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Cholinergic receptors have been implicated in schizophrenia, Alzheimer’s disease, Parkinson’s disease,
and Huntington’s disease. However, to better target therapeutically the appropriate receptor subsystems,
we need to understand more about the functions of those subsystems. In the current series of experi-
ments, we assessed the functional role of M1 receptors in cognition by testing M1 receptor-deficient mice
(M1R�/�) on the five-choice serial reaction time test of attentional and response functions, carried out
using a computer-automated touchscreen test system. In addition, we tested these mice on several tasks
featuring learning, memory and perceptual challenges. An advantage of the touchscreen method is that
each test in the battery is carried out in the same task setting, using the same types of stimuli, responses
and feedback, thus providing a high level of control and task comparability. The surprising finding, given
the predominance of the M1 receptor in cortex, was the complete lack of effect of M1 deletion on
measures of attentional function per se. Moreover, M1R�/� mice performed relatively normally on tests
of learning, memory and perception, although they were impaired in object recognition memory with,
but not without an interposed delay interval. They did, however, show clear abnormalities on a variety of
response measures: M1R�/� mice displayed fewer omissions, more premature responses, and increased
perseverative responding compared to wild-types. These data suggest that M1R�/� mice display
abnormal responding in the face of relatively preserved attention, learning and perception.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

It is widely acknowledged that our attempts at developing pro-
cholinergic treatments for diseases affecting cognition e schizo-
phrenia, Alzheimer’s disease, Parkinson’s disease and Huntington’s
disease, to name just a few (Bartus et al., 1982; Coyle et al., 1983;
Eglen et al., 1999; Felder et al., 2000; Friedman, 2004; Wess,
2004; Youdim and Buccafusco, 2005) e have been met with
limited success. One possible reason for this lack of success is our
lack of understanding of the specific functional roles of the various
subtypes of cholinergic receptors (Gainetdinov and Caron,1999). To
target treatments to the critical cholinergic subsystem associated
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with disease, we must first understand the functions of these
subsystems. With respect to diseases involving changes in cogni-
tion, many authors have emphasized specifically the importance of
the muscarinic (M1eM5) receptor subsystem (Bymaster et al.,
2002; Langmead et al., 2008; Wess, 2004). In the present study
we focused on the functional role of the M1 receptor, as M1
receptors have been repeatedly implicated in normal cognition, as
well as in all of the diseases mentioned above (Dean et al., 2003;
Fisher, 2008; Wess et al., 2007).

One aspect of cognitive function with which the cholinergic
system has been repeatedly associated is attention (Passetti et al.,
2000; Robbins, 1997; Sarter and Bruno, 2000), which can effec-
tively be assessed in rodents using the 5-choice serial reaction time
task (5-CSRTT). This task provides measures of sustained atten-
tional function, and also measures of abnormal responding, for
example premature and perseverative responses (thought tomodel
impulsivity and compulsivity, respectively) (Carli et al., 1983;
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Robbins, 2002). Non-selective muscarinic receptor antagonists
impair attentional function in rodents performing the 5-CSRTT
when given either systemically (Humby et al., 1999; Jones and
Higgins, 1995; Mirza and Stolerman, 2000; Pattij et al., 2007) or
when infused directly into prefrontal cortex (Chudasama et al.,
2004; Dalley et al., 2004; Muir et al., 1996). However, little is
known about which specific muscarinic receptor subtypes are
involved in this task. As the M1 receptor is the predominant
muscarinic receptor in cortex (Flynn et al., 1995; Levey et al., 1991),
we speculated that this receptor might play an important role in
attention as measured by the 5-CSRTT.

M1 knockout (M1R�/�) mice are an ideal model for investigating
the role of these receptors in cognition, as there is a paucity of
agents with which to target these receptors selectively, and the
knockout mice do not show any gross behavioral or morphological
abnormalities, making themwell-suited to cognitive testing (Wess,
2004; Wess et al., 2007). Furthermore, several studies have indi-
cated that disruption of one specific muscarinic receptor gene does
not have major effects on the levels of the four remaining musca-
rinic receptors (Hamilton et al., 1997). In the present study, there-
fore, we trained M1R�/� mice and wild-type (M1Rþ/þ) controls on
a touchscreen version of the 5-CSRTT, and assessed their perfor-
mance under a number of behavioral challenge conditions, as well
as on several additional tests of cognition using the same
touchscreen apparatus, and on a spontaneous object recognition
test using 3-dimensional objects.

2. Materials and methods

2.1. Experiment 1: 5-CSRTT

In experiment 1 we examined the performance of M1R�/� mice and wild-type
controls (M1Rþ/þ) in a touchscreen version of the 5-CSRTT. This task has been
indispensable for investigating the neuropsychological mechanisms involved in
diseases and disorders that manifest attentional dysfunction (e.g., attention deficit/
hyperactivity disorder (ADHD), AD, Parkinson’s disease, schizophrenia, and addic-
tion) (Carli et al., 1983; Chudasama and Robbins, 2004; Dalley et al., 2007, 2001,
2005; Granon et al., 2000; Muir et al., 1992; Puumala et al., 1996). The 5-CSRTT is
an analog of the continuous performance test in humans (Robbins, 2002). The 5-
CSRTT measures subjects’ sustained visual attention and requires subjects to scan
an array for the location of brief visual targets, presented over discrete trials. In the
present study, attentional processing was examined in M1Rþ/þ and M1R�/� mice in
the touchscreen 5-CSRTT. Group performance was compared at baseline using two
different task challenges which were introduced to further elucidate the role of M1

receptors in attention. In the first challenge the stimulus duration was shortened
from 2 s to 1.5 s and 0.8 s. Two testing sessions were given with a 1.5 s stimulus
duration, followed by two with a 0.8 s stimulus duration. For the second task
challenge, a shorter ITI (2 s) was enforced and mice were examined in the 5-CSRTT
using a 2 s stimulus duration, and were tested for 2 h sessions (or 200 trials,
whichever occurred first). By using a longer testing session and a shorter ITI (‘high
event rate’), requires increased vigilance and perseverance to complete trials, and
has been used as a measure of sustained attention (Dalley et al., 2004).

2.1.1. Subjects
Mice with targeted deletions of the M1 receptor (M1R�/�) (genetic background:

129/SvEv x CF1) were generated as described previously (Fisahn et al., 2002;
Hamilton et al., 1997) and backcrossed onto C57BL/6 mice (Taconic, Germantown,
New York) for at least 10 generations. TenmaleM1R�/� and ten C57BL/6 female mice
were shipped to the University of Cambridge for breeding the first generation of
heterozygous (M1Rþ/�) mice. To avoid abnormalities resulting from genotypic
differences in neonatal environment (Holmes et al., 2005), M1R�/�, M1Rþ/�, and
wild-type (M1Rþ/þ) mice were generated fromM1Rþ/� �M1Rþ/�matings. Thus, the
generation of M1Rþ/� was then bred together to produce a second generation of
mice (M1Rþ/þ, M1Rþ/�, andM1R�/�). OnlyM1 receptor-deficient mice (M1R�/�) and
wild-type mice (M1Rþ/þ) male mice were used in behavioral studies; the hetero-
zygous males and females were used for additional breeding.

