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Abstract

The M1 muscarinic acetylcholine receptor (MAChR) subtype has been implicated in the
underlying mechanisms of learning and memory and represents an important potential
pharmacotherapeutic target for the cognitive impairments observed in neuropsychiatric disorders
such as schizophrenia. Patients with schizophrenia show impairments in top-down processing
involving conflict between sensory-driven and goal-oriented processes that can be modeled in
preclinical studies using touchscreen-based cognition tasks. The present studies used a
touchscreen visual pairwise discrimination task in which mice discriminated between a less salient
and a more salient stimulus to assess the influence of the M1 mAChR on top-down processing. M
mMAChR knockout (M1 KO) mice showed a slower rate of learning, evidenced by slower increases
in accuracy over 12 consecutive days, and required more days to acquire (achieve 80% accuracy)
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this discrimination task compared to wild-type mice. In addition, the M4 positive allosteric
modulator BQCA enhanced the rate of learning this discrimination in wild-type, but not in M; KO,
mice when BQCA was administered daily prior to testing over 12 consecutive days. Importantly,
in discriminations between stimuli of equal salience, M1 KO mice did not show impaired
acquisition and BQCA did not affect the rate of learning or acquisition in wild-type mice. These
studies are the first to demonstrate performance deficits in My KO mice using touchscreen
cognitive assessments and enhanced rate of learning and acquisition in wild-type mice through M,
mMAChR potentiation when the touchscreen discrimination task involves top-down processing.
Taken together, these findings provide further support for M4 potentiation as a potential treatment
for the cognitive symptoms associated with schizophrenia.
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Schizophrenia is a debilitating neuropsychiatric illness affecting approximately 1% of the
population worldwide. Characterized by positive (hallucinations, delusions), negative
(anhedonia, social withdrawal, apathy), and cognitive (attention, memory, executive
function) symptom clusters, current treatments are largely ineffective in treating the negative
and cognitive symptoms.1=3 Increasing evidence supports a role between cognitive
performance and overall functional outcome in patients with schizophrenia,*-8
substantiating the need to develop pharmacological treatments targeting these cognitive
impairments. Disruptions in top-down, goal-oriented, or rule-based processing when
competing with bottom-up, sensory-driven processing’- are prevalent in schizophrenia and
have contributed to impairments in attention, working memory, and social perception.®-12 In
clinical studies, top-down processing is assessed by using stimuli of unequal salience such
that a less salient, task-relevant stimulus competes with a more salient, task-irrelevant
stimulus. For example, patients diagnosed with schizophrenia displayed normal attentional
set shifting performance when searching for a highly salient target, but they displayed
impaired attentional shifting when the target salience was low.13-1% Thus, incorporating top-
down processing into preclinical cognitive assessments may improve our understanding of
underlying etiology and enhance development of novel pharmacotherapies for the treatment
of schizophrenia.
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One key to better preclinical modeling of the complex cognitive impairments in
schizophrenia involves the use of touchscreen-based cognitive tasks. These approaches allow
a range of parametric manipulations to be employed to alter cognitive demand in similar
ways across species from rodents to clinical populations, including assessment of top-down
processing.16-19 For example, Dickson and colleagues reported that Fmrl knockout mice
(KO), a murine model of fragile X syndrome, displayed comparable performance to wild-
type mice when discriminating between two stimuli of equal salience in a touchscreen task
but made increased errors when discriminating between stimuli of unequal salience.2? These
findings suggest that utilization of touchscreen-based cognitive tasks need to be further
evaluated in rodent models relevant to the top-down processing deficits observed in
neuropsychiatric disorders like schizophrenia.

In the current study, we investigated the role of the M1 muscarinic acetylcholine receptor
(mAChR) subtype in learning touchscreen-based visual pairwise discrimination tasks under
different degrees of cognitive demand using wild-type and M1 mAChR KO mice. By
employing a touchscreen task requiring discrimination between a nonpreferred, less salient
stimulus from a preferred, more salient stimulus, we are able to model top-down processing
functions in mice similar to tasks used clinically that show impairments in top-down
processing in patients with schizophrenia (e.g., refs 13-15). Impairments in My mAChR
function may contribute to cognitive impairments associated with schizophrenia.21-25 A
subset of patients with schizophrenia has shown decreased M; mAChR expression in the
PFC, hippocampus, and other forebrain regions,26-28 and previous studies have shown that
activation of the M; mAChR is important for learning and memory.23-25 For example, the
prototypical M positive allosteric modulator (PAM) BQCA increased spontaneous
excitatory postsynaptic potentials in medial PFC (mPFC) pyramidal cells ex vivoand
increased cell firing rate in the mPFC of freely moving rats.2® M; mAChRs are signaling
partners with A-methyl-D-aspartate receptor subtype (NMDAR) of glutamate receptors, and
NMDAR stimulation is integral for learning and memory.3%:31 Furthermore, indirect
modulation of NMDAR function may produce therapeutic effects without risk of
excitotoxicity associated with direct agonist activity at the NMDAR.32 M; agonists and
PAMs enhanced performance or reversed pharmacologically induced impairments across
several tasks assessing learning and memory in rodents and nonhuman primates.33-39 Lastly,
in clinical studies, the M1/My-preferring mAChR agonist xanomeline reduced the psychotic
symptoms observed in schizophrenia patients and improved aspects of cognition, although
off-target activity impeded further clinical development.40 In the present study, we examined
both rate of learning by comparing daily percent accuracy across 12 consecutive testing days
and acquisition, as defined by the number of days to achieve 80% accuracy. Using this
approach, our studies are the first to demonstrate distinct cognitive impairments on rate of
learning and acquisition in M; KO mice on touchscreen-based tasks. Moreover, daily
administration of BQCA, previously characterized by our group and others,29:33.34 also
enhanced the rate of learning and acquisition in wild-type mice on this touchscreen task
modeling top-down processing, suggesting a potential role for M4 potentiation in the
treatment of such cognitive deficits in schizophrenia.
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Touchscreen Training

Similar to previous studies,*! there were no differences between wild-type and M; KO mice
in learning stages 1-5 of training to respond on the touchscreen (data not shown).

