle et al., 2001). It is unknown however to what 

extent this misregulation plays a causal role in the pathophysiology of these two disorders. 

We were unable to include a robust dataset of a phase II trial of EVP-6124 for cognition as 

an adjunct to cholinesterase inhibitors for subjects with mild-moderate AD because to our 

knowledge this study was not published or publicly available (Anon, 2015). Subsequent 

phase III studies were unfortunately put on hold due to gastrointestinal side effects. Thus, it 
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is possible that α7 agonists and/or PAMs may indeed be more effective for AD than SCZ, 

but additional data is needed to support this assertion.

4.4. Future directions and conclusions

Closing the translational gap that appears to exist between animal studies and human clinical 

trials is challenging. One first step that stems from our findings is the more consistent use of 

chronic dosing paradigms in animal studies to parallel chronic administration in clinical 

populations. Along similar lines, successful translation of α7 nAChR agonists might be 

facilitated by the incorporation of intermediate stages of testing that employ human 

paradigms with increased face validity to animal paradigms, including virtual WM (Astur et 

al., 2002) or human object recognition tasks (Raber, 2015). These human studies could be 

performed after both acute and chronic dosing, and only if improvements are found on 

chronic dosing would the compound progress to larger scale clinical trials using more 

traditional cognitive outcomes for SCZ and AD cohorts.

A small subset of the included clinical trials performed subgroup analyses to further pinpoint 

the clinical characteristics of patients who might benefit preferentially from these agents. 

Given the relatively limited numbers of patients within these subgroups and post-hoc nature 

of some of these analyses, we did not perform meta-analysis using these subgroups, 

however, certain themes arise. Smoking status may play an important mediating role in the 

effects of α7 agonists, though the direction of its effect seems to be compound-specific, with 

some studies finding no effect of smoking. In addition to cognitive outcomes, negative 

symptoms were often a primary or secondary outcome, with some trials, including GTS-21 

(Freedman et al., 2008), encenicline (Keefe et al., 2015), and RG3487 (Umbricht et al., 

2014) showing some efficacy in secondary outcome or post-hoc subgroup analyses. Similar 

to cognitive dysfunction, negative symptoms of SCZ are disabling without any highly 

effective pharmacological treatments, and thus further investigation into the possible use of 

α7 nAChR-targeting compounds for this constellation of symptoms is warranted. Finally, 

most compounds were well tolerated in humans, which may allow for further trials in these 

subgroups or for other indications. The preclinical efficacy of compounds targeting α7 

nAChRs is encouraging. However, the aggregate lack of effect in clinical trials reinforces the 

importance of identifying the major translational roadblocks, which may occur at multiple 

steps in the drug development pipeline.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

nAChR nicotinic acetylcholine receptor

NOR novel object recognition

WM water maze

ES effect size

CI confidence interval

SCZ schizophrenia

AD Alzheimer’s disease

PAM positive allosteric modulator
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Fig. 1. 
Study selection for clinical trial and rodent preclinical meta-analytic calculations.
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Fig. 2. 
Forest plot of effect sizes of α7 nicotinic agonists on the novel object recognition task and 

water maze tasks in rodent models of cognitive impairment. Meta-analysis demonstrated a 

significant effect in the novel object recognition task (A) compared to vehicle (Effect size 

(ES) = −0.73, 95% CI = −1.00 to −0.45, p < 0.001), and a significant effect in the water 

maze task (B) compared to vehicle (ES = − 1.18, 95% CI = −1.69 to −0.66, p < 0.001). Note: 

negative effect size favors drug treatment.
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Fig. 3. 
Forest plot of effect sizes of α7 nicotinic agonists on overall cognitive index and attention 

for subjects with schizophrenia and Alzheimer’s disease. Meta-analysis demonstrated no 

significant effect on overall cognition (A) compared to placebo (Effect size (ES) = −0.057, 

95% CI = −0.16 to 0.044, p = 0.27), and no significant effect on attention (B) compared to 

placebo (ES = −0.077, 95% CI = −0.20 to 0.047, p = 0.22). Note: negative effect size favors 

drug treatment.
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Table 2

Summary of results from random-effects meta-analysis for all cognitive subdomains across all drug doses 

studied.

Cognitive subdomain Effect size (95% CI) I2 (p-value) Number of studies included

Overall cognitive index −0.057 (−0.16, 0.044) 0 (0.72) 13

Attention −0.077 (−0.20, 0.047) 0 (0.65) 14

Working memory −0.011 (−0.14, 0.12) 3 (0.42) 14

Executive function 0.006 (−0.18, 0.19) 32 (0.16) 9

Speed of processing −0.015 (−0.14, 0.11) 0 (0.98) 13

Verbal learning −0.076 (−0.25, 0.096) 16 (0.30) 9

Visual learning −0.048 (−0.19, 0.092) 0 (0.57) 11

Social cognition 0.031 (−0.15, 0.21) 0 (0.95) 5

Language 0.12 (−0.49, 0.72) 0 (0.38) 2

Note: negative effect size favors drug.
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