Mice were genotyped at weaning (3 weeks). Cohort 1 (5-CSRTT mice) contained
6 M1Rþ/þ and 9 M1R�/� male mice; cohort 1 mice were tested in a brief oddity pilot
experiment, not in the touchscreen and using three dimensional objects, prior to
testing in the touchscreen 5-CSRTT. Mice were housed in groups of 2e10, in a room
with a 12 h light/dark cycle (lights off at 7:00 P.M.). All behavioral testing was
conducted during the light phase of the cycle. Mice were maintained on a restricted
diet and kept at or above 85% of free-feeding body weight during behavioral testing.
Micewere fed wet foodmash in home cages following behavioral testing.Water was
available ad libitum throughout the experiment. All experimentation was conducted
in accordance with the United Kingdom Animals (Scientific Procedures) Act (1986).

2.1.2. Apparatus
Testing was conducted in a touchscreen-based automated operant system for

mice. The apparatus consisted of a standardmodular testing chamber housedwithin
a sound- and light-attenuating box (40 � 34 � 42 cm) (Med Associates Inc., St.
Albans, Vermont). The inner operant chamber consisted of a metal frame, clear
Perspex walls, and a stainless steel grid floor. The box was fitted with a fan (for
ventilation and masking of extraneous noise) and a pellet receptacle (magazine),
which was illuminated by a 3 W light bulb and fitted with a photocell head entry
detector attached to 14 mg pellet dispenser (situated outside of the box). A 3 W
houselight and tone generator (Med Associates) were fitted to the back wall of
the chamber. Behavioral testing programs were controlled with a computer soft-
ware program (‘MouseCat’, L.M. Saksida) written in Visual Basic (Microsoft, Red-
mond, WA).

At the end of the box, opposite themagazinewas a flat-screenmonitor equipped
with an infrared touchscreen (16 cm high and 21.20 cm wide) (Craft Data Limited,
Chesham, UK) mediated by ELO touchscreen software (ELO Touchsystems Inc.).
Since the touchscreen uses infrared photocells, the mouse was not required to exert
any pressure on the monitor screen in order for a nose-poke to be detected.
Furthermore, black Perspex ‘masks’ with response windows were placed over the
screen, through which the mouse could make a nose-poke toward the screen. The
5-CSRTT mask contained five response windows (2.2 cm high and 1.7 cm wide)
which were spaced 1.8 cm from one another and located 3.5 cm from the sides of the
mask and 1.5 cm from the bottom of the mask.

2.1.3. 5-CSRTT pretraining
Prior to testing, mice were handled daily for one week, and body weights were

closely monitored. During the first session, mice were habituated to the testing
chamber for two consecutive daily sessions. The houselight remained on during the
entire session and food pellets were placed in themagazine and themicewere left in
the testing chamber for 15 min. After the habituation stage, mice were trained to
collect pellets delivered under a variable interval 30 s schedule, which coincided
with illumination of the magazine light and presentation of a tone. Stimuli (white
squares) were presented (one per trial) for 30 s on the touchscreen located on one of
the five response windows. A single reward pellet was delivered immediately
following stimulus offset. If the mouse touched the stimulus, the stimulus imme-
diately disappeared from the touchscreen and the mouse was rewarded with the
tone, magazine light, and three food pellets. Completion of this stage was not
dependent on the mouse touching the stimuli on the screen; therefore, the mice
were removed from the testing chamber after the 30 min session, regardless of the
number of trials completed.

The next training session required the mice to respond to the white square
presented on the touchscreen in order to receive a pellet reward. On each trial,
awhite squarewas shown in one of the five responsewindows, and remained on the
screen until the mouse responded to the stimulus. The mouse was rewarded with
a pellet, tone, and illumination of the magazine light, followed by a 5 s ITI after
which the next trial commenced, and a new white square was presented on the
touchscreen. Once a mouse successfully completed 30 trials in a 1 h session, the
mouse was then required to initiate trials in the next training stage. During this
stage, after collecting a reward following a response to the stimulus, and exiting the
food magazine, the mouse was required to again poke their head in the magazine, in
order for the next stimulus array to be presented on the screen. Once the mouse was
successfully initiating trials and had completed 30 trials in 1 h, the experiment
proper began.

2.1.4. 5-CSRTT
After successful completion of pretraining, mice were trained on 5-CSRTT. This

task has been traditionally tested in rodents using a 5- or 9-hole operant box (Bari
et al., 2008; Carli et al., 1983; Robbins, 2002). In this version of the 5-CSRTT, one
side of the operant box is a curved aluminum wall containing either 5 or 9 square
holes, and the opposite side of the operant chamber in a straightwall which contains
a food magazine (used for food collection and initiation).

For the computer touchscreen version of the 5-CSRTT, mice were trained to
respond to brief flashes of light pseudorandomly displayed in one of the five spatial
locations in the same manner as the 5- or 9-hole version of 5-CSRTT. A trial was
initiated after the mouse made a nose-poke to the magazine located at the back of
the chamber, which started a 5 s ITI, in which the mouse scanned the five locations.
At the end of the ITI, a flash of light was presented pseudorandomly in one of the five
locations. The mouse was required to respond to the flash of light within a limited
period (limited hold ¼ 5 s). A correct response was recorded when the mouse made
a nose-poke to the correct location either while the stimulus was presented or
during the limited hold period. A correct response resulted in disappearance of the
stimulus and presentation of the pellet and tone, and illumination of the food
magazine. A failure to respond to the correct location while the square was lit or
within the 5 s limited hold was recorded an incorrect response and resulted in
a time-out period where the houselight and magazine were extinguished. A failure
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to respond to any locations (correct or incorrect) during stimulus presentation or
within the 5 s limited hold period was recorded as an omission. A response made
before the presentation of a lit stimulus location, during the 5 s ITI, was recorded as
a premature response. Additional responses were also recorded and included:
perseverative correct same, perseverative correct different, perseverative incorrect,
and perseverative premature (all described in the section below, data analysis).

The limited hold, ITI, and time-out remained at 5 s throughout training. At the
beginning of training, the stimulus duration was set to 32 s. When a subject
produced two consecutive sessions at performance levels (¼50 trials, >80% accu-
racy, and <20% omissions) the stimulus duration was reduced in the following
pattern: 22, 16, 8, 4, 2, 1.8, 1.6 s. Not all mice could perform well (¼50 trials, > 80%
accuracy, and <20% omissions) when using shorter than a 2 s stimulus duration
three M1 receptor-deficient mice and two wild-type were able to perform at high
performance levels at 1.8 s, and one wild-type mouse was able to perform well at
1.6 s. Therefore, all mice were re-baselined using a 2 s stimulus duration for 7
sessions, before the task challenges began. The first task challenge was shortening
the stimulus duration from 2 s to 1.5 s and 0.8 s. Two testing sessions were given
with a 1.5 s stimulus duration, followed by two with a 0.8 s stimulus duration. For
the second task challenge, mice were first re-baselined for three sessions and then
were given three sessions using a shorter 2 s ITI, a 2 s stimulus duration, and were
tested for 2 h sessions (or 200 trials, whichever occurred first).