Experiment 1: Acquisition of a Pairwise Discrimination Task Involving Top-Down

Processing

In order to establish a model to assess top-down processing, we first identified a stimulus
pair with unequal salience, which engendered a clear response preference in both wild-type
and M4 KO mice. Following training to respond on the touchscreen, mice were exposed to a
single session of 50 trials during which responding on either stimulus within a pair resulted
in delivery of a reward. As shown in Figure 1. A,B, both wild-type and M; KO mice showed
an inherent preference toward stimulus 2, “4 circles”, compared to stimulus 1, “lasers”
(wild-type, = 4.66, df = 9; p< 0.01; M; KO, ¢=3.73, df = 10; p< 0.01).

To test the hypothesis that M; mAChRs are involved in top-down processing in mice, we
examined, in a new cohort, the number of days required for wild-type mice and M1 KO mice
(n = 8/group) to acquire the visual pairwise discrimination task, defined as reaching 80%
accuracy when the nonpreferred, less salient stimulus (lasers) was designated as the initial
correct stimulus and the preferred stimulus (4 circles) was designated as incorrect. As shown
in Figure 1C, the M1 KO mice required a greater number of days to acquire the pairwise
discrimination task as compared with the wild-type control mice (¢#=3.81, df = 14; p<
0.001).

Experiment 2: Role of M1 mMAChRs on Rate of Learning and Acquisition of a Pairwise
Discrimination Task Involving Top-Down Processing

To examine in more detail the role of M1 mAChRs on top-down processing, we examined
the rate of learning in wild-type and M; KO mice when performing the discrimination task
established in experiment 1 by comparing daily changes in percent accuracy across 12
consecutive days after pretreatment with vehicle or doses of the selective M; PAM BQCA.
Following training, wild-type (vehicle or 10 or 30 mg/kg BQCA) and M; KO mice (vehicle,
10 mg/kg BQCA; n= 11-12/group) were administered vehicle or a dose of BQCA 15 min
prior to each daily session for 12 consecutive days. As shown in Figure 2A, on day 1, the
accuracy for all groups was below 50% (chance), demonstrating increased responding for
the more salient, but incorrect, stimulus, and that the same stimulus bias that was seen in
experiment 1 was present in this new cohort of mice. Over the 12 day period, there was a
significant increase in percent accuracy (11 599 = 105.40; p < 0.0001), a significant effect of
group (£4 599 = 68.56; p< 0.0001), and a significant interaction between day and group
(Faa 509 = 2.66; p < 0.0001). Posthoc analysis revealed that vehicle-treated M KO mice
demonstrated a slower rate of learning, as shown by significantly lower percent accuracy
across days 5-12, compared to the vehicle-treated wild-type mice (all p< 0.05). However,
daily administration of 10 mg/kg BQCA did not improve rate of learning in wild-type mice
or M; KO mice compared to respective vehicle-treated groups (Figure 2A), perhaps due to
contingency parameters engendering a ceiling effect on rate of learning that could not be
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enhanced further (see experiment 3). Moreover, the 30 mg/kg dose of BQCA impaired the
rate of learning in wild-type mice, noted by significantly lower percent accuracy compared
to vehicle-treated wild-type mice on days 7-10 and 12 (all p< 0.05).

To examine acquisition between groups, the percent of each group that acquired per test day
(>80% accuracy) was plotted as a survival curve. As shown in Figure 2B, a log-rank
(Mantel-Cox) test showed a significant effect of group on percent acquisition (32 = 22.39; df
=4; p<0.001). Eighty percent of the vehicle-treated and 10 mg/kg BQCA-treated wild-type
mice acquired the discrimination within 7 days, whereas the 30 mg/kg dose of BQCA
reduced the total percent that acquired the discrimination to <50% by day 12. In contrast,
only 20% of vehicle-treated and 10 mg/kg BQCA-treated M, KO mice acquired by day 7.
By day 12, 40% of vehicle-treated and 70% of M1 KO mice treated with 10 mg/kg BQCA
acquired the discrimination. Although fewer vehicle-treated M1 KO mice acquired, effects
of BQCA were not significant in the M; KO mice; 5 of 7 vehicle-treated My KO mice that
did not acquire the discrimination (e.g., >80% accuracy) achieved >70% accuracy.

We also examined the number of trials completed and overall session length, additional
variables that can directly influence rate of learning,8 as well as the response and reinforcer
retrieval latencies that provide a measure of motor function or motivation to respond that
may indirectly influence learning. As shown in Table 1, there was a significant effect of
group on session length on day 1 (/50 = 9.6, p < 0.0001) such that vehicle-treated M KO
mice completed the session significantly faster than vehicle-treated wild-type mice (p <
0.05). There was also a significant effect of group on number of trials completed (£4 47 =
32.19, p<0.0001), correct response latency (/4 50 = 9.86, p< 0.0001), and reinforcer
retrieval latency (/50 = 6.39, p < 0.001) on day 1 such that wild-type mice that received the
30 mg/kg dose of BQCA completed fewer trials and had longer response and reinforcer
retrieval latencies (all p< 0.001) compared to vehicle-treated wild-type mice.

Experiment 3: Influence of Trial Number on Rate of Learning and Acquisition of a Pairwise
Discrimination Task Involving Top-Down Processing

Previous studies in rats have shown that the number of trials per session can influence rate of
learning touchscreen-based pairwise discrimination tasks.1 Here, we reduced the number of
trials from 100 to 60 trials per session to test the hypothesis that exposure to fewer trials per
session would decrease the baseline rate of learning and that M; potentiation might improve
learning this pairwise discrimination involving top-down processing. Following training,
wild-type (vehicle or 1 or 10 mg/kg BQCA) and M; KO mice (vehicle, 10 mg/kg BQCA; n
= 10-11/group) were administered vehicle or BQCA 15 min prior to daily cognition sessions
for 12 consecutive days using 60 trials per session. As shown in Figure 2C, similar to
experiment 2, percent accuracy for all groups was below 50% on day 1. As in experiment 2
over the 12 day period, there was a significant improvement in percent accuracy (F11 551 =
101.7; p< 0.0001), a significant effect of group (#4551 = 31.21; p< 0.0001), and a
significant interaction (F44 551 = 1.41; p < 0.05). In addition, the overall percent accuracy in
wild-type mice treated with 1 and 10 mg/kg BQCA was higher than the vehicle-treated wild-
type mice, significant on days 7 and 8, respectively (all p < 0.05). Percent accuracy in
vehicle-treated M1 KO mice was not significantly different from vehicle-treated wild-type
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mice. As shown in Figure 2D, a log-rank (Mantel-Cox) test showed a significant effect of
group on percent acquisition (2 = 19.26; df = 4; p< 0.001). Eighty percent of wild-type
mice treated with 10 mg/kg BQCA acquired the discrimination in 8 days, compared to 10
and 12 days for 1 mg/kg BQCA and vehicle-treated wild-type mice, respectively. M; KO
mice treated with vehicle or 10 mg/kg BQCA showed similar rates of learning as those of
vehicle-treated wild-type mice across the first 11 days, although 80% or fewer acquired the
discrimination when exposed to 60 trials.