2.1.5. Data analysis
Percentages were calculated for the following responses: correct (accuracy:

correct trials divided by correct plus incorrect trials), omissions (omitted trials
divided by total trials), premature (premature trials divided by total trials).
Perseverative responses were broken down into: perseverative correct same (the
mean number of perseverative responses made following a response to a correct
location, to that same location), perseverative correct different (the mean number of
perseverative responses made following a response to a correct location, to any
location other than the correct location), perseverative incorrect (the mean number
of perseverative responses, to any location, made following a response to an
incorrect location), and perseverative premature (themean number of perseverative
responses made following a premature response). Perseverative responses were
calculated as the group mean number of perseverative responses (Correct Same,
Correct Different, Incorrect, and Premature). These measures reflect the number of
perseverative responses per initial response. Thus, if a mouse’s Perseverative
Incorrect score were 3, that would mean that incorrect responses were followed by
an average of 3 further, perseverative responses. Reaction time and magazine
latency were analyzed for correct responses only.

Means for the first task challenge (stimulus duration) were submitted to two-
way ANOVA with the within-subjects repeated measure for stimulus duration and
the between-subjects factor of group. Means of paired-samples t-tests were used for
post-hoc analyses of within-subject effects and group effects were analyzed with
independent samples t-tests. Means for the second task challenge (2 s ITI, 2 s
stimulus duration, and 200 trials/2 h session) were submitted to independent
samples t-tests. Only the first two trial bins (1e25 and 26e50) were analyzed since
all mice completed all trials within 2 h. KaplaneMeier survival analyses were con-
ducted using all 8 bins (Karlsson et al., 2008). All statistical analyses were conducted
with a significance level of p ¼ 0.05.

2.2. Experiment 2: visual discrimination

In experiment 2 a new cohort of M1Rþ/þ and M1R�/� mice were tested in an
established two-choice visual discrimination touchscreen task using shape stimuli
(Bussey et al., 2008, 2001; Morton et al., 2006). Following acquisition of the initial
visual discrimination, stimulus contingencies were reversed, and the previously
rewarded stimulus (Sþ) became the unrewarded stimulus (S�), and the unrewarded
stimulus (S�) was now the rewarded stimulus (Sþ).

2.2.1. Subjects
Cohort 2 contained 7 M1Rþ/þ and 9 M1R�/� male mice that were aged 12e16

weeks at the start of behavioral testing. Cohort 2 was obtained, housed, and fed in
a similar manner to cohort 1.

2.2.2. Apparatus
Testing was conducted in the touchscreen-based automated operant system for

mice (described previously [see Section 2.1.2. “Apparatus”]). The visual discrimina-
tion and reversal mask (11.8 cm high and 22.8 cmwide) had two response windows
(6.3 cm high and 4.7 cm wide), which were spaced 0.5 cm from one another and
located 6.4 cm from the sides of the mask and 1.5 cm from the bottom of the mask.

2.2.3. Pretraining
Habituation and pretraining for experiment 2 was identical to the experiment 1

(see experiment 1 ‘pretraining’ section for more details), except, instead of white
squares appearing on the screen, training stimuli (40 stimuli varying in brightness,
shape, and pattern) were presented (one per trial) for 30 s on the touchscreen
located on one of the two response windows. A large set of training stimuli were
used to minimize subsequent generalization from a particular stimulus feature.
Furthermore, a final training stage, punishment for incorrect responses (responses
to a window in which no stimulus was displayed) and a correction procedure were
introduced. A stimulus was presented in one of the three response windows and the
mouse was required to nose-poke the stimulus. Correct responses were followed by
stimulus offset, presentation of the pellet, tone, and illumination of the food
magazine (followed by a 20 s ITI). Incorrect responses resulted in the houselight
being extinguished, disappearance of the stimulus, and a time-out period of 5 s,
which was followed by the 20 s ITI. A correction procedure was implemented
whereby the trial was repeated until the mouse made a correct choice. Once the
mouse completed this stage at 70% correct (21/30) over two consecutive sessions,
mice began the visual discrimination task.

2.2.4. Visual discrimination task
After successful competition of pretraining, mice were trained on a visual

discrimination task. At the beginning of a session, themouse was required to initiate
the first trial. Then, a pair of stimuli (fan and marbles) (see Fig. 1A) appeared on the
screen (one stimulus was located in each response window). One stimulus was
correct (Sþ) (marbles) and the other (fan) was incorrect (S�). The location of the Sþ
was determined pseudorandomly and the maximum number of times the Sþ could
appear in the same response window was two times consecutively, in order to
minimize side biases. A nose-poke to the Sþ resulted in a tone, magazine light, and
reward pellet. A nose-poke to the S� resulted in a 5 s time-out period, followed by
a correction procedure. Chance performance in the visual discrimination task is 50%.
The ITI during the task was fixed at 20 s. Each mouse was required to complete 30
trials within a 1 h session. Mice were required to complete all 30 trials with 80%
accuracy (24/30 or better) over three consecutive days to reach criterion.

After a mouse reached criterion, testing of that mouse stopped. After all mice
reached criterion (all mice reached criterion within 25 sessions), mice were re-
baselined on the task for 5 days, and then the reversal discrimination commenced.
During the reversal, the Sþ (marbles) now became the S�, and the S� (fan), now
became the Sþ. Mice were tested on the reversal discrimination for 20 sessions.

2.2.5. Data analysis
Group means of the number of sessions to criterion for the initial discrimination

(Sþ: marbles and S�: fan) was analyzed using an independent samples t-test. Group
means of the reversal were submitted to a two-way ANOVA where the first factor
was the between-subjects factor of group and the second factor was the within-
subjects factor of session. Paired-samples t-tests were used for post-hoc analyses
of within-subject effects. All statistical analyses were conducted with a significance
level of p ¼ 0.05.

2.3. Experiment 3: paired-associates learning

In experiment 3, cohort 2 mice were examined in the automated touchscreen
PAL task (Talpos et al., 2009), which measures visuospatial abilities. Although
systemic post-acquisition administration of M1 antagonists in normal mice impairs
PAL performance (Bartko et al., 2011), the role of M1 receptors in PAL during
acquisition has not been previously examined.

2.3.1. Subjects
Cohort 2 mice were tested in experiment 3. One knockout mouse died after

experiment 2, therefore, 7 M1Rþ/þ and 8 M1R�/� were tested.

2.3.2. Apparatus
Testing was conducted in the touchscreen-based automated operant system for

mice (described previously [see Section 2.1.2. “Apparatus”]). The PAL mask (11.8 cm
high and 22.8 cmwide) contained three response windows (5.0 cm high and 5.0 cm
wide) which were space 0.8 cm from one another and located 3.0 cm from the sides
of the mask and 1.7 cm from the bottom of the mask.