There was a significant effect of treatment on session length on day 1 (/4 50 = 3.68, p < 0.05;
Table 1) and day 12 (£4 50 = 3.52, p < 0.05), but none of the groups were different from
vehicle-treated wild-type mice. There was not an effect of treatment on number of trials
completed, correct response latency, or reinforcer retrieval latency on day 1 or 12 compared
to vehicle-treated wild-type mice (Table 1).

As shown in Figure 2E, data from vehicle-treated groups from experiments 2 and 3 were
replotted to directly compare influence of trial number on rate of learning between wild-type
and M1 KO mice. There was a significant effect of day (#1140 = 77.13; p< 0.0001) and
trial number (/3 450 = 34.46; p < 0.0001) and a significant interaction (£33 480 = 2.0; p<
0.05). Percent accuracy in wild-type and M1 KO mice exposed to 60 trials was not different
from each other at any time point. Percent accuracy in wild-type mice completing 100 trails
per session was higher than wild-type mice completing 60 trails per session and was
significantly higher on days 7 and 8. Percent accuracy was not different in M1 KO mice
exposed to 60 and 100 trials, demonstrating that increasing exposure does not enhance rate
of learning in M1 KO mice. Compared to wild-type mice exposed to 100 trials per session,
percent accuracy in My KO mice exposed to 60 or 100 trials was lower on days 7-9 and on
days 7-10, respectively (all p < 0.05). Compared to wild-type mice exposed to 60 trials per
session, percent accuracy in M; KO mice exposed to 100 trials was lower on day 12 (p <
0.05). As shown in Figure 2F, a log-rank (Mantel-Cox) test showed a significant effect of
group on percent acquisition (32 = 27.35; df = 3; p< 0.0001). While 80% of the wild-type
mice exposed to 100 and 60 trials acquired the task within 7 and 12 days, respectively, only
80% and <50% of M, KO mice exposed to 60 and 100 trials acquired the discrimination by
day 12.

To examine effects of repeated dosing of BQCA on plasma and brain concentrations, mice
from experiment 3 were dosed with 1 or 10 mg/kg BQCA (wild-type) and 10 mg/kg BQCA
(M4 KO mice) for one additional day (day 13) after the last cognition session. Plasma and
brain were collected 30 min following administration of vehicle or BQCA. For comparison,
an additional set of wild-type and M; KO mice were administered a single dose of 1 or 10
mg/kg BQCA to examine plasma and brain concentrations following acute administration.
As shown in Table 2, there was a modest but statistically significant elevation in plasma and
brain concentrations of BQCA following repeated dosing with the 10 mg/kg dose but not
following repeated dosing with the 1 mg/kg dose in wild-type mice compared to acute
dosing. There was a main effect of dose (£ 25 = 124.5, p< 0.001), treatment duration (£ 28
=6.00; p< 0.05), and an interaction (/y 2g = 8.95; p < 0.001) on observed plasma
concentrations in wild-type mice, and, similarly, there was a main effect of dose (/7 28 =
158.9, p < 0.001), treatment duration (F; 2g = 27.18; p < 0.001), and an interaction (Fy 2g =
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24.17; p<0.001) on observed brain concentrations in wild-type mice. There were no
differences in plasma or brain concentrations of BQCA following repeated dosing with the
10 mg/kg dose in M1 KO mice compared to acute dosing. There was not an effect of
genotype (£ 32 = 0.90; p> 0.05) or treatment duration (/1 32 = 3.87; p> 0.05), but there
was a significant interaction (/1 32 = 6.40; p,0.05) on absolute plasma concentrations
following 10 mg/kg BQCA. Brain concentrations of BQCA were higher in wild-type mice
compared to M1 KO mice following repeated dosing with 10 mg/kg BQCA. There was a
significant effect of treatment duration (£ 32 = 21.99; p < 0.001), no effect of genotype
(F1,32=3.4; p>0.05), but a significant interaction between genotype and duration (£ 3 =
14.63; p< 0.001) on absolute brain concentrations; see Table 2 for posthoc analyses.
Interestingly, calculated free (unbound) brain concentrations after repeated dosing with 1 or
10 mg/kg BQCA, which both produced similar magnitudes of enhancements in rate of
learning (experiment 3), were below (68 + 17 nM) and slightly above (693 + 176 nM),
respectively, previously reported /n vitro estimates of the ECg inflection points for BQCA
when determined in the presence of an EC,q concentration of ACh (~300 nM?29.33.34),

In addition, the potential effects of repeated dosing of BQCA on M1 mAChR mRNA levels
in the hippocampus, prefrontal cortex (PFC) and striatum were assessed from tissue
dissected from each brain region 30 min after BQCA administration on day 13 (1 day after
the last cognition test session) from the wild-type mice treated with vehicle or 1 or 10 mg/kg
BQCA in experiment 3. As shown in Figure 3, a one-way ANOVA per brain region showed
that there was no effect of repeated BQCA administration on M; mRNA expression levels in
hippocampus (£ 27 = 3.22; p> 0.05), PFC (F2,24 = 2.03; p> 0.05), or striatum (/ 26 = 0.18;
p>0.05). Data are expressed as percent of M1y mMRNA levels in vehicle-treated mice.

Experiment 4: Role of M; mMAChRs on Rate of Learning and Acquisition of a Pairwise
Discrimination Task Not Involving Top-Down Processing

For comparison with the experiments 1-3, we tested the hypothesis that M; KO mice would
not show impaired learning of a pairwise discrimination task between relatively equal salient
stimuli that do not involve top-down processing. First, relative salience was determined in
wild-type and M1 KO mice between two stimuli used in prior touchscreen studies without
purported stimulus bias (e.g., refs 16, 19, and 41). As shown in Figure 4. A,B, wild-type
mice showed no inherent preference for either stimulus 1, “marbles”, or stimulus 2, “fan” (¢
=2.055, df = 9; p> 0.05); M1 KO mice showed a slight but significant preference for
stimulus 1 (marbles; ¢=2.43, df = 10; p< 0.05). Rate of learning this pairwise
discrimination across 12 days was examined in separate groups of vehicle-treated wild-type
and M4 KO mice exposed to either 60 or 100 trials when stimulus 1 (marbles) was
designated as the correct stimulus. As shown in Figure 4C, there was a significant effect of
day (F11 401 = 57.51; p< 0.0001) and trial number (/3 491 = 60.0; p < 0.0001) but no
interaction (/33 491 = 1.25; p> 0.05) on percent accuracy. There were no significant
differences in percent accuracy between wild-type mice exposed to 60 or 100 trials or
between groups of M; KO mice completing 60 or 100 trials (all o> 0.05). However, percent
accuracy in My KO mice completing 60 trials was significantly lower than wild-type mice
completing 60 trials on days 9 and 10 (p < 0.05); percent accuracy in M; KO mice was also
significantly lower on days 2—4 and 9 compared to wild-type mice when each group was
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exposed to 100 trials (all p< 0.05). Compared to wild-type mice exposed to 100 trials per
session, percent accuracy in M KO mice exposed to 60 trials was significantly lower on
days 3-11 (all p<0.05). Lastly, percent accuracy in M KO mice exposed to 100 trials was
not different from wild-type mice exposed to 60 trials. As shown in Figure 4D, a log-rank
(Mantel-Cox) test showed a significant effect of group on percent acquisition (32 = 12.33; df
= 3; p<0.01). Eighty percent of the wild-type mice exposed to 100 and 60 trials acquired
the task in 5 and 10 days, respectively, whereas 80% of the M1 KO mice acquired in 11 days
regardless of trial number.

As expected, there was a significant difference between trials completed on both day 1 (#3 44
=16.09, p<0.0001; Table 3) and day 12 (/3 44 = 7851, p < 0.0001) such that, regardless of
genotype, mice exposed to 100 trials completed more trials than mice exposed to 60 trials
(all p<0.05). There was also a significant effect of genotype on session length on day 1
(F3,44 = 8.55, p<0.001) and day 12 (£3 44 = 31.59, p< 0.0001). On day 1, session length for
the M1 KO group exposed to 60 trials was significantly shorter than the session lengths for
both wild-type and M1 KO mice exposed to 100 trials (v < 0.05). On day 12, regardless of
genotype, the session lengths for mice exposed to 60 trials were significantly shorter than
the session lengths for both groups of mice exposed to 100 trials (all p < 0.05). There was a
significant effect of trial number (60 or 100) on correct response latency and reinforcer
retrieval latency on day 12 (F3 44 = 3.07, p< 0.05) and (/3 44 = 3.54, p < 0.05), respectively,
but not day 1. On day 12, reinforcer retrieval latencies were faster in wild-type mice exposed
to 60 versus 100 trials (p < 0.05).

Finally, to understand if M1 potentiation enhances discrimination learning in general or is
specific to discrimination learning involving top-down processing, separate groups of wild-
type mice were administered vehicle or BQCA (1, 10 mg/kg) prior to each session when
exposed to 60 trials for 12 consecutive days when discriminating between stimuli of equal
salience. As shown in Figure 4E, there was a significant effect of day (#1131 = 43.66; p<
0.0001) and dose (/321 = 7.17; p < 0.001) but no significant interaction (F 321 = 1.20; p>
0.05) on percent accuracy; no specific time points were different from the vehicle-treated
group. As shown in Figure 4F, a log-rank (Mantel-Cox) test showed a significant effect of
group on percent acquisition (32 = 11.46; df = 3; p< 0.01). Eighty percent of the wild-type
mice treated with vehicle or 1 or 10 mg/kg BQCA acquired in 6, 5, and 7 days, respectively.
There were no differences in session length, correct response latencies, or reinforcer retrieval
latencies between groups on day 1 or 12 (Table 3).

Experiment 5: Relative Reinforcing Strength of the Liquid Reinforcer Using a Progressive
Ratio Schedule of Reinforcement

To confirm that reinforcing strength of the liquid reward was not different between
genotypes, a potential confound that could influence motivation to perform cognitive tasks,
separate groups of wild-type and M1 KO mice were trained to nose poke under a progressive
ratio schedule of reinforcement to obtain different concentrations of liquid Ensure. As shown
in Figure 5, both genotypes showed a concentration-dependent increase in the number of
reinforcers earned, demonstrated by a significant main effect of concentration (/3 91 = 73.24;
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£ <0.0001), but there was no difference between genotypes (/1 91 = 1.73; p> 0.05) or dose
by genotype interaction (/3 91 = 0.02; p> 0.05).

DISCUSSION

Selective activation of My mAChRs has been proposed as a novel mechanism for
enhancement of cognitive deficits associated with schizophrenia. However, previous reports
examining cognitive performance in Mq KO mice have shown equivocal results, questioning
the role of M1y mAChHR involvement in specific cognitive domains. By implementing a
discrimination task assessing top-down processing, we revealed cognitive impairments using
touchscreen assessments in the M1 KO mice for the first time. Moreover, we also showed
that selective activation of M1 mAChRs by the My PAM BQCA in wild-type mice can
enhance cognitive performance during top-down processing tasks. Importantly, our studies
also demonstrated that altering trial number affected rate of learning, stressing the need to
understand parametric influences on baseline cognitive performance when assessing genetic
models or conducting pharmacological challenge studies.

By employing a touchscreen task requiring discrimination between a less salient from a
more salient stimulus, we were able to model top-down processing functions in mice similar
to tasks used clinically that show impairments in top-down processing in patients with
schizophrenia (e.g., refs 13-15). Bias toward one stimulus in a discrimination set can affect
discrimination learning; thus, pairs of stimuli with similar salience are suggested to avoid
this confound (e.g., ref 16). However, selecting stimuli with different salience, and
designating the less salient stimulus as the correct stimulus, introduces conflict between
sensory-based, (bottom-up) and rule-based (top-down) processing (see refs 7, 8, and 20).
Using this approach, we demonstrated that M, KO mice have a slower rate of learning and
required more days to acquire pairwise discriminations involving top-down processing
functions.