2.3.3. PAL touchscreen task
Since the mice were already habituated to touchscreen testing, completion of

a PAL-specific pretraining program was deemed unnecessary. Therefore, five days
after finishing the visual discrimination/reversal task, mice were tested on the PAL
task.

2.3.4. PAL task
At the beginning of a session, the mouse was required to initiate the first trial.

Then, a pair of stimuli would appear on the screen (in two of the three locations: left,
middle and right); one stimulus was the correct Sþ and the other was the incorrect
S�. There were six possible trial types (See Fig. 1B) and three different stimuli were
used (flower, plane, and spider). Within the six trial types, the flower was rewarded
only when presented in the left location, the plane was rewarded only when pre-
sented in the middle location, and the spider was rewarded only when presented in
the right location. Therefore, themousewas required to learn the paired-associate of
stimulus and location. A nose-poke to the correct Sþ resulted in a tone, magazine
light, and reward pellet. Incorrect responses resulted in a 5 s time-out period, fol-
lowed by correction procedure. Nose-pokes to response windows in which no
stimulus was presented were ignored. The ITI during the task was fixed at 20 s. In



Fig. 1. A) Illustration of the shape stimulus pair, marbles and fan, used in the visual discrimination task (experiment 1). For the initial visual discrimination the Sþ was marbles, and
the S�was fan. For the reversal, Sþwas fan and the S�was marbles. B) Figure depicting the six possible trial types that could occur during the PAL task (experiment 2). Flower is the
Sþ when it is located in the left location, plane is the Sþ when located in the middle location, and spider is the Sþ when located in the right location. C) Illustration of the
photographic stimulus pair, face and building, used in the visual discrimination task (experiment 3). For the initial visual discrimination the Sþ was face, and the S� was building.
For the reversal, building was the Sþ and face was the S�. D) Illustration of the morphed photographic stimulus pair, face and building (experiment 4). For the morph discrim-
ination, the Sþ was building, and the S� was face.
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a testing session, mice were given 1 h to complete 36 trials (each trial type could
occur six times and the maximum number of times a particular trial type could
occur consecutively was twice). All mice completed 50 sessions of the PAL task.

2.3.5. Data analysis
Groupmeans of accuracy (percent correct) were submitted to a two-way ANOVA

where the first factor was the between-subjects factor of group and the second
factor was the within-subjects factor of session. All statistical analyses were con-
ducted with a significance level of p ¼ 0.05.

2.4. Experiment 4: visual discrimination task with photographic stimuli

After acquisition of the PAL task, cohort 2 mice were tested on a more difficult
visual discrimination task, containing photographic stimulus pairs instead of shape
stimulus pairs, since preliminary data has shown that that M1 receptors in perirhinal
cortex are necessary for complex perceptual processing (Bartko et al., 2008).

2.4.1. Subjects
Cohort 2 mice were tested in experiment 4 (7 M1Rþ/þ and 8 M1R�/�). In the

current experiment, no pretraining procedures were used; therefore, two weeks
after PAL task completion, mice were tested on a visual discrimination task with
photographic stimuli.

2.4.2. Apparatus
The touchscreen system and mask specifications were identical to those previ-

ously described in experiment 2 (see ‘Apparatus’ Section 2.2.2.).
2.4.3. Visual discrimination with photographic stimuli
The procedures were identical to the visual discrimination task with shape

stimuli (experiment 1). The pair of photographic stimuli that was used was face and
building (see Fig. 1C), which Bussey et al. (2008) and Winters et al. (2010) have
shown can be discriminated by rats. Mice were first tested on the initial discrimi-
nation (Sþ: face and S�: building) for 20 sessions, and then the reversal discrimi-
nation (Sþ: building and S�: face) was tested for 20 sessions.

2.4.4. Data analysis
Groupmeans of accuracy (percent correct) were submitted to a two-way ANOVA

where the first factorwas the between-subjects factor of group and the second factor
was the within-subjects factor of session for the initial visual discrimination and the
reversal. All statistical analyses were conducted with a significance level of p ¼ 0.05.

2.5. Experiment 5: visual discrimination with morphed photographic stimuli

Since both groups (M1Rþ/þ and M1R�/�) performed at the same rate using
photographic stimuli for a visual discrimination/reversal task (experiment 4), amore
difficult stimulus pair was introduced in experiment 5.

2.5.1. Subjects
Cohort 2 mice were tested in experiment 5 (7 M1Rþ/þ and 8 M1R�/�).

2.5.2. Apparatus
The touchscreen system and mask specifications were identical to those previ-

ously described in (see experiment 2, ‘Apparatus’ Section 2.2.2.).
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2.5.3. Visual discrimination with morphed photographic stimuli
The building and face stimuli were morphed together to contain more percep-

tual similarities with one another. The visual discrimination containing themorphed
photographic stimuli (Sþ: building morph, S�: face morph) (see Fig. 1D) was carried
out for 10 sessions.

2.5.4. Data analysis
Groupmeans of accuracy (percent correct) were submitted to a two-way ANOVA

where the first factor was the between-subjects factor of group and the second
factor was the within-subjects factor of session acquisition of the visual discrimi-
nation. All statistical analyses were conducted with a significance level of p ¼ 0.05.

2.6. Experiment 6: spontaneous object recognition

2.6.1. Subjects
Cohort 3 contained 6 M1Rþ/þ and 5 M1R�/� male mice that were aged 12e16

weeks at the start of behavioral testing. Cohort 3 was obtained, housed, and fed in
a similar manner to cohorts 1 and 2.

2.6.2. Apparatus
Spontaneous object recognition was conducted in a Y-shaped apparatus

(Forwood et al., 2005; Bartko et al., 2007), adapted for mice. The apparatus had high,
homogeneous white walls constructed from Perspex (Lucite International, South-
ampton, UK) to prevent the mouse from looking out into the room and thereby
maximizing attention to the test stimuli. All walls were 30.5 high and each armwas
15 cm in length and 7 cmwide. The start arm contained a guillotine door 11 cm from
the rear of the arm. This provided a start box area within which the mouse could be
confined at the start of a given trial. Within each arm of the Y-apparatus were two
sliding doors. The first sliding door was located 5 cm from the start box guillotine
door (located at 11 cm from the rear of the start box) and the second sliding door was
located 12 cm from the first sliding door. Each sliding door was 6.8 cm wide and
30.5 cm high, attached to the bottom of the sliding door was a platform where the
stimuli could be placed. The floor and walls were wiped down with a dry paper
towel between trials but otherwise were not cleaned during the experiment. A lamp
illuminated the apparatus and a white shelf 30 cm from the top of the apparatus
created a ceiling on which a video camera was mounted to record trials. Triplicate
copies were obtained for the objects, whichweremade of plastic, glass, ormetal. The
height of the objects ranged from 3 to 10 cm, and the objects were secured to the
platform of the doors (for sample objects) and to the apparatus (for choice objects)
with Blu-Tack (Bostik, Stafford, UK). As far as could be determined, the objects had
no natural significance for the mice, and they had never been associated with
a reinforcer.