Our findings with BQCA support a critical role for the modulation of M; mAChRs in
learning and memory under conditions of more complex cognitive processing. Supporting
these findings, CDD-0102A, an M1 mAChR partial agonist, did not affect acquisition of a
place or visual discrimination, yet it enhanced shifting between the place and visual cues.*2
Similarly, in Tg2576 mice, a genetic model of Alzheimer’s disease, acute administration of
BQCA reduced errors on a tactile and olfactory-based compound discrimination task when
irrelevant stimuli were present, but it did not affect the simple discrimination component in
the absence of irrelevant stimuli.2® Although additional studies are warranted to understand
the circuitry mediating this preclinical assay modeling top-down processing, the present data
support a specific role of M; mAChR function in top-down processing.

Interestingly, the performance deficits of the My KO mice in top-down processing were
observed only when completing 100 trials per session. Historically, murine studies
implement 20-30 “test trials” and an unlimited number of “correction trials” that are not
incorporated in overall accuracy or trial number (e.g., refs 16, 20, 41, and 43). These
correction trials provide response feedback following incorrect responding, effectively
providing supplemental training that may influence number of total trials completed within a
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session (test + correction trials), session duration, and overall learning. To avoid this possible
confound on learning and importantly to align murine tasks with the parameters
implemented in nonhuman primate and human studies (e.g., refs 44 and 45), we eliminated
correction trials and increased total trial number to 60 and 100 trials per session. Increasing
the trial number per session influenced rate of learning in wild-type mice only, such that rate
of learning and acquisition was faster when completing 100 trials as compared to 60 trials.
Importantly, exposure to 100 trials per session did not appear to have a detrimental effect on
performance in either genotype, as demonstrated by similar within-session percent
accuracies across 20-trial bins (Supporting Information Figures S1 and S2). M4 potentiation
enhanced rate of learning and acquisition in wild-type mice only when 60 trials were
completed, and the baseline rate of learning was slower. Interestingly, a pattern emerged
regarding performance of the discrimination task not involving top-down processing such
that increasing trial number appeared to have a beneficial effect in both genotypes,
suggesting that additional exposure could enhance learning in wild-type and M; KO mice
alike on more simple discrimination tasks not involving top-down processing. BQCA did not
significantly enhance rate of learning in wild-type mice when discriminating between equal
salient stimuli, supporting a more selective role of My mAChR function on learning and
memory when top-down processing is involved. Lastly, these data stress the importance of
understanding baseline cognitive performance and demonstrate that different baseline levels,
such as rate of learning, are necessary for assessing potential cognitive deficiencies in
genetic models or pharmacological challenge studies examining potential cognitive
enhancement.

The present studies are the first to demonstrate cognitive impairments in M; KO mice using
touchscreen assays. Previous studies involving M; KO mice have demonstrated deficits in
some nonmatching-to-sample tasks requiring hippocampal—cortical interactions but not
matching-to-sample tasks touted as hippocampal-dependent.#146:47 Previous evaluation of
M; KO mice in touchscreen-based assessments of attention, learning, and behavioral
flexibility, including a pairwise discrimination task using identical stimulus as in experiment
4, in which the slightly preferred stimulus (marbles) was the correct stimulus, reported
largely intact cognitive performance.! While these classic touchscreen tasks examined
specific cognitive domains, they do not model the more complex cognitive processes such as
top-down processing that require integration of multiple circuits including fronto-parietal
and corticolimbic circuits. 224849 Cognitive assessments using touchscreen-based assays in
preclinical species are touted to have high translatability to human touchscreen assessments.
The present studies support this claim and reiterate the need to constantly evaluate and
understand the role of various task parameters to improve translatability of preclinical
assays.

The present studies are also the first to demonstrate that M1 potentiation enhances the rate of
learning and acquisition of a touchscreen discrimination task. Moreover, doses of BQCA
that enhanced learning achieved brain levels that were either below or slightly above the
reported /n vitro ECs0,29:33:34 and repeated dosing with BQCA did not alter M; mRNA
expression. Importantly, the modest increases in plasma and brain concentrations following
repeated dosing with 10 mg/kg BQCA in wild-type mice were not observed following
repeated dosing with 1 mg/kg BQCA, suggesting that the effects on rate of learning were not
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due to a pharmacokinetic confound. BQCA has a low affinity for the M1, mAChR receptor
but a very high degree of positive cooperativity.5° This high degree of cooperativity
associated with BQCA may account for the in vivo effects at doses lower than the /n vitro
ECsq. Future studies examining the relationship between Jin vitro potencies and /in vivo
effects are necessary. Of note, 30 mg/kg BQCA impaired acquisition in the first cohort of
mice. Due to the high degree of selectivity, we do not hypothesize this effect to be attributed
to off-target activity. However, pharmacological effects on cognition commonly produce an
“inverted-U-shaped” effect such that optimal doses enhance performance, yet over-
stimulation, regardless of the mechanism of action, may be disruptive.?1:52 Additionally,
disruptions at this high dose of BQCA may be attributed to potential allosteric agonist
activity recently reported at high concentrations in specific /i vitro assays.>° While
comparisons of the effects of BQCA in this task with M{ mAChR orthosteric agonists are
needed to further understand potential differences in performance relative to therapeutic
index, our current data demonstrate evidence that positive allosteric modulation of the M,
mAChR may provide a larger therapeutic window for enhancement of cognition without
development of tolerance and/or downregulation of My mAChRs as compared to ligands
acting at the orthosteric binding site.53-55

Finally, while the underlying neural circuitry mediating the observed effects of the M, PAM
BQCA on top-down processing remains unknown, one possible mechanism may involve
activation of the A-methyl-D-aspartate receptor subtype (NMDARS) of glutamate receptors.
Previous studies have shown that M1 is a closely associated signaling partner with NMDAR
and may be important in regulating NMDAR function in forebrain regions implicated in the
pathophysiology of schizophrenia.2%-31 For example, BQCA increased spontaneous
excitatory postsynaptic potentials in medial PFC (mPFC) pyramidal cells ex vivoand
increased cell firing rate in the mPFC of freely moving rats.2% Multiple studies have also
demonstrated that activation of NMDARs modulates mechanisms of synaptic plasticity,
including long-term potentiation in the hippocampus and frontal cortex, integral for various
learning and memory tasks (e.g., refs 56-58). In addition, genetic knockdown of the
NMDAR subunits NR1 or NR2A or pharmacological blockade of NMDARSs results in
cognitive disturbances, including acquisition and maintenance of pairwise discrimination
learning.59-62 Similarly, NMDAR antagonists exacerbate cognitive impairments in patients
with schizophrenia and impair cognition in healthy humans (for reviews, see refs 23, 63, and
64). Future studies will examine this hypothesis by assessing the ability of M; PAMs to
improve top-down processing in rodent models of NMDAR hypofunction modeling the
cognitive impairments associated with schizophrenia such as chronic NMDAR antagonism
or the NR1 NMDAR transgenic knockdown mouse model.

METHODS

Subjects

All behavioral studies were conducted with adult male M, KO mice (/7= 84) and wild-type
mice (7= 137) with the same genetic background (C57BL/6NTac). Mice were group-housed
2-5 mice per cage in a temperature- and humidity-controlled environment under a 12/12 h
light—dark cycle with water available ad /ibitum. For all studies, 8-12 week old mice of each
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genotype were gradually food restricted and maintained at ~85% free-feeding weight. All
experiments were approved by the Vanderbilt University Animal Care and Use Committee,
and experimental procedures conformed to guidelines established by the National Research
Council Guide for the Care and Use of Laboratory Animals.

Touchscreen Training

Mice were trained in operant chambers (Lafayette Instruments, Lafayette, IN) to respond to
stimuli presented on a computer screen by breaking an infrared beam in close proximity to
the stimuli (e.g., a nose poke) according to convention (e.g., refs 19 and 41). Throughout
training and testing, a mask was placed over the touchscreen such that responses could be
made only in one of two (2 x 2 in.) windows on the screen. In stage 1, mice were habituated
for 1 day to the operant chamber and trained to collect a liquid reward (33% diluted Ensure;
30 4L delivered via a peristaltic pump) from a receptacle located on the opposite wall from
the touchscreen. In stage 2, mice were required to collect a liquid reward following a 3 s
presentation and removal of a stimulus on one of the two touchscreen windows. In stage 3,
mice were required to make a nose poke on either touchscreen window (breaking the
infrared beam in front of the touchscreen) to receive a reward, followed by a 5 s intertrial
interval (ITI). In stage 4, mice were trained to initiate each trial by registering a nose poke in
the reward receptacle. Trial availability was signaled by illumination of a light within the
receptacle. For stages 1-4, sessions lasted 30 min or until 30 trials were completed. The
criterion for advancement to the next training stage was the completion of 30 trials within
each session. In stage 5, mice were trained to track and respond via a nose poke to a
stimulus appearing in the response window. A response to a blank window was considered
to be an incorrect response, terminating the trial and extinguishing the houselight for 5 s.
The duration of stage 5 was 60 min or 50 trials, and mice had to complete 50 trials with
>B80% accuracy for two consecutive sessions before initiation of the pairwise discrimination
task. Prior to initiating discrimination tasks involving manipulation of trial number or
pharmacological challenge (experiments 2-5), mice were distributed into counterbalanced
groups such that weight, percent accuracy, total session length, correct response latencies
(duration of time from trial initiation to a registered nosepoke on the stimulus), and
reinforcer retrieval latencies (duration of time to make a head entry into the reward
receptacle following a correct response) on the last day of training were not different.

Experiment 1: Acquisition of a Pairwise Discrimination Task Involving Top-Down

Processing

To assess relative stimulus salience between pairs of visual stimuli, mice (WT, n=10; My
KO, n=11) were exposed to a single session of 50 trials during which responding on either
stimulus within a pair when psueudorandomly distributed across touchscreen windows
resulted in delivery of a reward. This was repeated twice on different days separated by 24 h:
once when stimuli were “lasers and 4 circles” and once when the stimuli were the classic
“fan and marbles”. A two-tailed paired #test was used to determine significant differences
between number of responses for each stimulus within each pair; p < 0.05 was considered to
be significant.
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To examine the role of M; mAChR function on top-down learning and memory processing,
we examined acquisition of a pairwise discrimination when the initial correct stimulus was
the less salient, nonpreferred stimulus. Two stimuli were presented on the screen,
pseudorandomly across trials. Responding on the less-preferred stimulus (S+, lasers)
resulted in reward delivery, followed by a 5 s intertrial interval (ITI), whereas responding on
the more preferred stimulus (S—, 4 circles) terminated the trial, extinguished the house light,
and initiated the 5 s ITI before the house light illuminated again to signal the next trial. In
order to align murine discrimination tasks with the parameters implemented in nonhuman
primates and human studies (e.g., refs 44 and 45), correction trials were not implemented
following incorrect responses. Sessions lasted for a total of 100 trials or 60 min; 100 total
trials were chosen to account for lack of correction trials. Daily sessions continued for each
mouse until each mouse acquired the discrimination defined as >80% accuracy. A two-
tailed, unpaired #test was used to examine significant differences in days to acquire the
discrimination between wild-type and M; KO mice; p < 0.05 was considered to be
significant.

Experiment 2: Role of M; mMAChRs on Rate of Learning and Acquisition of a Pairwise
Discrimination Task Involving Top-Down Processing

Following training (above), wild-type and M; KO mice were administered vehicle or the My
positive allosteric modulator (PAM) BQCA (synthesized within the Vanderbilt Center for
Neuroscience Drug Discovery), intraperitoneally (i.p.) 15 min prior to the start of each
discrimination session for 12 consecutive days starting on day 1 of the pairwise
discrimination task. Separate groups of wild-type mice were administered vehicle (5% beta-
cyclodextran in sterile H,0), or 10 or 30 mg/kg BQCA,; initial doses were based on previous
studies showing cognitive enhancing effects in transgenic models of Alzheimer’s disease.2°
Separate groups of M1 KO mice were administered vehicle to assess potential differences in
rate of learning from wild-type mice or 10 mg/kg BQCA to confirm My selectivity prior to
each of 12 consecutive cognition test days. Total sessions lasted 100 trials or a maximum of
1h.