2.6.3. General procedure
All mice were habituated during two consecutive daily sessions in which they

were allowed to explore the empty Y-apparatus for 10 min. For these habituation
sessions, the mouse was placed in the start box, and the guillotine door was opened
to allow the rat to explore the main area of the apparatus. The guillotine door was
lowered when the mouse exited the start box to prevent re-entry into this area of
the apparatus. The experimenter did not begin timing the trial until the mouse
exited the start box. Testing began 24 h after the second habituation session. Mice
were given a series of 4 test trials (one per day) for each delay condition (minimal
and 3 h) with a minimum interval of 24 h between trials. A different object pair was
used for each trial for a given animal, and the order of exposure to object pairs as
well as the designated sample and novel objects for each pair were counterbalanced
within and across groups. The time spent exploring objects was assessed from video
recordings of the sample and choice phases. Data were collected by scoring
exploratory bouts using a personal computer running a program written in Visual
Basic 6.0 (Microsoft, Redmond, WA).

2.6.3.1. Object recognition test. Mouse object recognition testing proceeded very
similarly to rat object recognition testing previously described (Bartko et al., 2007).
The sample phase ended when 10 min had passed. At the end of the sample phase,
the mouse was removed from the Y-shaped apparatus for the duration of the 3 h
retention delay. For the choice phase, the mouse was allowed to explore the objects
for 2 min, at the end of which the mouse was removed and returned to its home
cage. The time spent exploring the novel and familiar objects was recorded for all
2 min of the choice phase, but attention was focused on the first minute, during
which object discrimination is typically greatest. We calculated a discrimination
ratio, the proportion of total exploration time spent exploring the novel object (i.e.,
the difference in time spent exploring the novel and familiar objects divided by the
total time spent exploring the objects), for the first minute of the choice phase on
each object recognition trial. This measure takes into account individual differences
in the total amount of exploration time.

It was found that M1R�/� mice were impaired at a delay of 3 h. We therefore
carried out a subsequent experiment using a minimal delay to test whether the
impairment was delay-dependent, or whether the KO affects other factors, for
example novelty detection per se. The minimal delay condition was carried out in
the same way as the 3-h condition, with the exception that the mouse remained in
the apparatus for the entire testing session (this procedure has been described
previously in Bartko et al., 2007).

2.6.3.2. Data analysis. Group means of three measures taken from object recogni-
tion testing [duration of sample phase (i.e., the time taken to accumulate criterion
levels of exploration in the sample phase), total exploration time in the choice phase,
and the discrimination ratio] were analyzed. Means from each of the threemeasures
were analyzed with independent sample t tests. All tests of significance were per-
formed at a ¼ 0.05.
3. Results

3.1. Experiment 1: 5-CSRTT

3.1.1. Manipulation of 5-CSRTT task parameters: variable stimulus
duration
3.1.1.1. Accuracy. When the stimulus durationwas reduced to 0.8 s,
accuracy levels were significantly reduced in both genotypes.
A two-way ANOVA with repeated measures conducted on the
stimulus duration (2.0 s, 1.5 s, and 0.8 s) revealed no significant
effect of genotype (F < 1) and no significant interaction of stimulus
duration by genotype (F < 1). There was a significant main effect of
stimulus duration (F(2,26) ¼ 10.87, p ¼ 0.001) (see accuracy graph,
Fig. 2A).

3.1.1.2. Omissions. By decreasing the stimulus duration, omissions
significantly increased in both groups of mice. Analysis of the mean
percentage of omissions revealed a significant effect of genotype
(F(1,13) ¼ 6.32, p ¼ 0.02) and stimulus duration (F(2,26) ¼ 12.26,
p< 0.0001) (see omissions graph, Fig. 2B). However, the interaction
of stimulus duration by genotype was not significant (F < 1,
p > 0.05).

3.1.1.3. Premature responses. Overall, the M1R�/� mice committed
a significantly greater number of premature responses compared
with the M1Rþ/þ group. Analysis of group mean premature
responding following a reduction in stimulus duration revealed no
significant effect of stimulus duration (F(2,26) ¼ 1.79, p ¼ 0.18), and
the interaction of stimulus duration by genotype was also not
significant (F(2,26) ¼ 0.92, p > 0.05) (see premature graph, Fig. 2C).
However, analysis revealed a significant main effect of genotype
(F(1,13) ¼ 4.30, p ¼ 0.05).

3.1.1.4. Perseverative responses. Overall, the M1R�/� mice
committed a greater number (or a trend toward a greater number)
of perseverative responses than the M1Rþ/þ group. Analysis of the
mean number of perseverative correct same responses following
reductions in stimulus duration revealed no significant effect of
stimulus duration (F(2,26) ¼ 2.70, p ¼ 0.08), and no significant
interaction of stimulus duration by genotype (F< 1), however there
was a strong trend toward main effect of genotype (F(1,13) ¼ 4.24,
p ¼ 0.06), (see perseverative correct same graph, Fig. 2D).
Furthermore, analysis of the mean number of perseverative correct
different responses following reductions in stimulus duration
revealed no significant effect of stimulus duration (F(2,26) ¼ 2.57,
p ¼ 0.09), genotype (F < 1), and no significant interaction of
stimulus duration by genotype (F(2,26) ¼ 3.08, p ¼ 0.06) (see
perseverative correct different graph, Fig. 2E). Analysis of persev-
erative incorrect responding revealed no significant effect of
stimulus duration (F(2,26)¼ 1.59) or interaction of stimulus duration
by genotype (F(2,26)¼ 2.2, p¼ 0.13), but a trend toward amain effect
of genotype (F(1,13) ¼ 3.78, p ¼ 0.07) (see perseverative incorrect
graph, Fig. 2F).

The number of perseverative premature responseswas analyzed
and a two-way ANOVA revealed no significant interaction of
stimulus duration by genotype (F < 1). However, analysis revealed



Fig. 2. Performance in the 5-CSRTT by M1Rþ/þ and M1R�/� mouse groups in the stimulus duration task challenge (2.0 s, 1.5 s, and 0.8 s). Accuracy, Omissions, and Premature graphs
are presented as group mean percentages � SEM (Omissions: *p ¼ 0.02; Premature: *p ¼ 0.05). Perseverative graphs (Correct Same, Correct Different, Incorrect, and Premature) are
presented as group mean number of responses � SEM (Perseverative Premature: *p ¼ 0.03).
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a significant effect of stimulus duration (F(2,26) ¼ 5.32, p ¼ 0.01) and
a significant effect of genotype (F(1,13) ¼ 5.70, p ¼ 0.03) (see
perseverative premature graph, Fig. 2G).