Experiment 3: Influence of Trial Number on Rate of Learning and Acquisition of a Pairwise
Discrimination Task Involving Top-Down Processing

Following training, separate groups of wild-type and M, KO mice were administered vehicle
or BQCA (1, 10 mg/kg, i.p.) for 12 consecutive days when the total number of trials per
session was decreased to 60 trials. Lower doses were chosen based on the disruptive effects
of 30 mg/kg BQCA in experiment 2. Primary dependent variables included percent accuracy
per day to examine rate of learning across the 12 day period and percent of total mice that
acquired the discrimination per day of testing. A two-way, nonrepeated measures analysis of
variance (ANOVA) was conducted using group (dose/genotype) and day as factors.
Significant main effects were followed by Bonferonni postfoc tests. Log-rank (Mantel-Cox)
tests were conducted to compare survival plots for each dose/genotype. The number of days
required for 80% of each group to acquire the discrimination is presented. In addition, one-
way nonrepeated measures ANOVAs were conducted to examine influence of dose/genotype
on days to acquisition, trials to acquisition, total trials completed, session length, correct
response latency, and reward retrieval latency on day 1 of testing. Significant main effects
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were followed by Bonferonni posthoc tests. In all cases, p < 0.05 was considered to be
significant. Data from sessions in which less than 20 responses were completed were
omitted from analyses.

To assess effects of repeated dosing on mMRNA expression, mice that completed the pairwise
discrimination with 12 consecutive days of vehicle or 1 or 10 mg/kg BQCA were dosed with
BQCA 1 day after the last cognition session. Thirty minutes following administration, mice
were lightly anesthetized with isoflurane and decapitated, and the striatum, hippocampus,
and PFC were dissected and flash frozen on dry ice and stored at —80 °C until analysis via
quantitative reverse-transcriptase polymerase chain reaction (qQRT-PCR). Aqueous Micro Kits
(Ambion by Life Technologies, USA) were used for RNA extraction followed by DNase |
treatment. The quantity of purified RNA was assessed by NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Inc. USA). Total RNA (0.5 /g) was reverse-
transcribed into complementary DNA (cDNA) at 42 °C for 0.5 h using QuantiTect reverse
transcription kit (QIAGEN, Germany). gRT-PCR reactions were performed in a CFX96 real-
time PCR detection system (Bio-Rad, USA) using primers from TagMan gene expression
assays (ABI-Life Technologies, USA) for rat Chrm1/M1 (Rn00589936-s1) and TagMan fast
universal PCR master mix (ABI-Life Technologies, USA). The thermocycle reaction
conditions were as follows: one cycle at 50 °C for 2 min, one cycle at 95 °C for 3 min,
followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal control; data are presented using the
comparative cycle threshold (Cr) method normalized to vehicle-treated mice. One-way NR
measure ANOVAs were conducted within each brain region to examine differences in My
MRNA expression compared to respective vehicle groups.

To assess effects of repeated dosing of BQCA on plasma and brain concentrations, mice
were dosed with 1 or 10 mg/kg BQCA (wild-type) and 10 mg/kg BQCA (M1 KO mice) 1
day after the last cognition session (day 13 dosing). An additional set of age-matched and
food-deprived wild-type and M1 KO mice was administered a single dose of BQCA (wild-
type 1, 10 mg/kg; M1 KO, 10 mg/kg). Thirty minutes following administration, mice were
lightly anesthetized with isoflurane and decapitated, and trunk blood was collected and
stored on ice in EDTA-coated blood collection tubes until centrifuged (10 min, 3000 rpm,

4 °C). Brains were extracted and flash frozen on dry ice. Plasma was collected, and plasma
and whole brain were stored at =80 °C until analysis. Total plasma and brain concentrations
of BQCA were determined using LC-MS/MS methods as previously described.2® A two-
way, nonrepeated measures ANOVA was conducted, comparing dose (1 or 10 mg/kg
BQCA) and treatment (acute, 1 day; repeated, 13 days) as factors to compare observed
plasma and brain concentrations in wild-type mice. A separate two-way ANOVA compared
observed plasma and brain concentrations between genotype (wild-type or M; KO) and
treatment duration (acute, 1 day; repeated, 13 days) in mice dosed with 10 mg/kg BQCA.
Significant main effects were followed by Bonferonni posthoc tests. Calculated unbound
plasma and brain concentrations were determined based on plasma free fraction (0.047) and
brain free fraction (0.126) determined from historical rat brain homogenate data since brain
nonspecific binding is species-independent. 85 Data are presented as mean + standard
deviation (7= 6-11/dose).
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Experiment 4: Role of M; mMAChRs on Rate of Learning and Acquisition of a Pairwise
Discrimination Task Not Involving Top-Down Processing

Following training, mice were exposed to a pairwise discrimination test in which both
stimuli were of relatively equal salience (S+, “marbles”; S—, “fan”); salience was determined
as above. Separate groups of wild-type and M1 KO mice were administered vehicle 15 min
prior to each session for 12 days and were exposed to 60 or 100 trials per session. Additional
groups of wild-type mice were administered vehicle or BQCA (1, 10 mg/kg, i.p.) 15 min
prior to each session when exposed to 60 trials for 12 consecutive days. Dependent variables
and analyses were same as above.

Experiment 5: Relative Reinforcing Strength of the Liquid Reinforcer Using a Progressive
Ratio Schedule of Reinforcement