3.1.1.5. Reaction time. Reaction time for correct trials was not
significantly different between M1Rþ/þ and M1R�/� mouse groups.
Analysis of group mean reaction time revealed no significant effect
of stimulus duration (F(2,26) ¼ 1.45, p > 0.05), genotype (F < 1), and
no interaction of stimulus duration by genotype (F < 1). The mean
reaction times � SEM for M1Rþ/þ and M1R�/� mouse groups for
baseline sessions was as follows: M1Rþ/þ: 2.0 s ¼ 1.45 � 0.18 s,
1.5 s ¼ 1.32 � 0.24 s; 0.8 s ¼ 1.28 � 0.20 s and M1R�/�:
2.0 s ¼ 1.31 � 0.26 s, 1.5 s ¼ 1.26 � 0.25 s; 0.8 s ¼ 1.30 � 0.37 s.
3.1.1.6. Magazine latency. Magazine latency was not significantly
different between M1Rþ/þ and M1R�/� mouse groups. Analysis of
group mean reaction time revealed no significant effect of stimulus
duration (F(2,26) ¼ 1.42, p > 0.05), genotype (F < 1), and no inter-
action of stimulus duration by genotype (F < 1). The mean maga-
zine latency � SEM for M1Rþ/þ and M1R�/� mouse groups for
baseline sessions was as follows: M1Rþ/þ: 2.0 s ¼ 1.81 � 0.28 s,
1.5 s ¼ 2.20 � 0.64 s; 0.8 s ¼ 1.96 � 0.46 s and M1R�/�:
2.0 s ¼ 2.92 � 2.38 s, 1.5 s ¼ 2.93 � 2.39 s; 0.8 s ¼ 2.92 � 2.30 s.

3.1.2. Manipulation of 5-CSRTT parameters: 200 trial sessions
3.1.2.1. Accuracy. Accuracy levels were not different between
M1Rþ/þ and M1R�/� mouse groups. Independent samples t-tests
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revealed no effect of genotype (t(13) ¼ 2.10, p > 0.05) (see accuracy
graph, Fig. 3A).

3.1.2.2. Omissions. The M1Rþ/þ group committed significantly
more omissions that the M1R�/� group (t(13) ¼ 2.64, p ¼ 0.02) (see
omissions graph, Fig. 3B).

3.1.2.3. Premature. The M1R�/� group committed significantly
more premature responses than the M1Rþ/þ group (t(13) ¼ 3.92,
p ¼ 0.002) (see premature graph, Fig. 3C).
Fig. 3. Performance in the 5-CSRTT by M1Rþ/þ and M1R�/� mouse groups in the rapid event
1e25; bin 2: trials 26e50) � SEM (Omissions: *p ¼ 0.02; Premature: *p ¼ 0.002). Persevera
mean number of perseverative responses � SEM (Perseverative Correct Different *p < 0.05
3.1.2.4. Perseverative responses. The M1R�/� group committed
significantly more perseverative correct different responses than
the M1Rþ/þ group. Analysis of the mean number of perseverative
correct same responses revealed no significant effect of genotype
(t(13) ¼ 0.17) (see perseverative correct same graph, Fig. 3D).
However, analysis of the mean group number of perseverative
correct different responses revealed a significant effect of genotype
(t(13) ¼ 2.15, p < 0.05) (see perseverative correct different graph,
Fig. 3E). Analysis of perseverative incorrect responding revealed
no significant difference in perseverative incorrect responding
rate task challenge. Data are presented as group means of the first two bins (bin 1: trials
tive measures (Correct Same, Correct Different, Incorrect, and Premature) are the group
).
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between genotypes (t(13) ¼ 0.90, p > 0.05) (see perseverative
incorrect graph, Fig. 3F). Furthermore, analysis revealed no signif-
icant difference between genotypes in regard to perseverative
premature responding (t(13) ¼ 0.10, p > 0.05) (see perseverative
premature graph, Fig. 3G).

3.1.3. Survival analysis
KaplaneMeier survival analysis revealed a significant effect of

genotype for each of the three days tested in the second task chal-
lenge: Day 1, (x2¼14.25, df¼ 1, p< 0.001); Day 2, (x2¼12.44, df¼ 1,
p < 0.001), Day 3, (x2 ¼ 10.98, df ¼ 1, p ¼ 0.001) (see Fig. 4). The
analysis indicates a striking ability of theM1R�/� group to persevere
in completing trials during all 3 of the extended test sessions.

3.2. Experiment 2: visual discrimination

3.2.1. Acquisition
Acquisition of a simple visual discrimination was not impaired

in the M1 receptor-deficient mice. Analysis of the group averages of
Fig. 4. Survival analysis of the three days in the second task challenge of 5-CSRTT (2 s ITI,
2 s stimulus duration, and 200 trials or 2 h per session) revealed a significant effect of
genotype, indicating that theM1R�/� group completedmore trials than theM1Rþ/þ group.
sessions to criterion of the initial visual discrimination (Sþ:
marbles, S�: fan) revealed no significant effect of genotype on
performance (t(1,14) ¼ 0.15, p > 0.05) (see Fig. 5A).

3.2.2. Reversal
Following a reversal of task contingencies (the Sþ and the S�

acquired in the initial discrimination were reversed), the M1
receptor-deficient group and wild-type group did not perform
significantly differently from one another (see Fig. 5B). A
two-way ANOVA with repeated measures conducted on sessions
revealed no significant effect of genotype (F < 1) and no
significant interaction of session by genotype (F < 1). There was
a significant main effect of session (F(19,266) ¼ 20.19,
p < 0.00001).
3.3. Experiment 3: paired-associates learning

3.3.1. Acquisition
The M1R�/� group did not acquire the PAL task significantly

differently from the M1Rþ/þ group (see Fig. 6). A two-way ANOVA
with repeated measures conducted on session revealed no signifi-
cant effect of genotype (F < 1) and no significant interaction of
session by genotype (F < 1). However, there was a significant main
effect of session (F(49,637) ¼ 5.35, p < 0.00001).
Fig. 5. A) The M1Rþ/þ and M1R�/� groups did not acquire the visual discrimination
touchscreen task using shape stimuli at a significantly different rate (experiment 1).
Data are presented as group mean sessions to criterion � SEM. B) The M1Rþ/þ and
M1R�/� groups did not perform differently from one another in the reversal task
(experiment 1). The five baseline sessions are averaged together as BL, followed by 20
sessions of the reversal discrimination. Data are presented as group mean percent
correct � SEM.



Fig. 6. PAL task acquisition (illustration of the 50 sessions presented in 10 blocks of 5
sessions). The M1Rþ/þ and M1R�/� groups did not differentially acquire the PAL
touchscreen task (experiment 2). Data are presented as mean group percent
correct � SEM.
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3.4. Experiment 4: visual discrimination task with photographic
stimuli

3.4.1. Acquisition
The M1R�/� group and the M1Rþ/þ group did not perform

significantly differently from one another in acquiring the initial
discrimination with photographic stimuli (Sþ: face and S�:
building) (see Fig. 7). A two-way ANOVA with session as the
repeated measures factor revealed no significant effect of genotype
(F< 1) and no significant interaction of session by genotype (F< 1).
There was a significant main effect of session (F(19,247) ¼ 7.25,
p < 0.00001).

3.4.2. Reversal
The M1R�/� group and the M1Rþ/þ group also did not perform

significantly differently from one another in acquiring the reversal
discrimination (Sþ: building and S�: face) (see Fig. 7). A two-way
ANOVA with repeated measures conducted on sessions revealed
no significant effect of genotype (F < 1) and no significant inter-
action of session by genotype (F < 1). There was a significant main
effect of session (F(19,247) ¼ 18.75, p < 0.00001).
Fig. 7. The M1Rþ/þ and M1R�/� groups did not perform differently from one another in
the acquisition or the reversal of the discrimination task using photographic stimuli
(experiment 3) (data are presented in blocks of 2 sessions). Sessions are presented in
blocks of two. Sessions 1e10 are the acquired discrimination (Sþ (face) and S�
(building)) and sessions 11e20 are the reversal discrimination (Sþ (building) and S�
(face)). Data are presented as mean group percent correct � SEM.
3.5. Experiment 5: visual discrimination with morphed
photographic stimuli

Since both groups (M1Rþ/þ and M1R�/�) performed at the same
rate using photographic stimuli for a visual discrimination/reversal
task (experiment 4), a more difficult stimulus pair was introduced
in experiment 5.

3.5.1. Acquisition
Morphing the stimuli together greatly decreased performance

of the discrimination; both groups dropped to chance levels. Mice
were allowed to acquire the new discrimination across 12 sessions.
The M1R�/� group and the M1Rþ/þ group did not perform signifi-
cantly different from one another in acquiring this new discrimi-
nation (see Fig. 8). A two-way ANOVA with repeated measures
conducted on sessions revealed no significant effect of genotype
(F< 1) and no significant interaction of session by genotype (F< 1).
There was a significant main effect of session (F(11,143) ¼ 6.67,
p < 0.00001).
3.6. Experiment 6: spontaneous object recognition

Object recognition memory was first examined using a 3 h
delay between the sample and choice phase to determine whether
M1R�/� mice have impaired memory for objects across a delay.
Indeed, M1R�/� mice were impaired at a delay of 3 h (see below).
We therefore carried out a subsequent experiment using a minimal
delay between the sample and choice phases to determinewhether
the impairment was delay-dependent or whether deletion of the
M1 receptor in knockout mice affected other factors, for example,
novelty detection per se.

3.6.1. Three-hour delay
3.6.1.1. Object exploration during sample phase. All mice were
exposed to the sample objects for 10 min. The total exploration in
the sample phase was analyzed with independent samples t-tests
since significant genotype differences at this stage of a trial might
lead to differences in subsequent recognition performance. Inde-
pendent samples t-tests revealed no significant effect (t(9) ¼ 0.14).
The mean sample phase exploration (�SEM) for the two geno-
types was as follows: M1R�/�, 66.52 � 17.17 s, M1Rþ/þ,
65.28 � 10.96 s.
Fig. 8. The M1Rþ/þ and M1R�/� groups did not perform differently from one
another in the acquisition of the visual discrimination task (experiment 4) using
morphed photographic stimuli. Data are presented as mean group percent
correct � SEM.
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3.6.1.2. Object exploration during choice phase. Analysis of the total
mean object exploration time during the choice phase revealed no
significant effect (t(9) ¼ 0.31). The mean choice phase exploration
(�SEM) for genotypes was as follows: 3 h delay: M1R�/�,
5.99 � 2.47 s and M1Rþ/þ, 8.81 � 3.56 s.

3.6.1.3. Recognition during the choice phase. The M1R�/� mice
performed significantly worse than the M1R�/� mice; independent
samples t-tests revealed a significant effect of genotype (t(9) ¼ 3.13;
p ¼ 0.01; see Fig. 9A).

3.6.2. Minimal delay
3.6.2.1. Object exploration during sample phase. Again there was
no difference in the amount of sample exploration between the
M1R�/� and M1Rþ/þ mice; independent samples t-test revealed
t(9) ¼ 0.14. The mean sample phase exploration (�SEM) for the two
genotypes was as follows: M1R�/�, 74.21 � 15.24 s and M1Rþ/þ,
79.35 � 9.40 s.

3.6.2.2. Object exploration during choice phase. Analysis of the total
mean object exploration during the choice phase revealed no
significant effect (t(9) ¼ 1.49). The mean choice phase exploration
(�SEM) for genotypes was as follows: M1R�/�, 13.56 � 1.23 s,
M1Rþ/þ, 13.30 � 1.54 s.

3.6.2.3. Recognition during the choice phase. Although the M1R�/�

were impaired in the 3-h delay experiment, when the choice
objects were revealed to the mice immediately in the minimal
delay experiment, the M1R�/� mice and the M1Rþ/þ mice did not
Fig. 9. Performance on object recognition with a 3 h (A) and minimal (B) delay in
M1Rþ/þ and M1R�/� groups. Data are presented as average discrimination ratio � SEM.
*p ¼ 0.01.
differ: both genotypes could discriminate the novel from the
familiar stimulus in the choice phase (t(9) ¼ 0.54; see Fig. 9B).

4. Discussion

The present study sought to clarify the role of M1 receptors in
cognition by examining the performance of M1R�/� mice on the
5-CSRTT of attentional and response functions, in addition to
several tasks featuring learning, memory and perceptual chal-
lenges. A major, surprising finding, given the predominance of the
M1 receptor in cortex, was the complete lack of effect of M1 dele-
tion onmeasures of attentional function per se. Specifically, M1R�/�

mice showed not greater, but fewer omissions (misses), providing
no evidence of a difficulty in detecting the briefly presented targets.
Furthermore, once the target was detected, choice accuracy was
also normal. This lack of effect cannot be due to insensitivity of the
task, as the task run in the same manner has been shown to detect
attentional impairments, for example in a mouse model of Alz-
heimer’s disease (Romberg et al., 2011). Moreover, M1R�/� mice
displayed normal learning of a two-choice visual discrimination,
and showed normal inhibition of a previously learned association
when the reward contingencies were reversed, even under condi-
tions of high perceptual demand. A difficult test of object-in-place
memory, PAL, was also acquired normally by mice lacking M1
muscarinic receptors. However M1R�/� mice were impaired on an
object recognition task at a 3 h delay, but not when the delay was
very short, indicating that M1 receptor deletion can impair memory
across a delay, but leaves novelty detection per se intact.

The finding that M1R�/�mice did not demonstrate impairments
in several cognitive domains is striking given that the mouse is
a global knockout. In contrast to these preserved learning, memory,
and perceptual functions, M1R�/� mice displayed clear abnormal-
ities in the 5-CSRTT. Specifically, M1R�/� mice made fewer omis-
sions, more premature responses, and more perseverative
responses. Increased perseverative responding of the M1R�/� mice
in the 5-CSRTT contrasts with normal perseveration on two tests of
reversal learning and suggests a dissociation between response
perseveration and “stimulus-bound” perseveration (Ridley, 1994;
Ridley et al., 1993; Sandson and Albert, 1984). Perhaps the most
striking finding, however, was the ability of the M1R�/� mice to
persevere in completing trials: survival analysis of data from the
high event rate challenge showed that M1R�/� mice were able to
complete significantly more trials than wild-type mice, a finding
that was replicated on each of the three days of testing in the 200
trials/session condition.