To assess the reinforcing strength of the liquid reinforcer between wild-type and M; KO
mice, we trained a separate cohort of wild-type and M; KO mice to respond via a nose poke
on a progressive ratio schedule. Mice (age 9-12 weeks at training; 7= 12-13/genotype)
were maintained at 85% of their free-feeding weight and first trained to respond via a nose
poke in operant chambers (Med Associates) with 3 nose poke holes on one wall and a
reward receptacle on the opposite wall to allow reinforcement delivery from a dipper. Mice
were initially trained such that a single response in the middle nose poke hole when a light
was illuminated would be reinforced via delivery of 0.2 mL of 33% diluted Ensure (fixed
ratio 1 schedule of reinforcement). The dipper would remain elevated until the mouse
entered the reward receptacle and for 5 s thereafter. Sessions lasted 1 h or until completion
of 100 trails. The fixed ratio (FR) was increased to 10 responses over the course of
subsequent sessions. When mice completed greater than 50 trials under a FR10 schedule for
a minimum of 3 days, the reinforcement schedule was switched to a progressive ratio. The
number of responses necessary for reinforcement delivery increased following each
completed ratio based on the equation described by Richardson and Roberts; ratio =
[Sinjection number X 0.2] = 5. The first 15 ratios in the series were 1, 2, 4, 6, 9, 12, 15, 20, 25,
32, 40, 50, 62, 77, and 95. Following each completed ratio, the stimulus light was
extinguished for 5 s (ITI). Sessions lasted for 2 h or until a 20 min period elapsed during
which a ratio was not completed; the last ratio completed was termed the break point and
served as the dependent measure to assess reinforcing strength between genotypes.
Responding was initially maintained by 33% diluted Ensure, and then a concentration—
response curve was determined (water and 10, 33, and 100% Ensure) in random order. Each
concentration was available for a minimum of 5 days, and a 3 day stable average was
determined such that the number of reinforcers delivered did not deviate from the mean by
more than 2. If stability was not achieved within 10 sessions, a 5 day average was calculated.
Following each determination, the reinforcer concentration was returned to 33% for 2-3
days to ensure that baseline responding was similar prior to a new concentration
determination. The primary dependent variable was the number of ratios completed at each
dose. A two-way nonrepeated measures ANOVA examined effects of concentration and
genotype followed by Bonferonni posthoc comparisons, p < 0.05.
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Impaired acquisition of a visual pairwise discrimination task involving top-down processing
in My KO mice. (A) Stimuli chosen for pairwise discrimination: stimulus 1, “lasers”, and
stimulus 2, “4 circles”. (B) Wild-type (WT) and M; KO mice demonstrate an inherent
preference for stimulus 2 when responding on either stimulus was reinforced. (C) M1 KO
mice required a greater number of days to acquire the discrimination when discriminating
the less salient stimulus (stimulus 1, S+) from the more salient stimulus (stimulus 2, S-). *,

p<0.05; *** p<0.001.

ACS Chem Neurosci. Author manuscript; available in PMC 2016 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gould et al.

Page 21

A @ WTvehice -o- M; KO vehicle
¥ WT 10 mg/kg % M; KO 10 mg/kg
4 WT 30 mg/kg

1001
90+

> 80
704
60+
50+
404
304
20~

-

=

o
Il

-]
o
PR -

'
o
PR

% Accurac

Percent Acquisition [
8 8

o
L

T T T T T T T T T
12 3 456 7 8 9101112
Day
-®- WT vehicle -® M, KO vehicle

¥ WT1mgkg . M; KO 10 mg/kg
4 WT 10 mg/kg

-
0 o
o o
L.J
-
=
o
T

®
o
PR -

N ®
2.2

'S
o
PR —

% Accuracy
g3
Percent Acquisition O
[+2]
o

aw] B -
30+ J
20- 04
T T T T T T T T T T T T
12 3 456 7 8 9101112
Day
@ WT (60 trials) -® M,; KO (60 trials) F
100~ ¥ WT (100 trials) — M, KO (100 trials) - 100-
% g 80
> 80 2
© 70 g- 60-
3 60 2
2 50 = 40
< “
R 40 S 20 o~
30 o ol
20 o ol | [ 1
r T T T T T T T T T L] 1
12 3 4 5 6 7 8 9 10 1112

Day

Figure2.
Impaired rate of learning a visual pairwise discrimination task involving top-down

processing in M1 KO mice and enhanced rate of learning in wild-type mice treated with
BQCA. (A) Percent accuracy showing rate of learning and (B) survival plots showing
acquisition across 12 consecutive days in wild-type (WT, black) and M1 KO (gray) mice
treated with vehicle or BQCA prior to discriminating the less salient stimulus from the more
salient stimulus when exposed to 100 trials per session. (C) Percent accuracy and (D)
survival plots across 12 consecutive days in wild-type (black) and M1 KO (gray) mice
treated with vehicle or BQCA when exposed to 60 trials per session. (E) Percent accuracy
and (F) survival plots across 12 consecutive days in wild-type (black) and My KO (gray)
mice exposed to 60 (circles) or 100 trials (triangles); open symbols, p < 0.05 compared to
the vehicle-treated wild-type group exposed to 100 trials per session; ", p< 0.05 compared
to wild-type mice completing 60 trials per session.

ACS Chem Neurosci. Author manuscript; available in PMC 2016 October 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gould et al.

A 150-

B 150-

Hippocampus
- T -
o 1004 ceceee
L
B oy ——
m -
>
X 50-
0- T .
Veh 1 10
BQCA (mg/kg)
Figure 3.

Page 22

PEC C 1501 Striatum

T = T

secese 100- . .
s B
50-
| T 0- T T

Veh 1 10 Veh 1 10
BQCA (mg/kg) BQCA (mg/kg)

Repeated BCQA administration does not alter M; mAChR mRNA expression. M; mAChR
MRNA levels expressed as a percent of mMRNA levels in vehicle-treated wild-type mice in
the (A) hippocampus, (B) prefrontal cortex (PFC), and (C) striatum following 13 days of
repeated BQCA administration.
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Figure 4.
Increasing trial numbers enhanced rate of learning a visual pairwise discrimination task not

involving top-down processing in wild-type (WT) and M; KO mice. (A) Common stimuli
used for pairwise discrimination: Stimulus 1, “marbles”, and Stimulus 2, “fan”. (B) Wild-
type mice do not show an inherent preference for either stimulus; M1 KO mice show a slight
preference for Stimulus 1 when responding on either stimulus was reinforced. (C) Percent
accuracy showing rate of learning and (D) survival plots showing acquisition across 12
consecutive days in wild-type (black) and M KO (gray) mice when discriminating between
relatively equal salient stimuli (Stimulus 1, S+; Stimulus 2, S—) when exposed to 60 (circles)
or 100 trials (triangles). (E) Percent accuracy and (F) survival plots across 12 consecutive
days following vehicle or BQCA administration in wild-type mice completing 60 trials per
session. open symbols, p < 0.05 compared to vehicle-treated wild-type group exposed to 100
trials per session; *, p < 0.05 compared to vehicle-treated wild-type group exposed to 60
trials per session.
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Figureb.
Similar breakpoints in wild-type (WT) and M1 KO mice responding via a nose poke under a

progressive ratio schedule of reinforcement. Responding maintained by different
concentrations of a liquid reinforcer in wild-type (open circles) and M1 KO mice (closed
squares) under a progressive ratio schedule of reinforcement. Increasing concentrations of
liquid Ensure are shown on the x-axis. The 3 day mean (£SEM) number of reinforcers
achieved (left y~axis) and corresponding number of nose pokes emitted to complete each
ratio (right y~axis) are shown (e.g., the 5th reinforcer required 9 nose pokes).
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