Manipulations of the cholinergic system such as administration
of scopolamine, basal forebrain lesions, and cholinergic denerva-
tion of the prefrontal cortex have also been shown to lead to deficits
in attentional accuracy (e.g., decreased accuracy and increased
omissions) in the 5-CSRTT (Dalley et al., 2004; Lehmann et al.,
2003; McGaughy et al., 2002; Mirza and Stolerman, 2000; Muir
et al., 1995; Passetti et al., 2000; Pattij et al., 2007); however it
has not been established through which cholinergic receptor
subtypes these effects are mediated. The findings of the present
study indicate that the impairments in accuracy and increases in
omission following such manipulations may not be due to a lack of
cholinergic activity at M1 muscarinic receptors, and suggest that
other cholinergic receptors mediate accurate attentional selection
in this task. Preliminary results suggest that M2 receptors are
involved in attention, as M2 receptor-deficient mice demonstrate
improved accuracy in the 5-CSRTT (C. Romberg, T.J. Bussey, and L.M
Saksida, unpublished observations), consistent with the proposal
that M2 receptors function as presynaptic autoreceptors, the dele-
tion of which could lead to increased acetylcholine levels and
improved attention.
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An alternative explanation for the apparently preserved atten-
tional function in M1R�/� mice, suggested by an anonymous
reviewer, is that performance may depend more on cholinergic
modulation if the task is learned in the presence of an intact
cholinergic system. Studies using the 5-CSRTT typically examine
the effects of drugs or other manipulations on performance of the
task after the baseline task conditions have been acquired. Such
a hypothesis would be consistent with the intact performance of
the M1R�/� mice on the PAL task, which is impaired by the
M1-preferring antagonists dicyclomine after the task has been
acquired by normal wild-type mice (Bartko et al., 2011). This is
unlikely to be a general rule, however; for example Voytko et al.
(1994) showed that monkeys that learned an attentional task in
the presence of basal forebrain lesions were still impaired per-
forming the task post-acquisition (and were relatively unimpaired
on other tests of learning and memory). It is also possible that
compensatory processes in this constitutive knockout may have
contributed to the preserved cognitive function observed in M1R�/

� mice in the present study; however, if compensatory changes do
occur they are not sufficient to rescue the abnormal responding and
object recognition impairment seen in these animals. Furthermore,
it seems unlikely that such compensatory changes include changes
in the expression of other muscarinic receptors, as several studies
have indicated that M1 receptor deletion does not lead to changes
in expression of M2eM5 receptors in the striatum or hippocampus
(Hamilton et al., 1997; Miyakawa et al., 2001; Fisahn et al., 2002;
Dasari and Gullege, 2011). However it is conceivable that
compensatory changes may have occurred in other structures and/
or other neurotransmitter systems leading to rescue of some
cognitive functions, but not others.

The finding that M1R�/� mice display abnormal responding in
the face of substantial preserved learning is concordant with other
studies. Miyakawa et al. (2001), for example, report mostly intact
learning and memory in M1R�/� mice, but increased hyperactivity,
a pattern consistent with that found here. This hyperactivity
phenotype in M1R�/� mice has been attributed to increased
dopamine (DA) levels in the striatum (Gerber et al., 2001; Woolley
et al., 2009). As DA depletion in the striatum alters indices of
response vigor but not accuracy in the 5-CSRTT (Baunez and
Robbins, 1999; Cole and Robbins, 1989) it seems likely that at
least some of the abnormal responding in the 5-CSRTT observed in
the present study may be due to mechanisms involving striatal DA.
Alterations in striatal DA suggest a possible link between M1
receptor function and schizophrenia. Indeed, psychotomimetic
treatments such as phencyclidine (PCP) can reproduce abnormal
responding on the 5-CSRTT, such as increased premature and
perseverative responding (Amitai et al., 2007; Greco et al., 2005;
Le Pen et al., 2003), similar to that observed in the M1R�/� mice
in the present study, and many authors have suggested a link
between M1 receptors and schizophrenia in humans (Conn et al.,
2009; Scarr and Dean, 2009; Sellin et al., 2008).

As described above, our study and others (Miyakawa et al., 2001;
Gerber et al., 2001) indicate that M1R�/� mice display abnormal
responding (e.g., hyperactivity and/or perseveration) in the face of
substantial preserved learning. However, whereas we found spared
performance in several touchscreen tests involving learning and
memory, Anagnostaras et al. (2003) have reported impaired,
normal, and even enhanced performance in several different
hippocampal-dependent learning and memory tasks. Wess (2004)
has suggested that changes in locomotor activity could conceivably
contribute to performance alterations in these tasks. Since most of
the tasks in the present study were carried out in the touchscreen
apparatus and thus used the same types of stimuli, responses,
rewards and other feedback, and were carried out in the same
testing environment, the possibility of nonspecific confounding
factors (e.g., changes in locomotor function) was minimized. In one
task, however e object recognition e we found that M1R�/� mice
were impaired at a 3 h delay, but not when the delay was short,
indicating that M1 receptor deletion can impair memory across
a delay, but leaves novelty detection per se intact. That the M1R�/�

mice were not impaired at short delays also indicates that the
impairment at 3 h was not due to gross motor or perceptual
changes, or the ability of M1R�/� mice to respond appropriately to
novel objects under conditions of low memory load. Indeed there
was no difference in the overall amount of exploration of objects by
the M1R�/� mice, either during the sample or during the choice
phase. This finding is thus consistent with the memory impair-
ments reported by Anagnostaras et al. (2003). Indeed, one point of
commonality between the studies of Miyakawa et al. (2001) and
Anagnostaras et al. (2003) was the reported impairment in some
forms of memory. Furthermore the finding that attentional func-
tion is preserved in M1R�/� mice, at least as measured by the 5-
CSRTT, suggests that these apparent memory impairments were
not secondary to an attentional impairment leading to impov-
erished sample encoding. It is worth noting that the dependence of
M1 receptors on object recognition has also recently been shown
using the M1 receptor antagonists pirenzepine or MT-7 infused
directly into perirhinal cortex (Bartko et al., 2008).

The clear lack of impairment in M1R�/� mice on several tasks
and measures in the touchscreen battery cannot be due to task
insensitivity. Discrimination learning in the touchscreen has been
shown to be impaired by, for example, inactivation of perirhinal
cortex (Winters et al., 2010), NR2A receptor subunit knockout in the
mouse (Brigman et al., 2008), and in aged R6/2 (Huntington’s) mice
(Morton et al., 2006). Reversal learning in the touchscreen is
impaired by prefrontal cortex lesions in the rat (Bussey et al., 1997;
Chudasama et al., 2003), and in R6/2mice (Morton et al., 2006). PAL
performance is impaired by lidocaine and blockade of NMDA and
AMPA receptors in the hippocampus (Talpos et al., 2009). The
present study thus demonstrates a number of tasks for which M1
receptors are not necessary, including target detection ability as
measured by the 5-CSRTT. These findings and others do, however,
implicate these receptors in normal responding, certain perceptual
discriminations and certain types of memory.
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