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Abstract
A common method for modeling pathological and behavioral aspects of Alzheimer's disease (AD)
is the transgenic mouse. While transgenic strains are often well characterized pathologically,
behavioral studies of cognitive deficits often employ a limited set of aversively motivated, spatial
learning and memory tests, under brief testing periods. Here we illustrate an alternative operant
behavioral methodology to provide a comprehensive characterization under repetitive testing
conditions, and with appetitive motivation. In this study, we employed the commonly used
Tg2576 murine model of Alzheimer's disease amyloid pathology, since it has been the subject of
many previous behavioral studies. In these mice, we compared the learning of simple and
complex, as well as spatial and non-spatial rules. The mice were assessed on a progressively more
complex and interlocking battery of operant tasks, ranging from simple rule learning to delayed
recall, as well as tests of motor and sensory ability. In general, as compared to wild type control
mice, within-group variability was high in the Tg2576 mice, and deficits were most apparent in
more complex discrimination tasks. Furthermore, a consistent decrease in the rate at which
Tg2576 mice completed testing trials was observed, pointing to a potential motivation difference
or speed-accuracy tradeoffs as a defining characteristic of this strain under these test conditions.
Using sensitive adjusting retention interval procedures, it was also possible to isolate a difference
in retention interval and separate it from non-mnemonic processes. Overall, these experiments
demonstrate the utility of this novel operant approach for characterizing the cognitive deficits of
transgenic murine models of dementia.
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Introduction
Alzheimer's disease (AD) is a progressive, debilitating disease pathologically characterized
by amyloid plaques, neurofibrillary tangles and neuronal loss. The disease clinically
manifests with memory loss, disorientation, and other behavioral changes (Alzheimer, 1907;
Davies & Maloney, 1976; Murrell et al., 1991; Price, et al., 1992; Selkoe, 2001, 2004). AD
has been studied in spontaneous mammalian animal models, including primates and rodents
by using lesions of various specificities by using pharmacological challenges such as
anticholinergic drugs, and by using aged animals (Bartus, 2000; Sherman, et al., 1981). In
the last two decades, transgenic murine lines have become one of the dominant methods for
studying the etiology, neuropathology, and treatment strategies for AD (Iqbal et al., 2005;
Götz et al., 2007). Most transgenic mouse lines were created from introducing gene
mutations related to familial early-onset forms of AD, alone or in combination, into
transgenes encoding human amyloid ß-protein precursor (AßPP) and characterized by the
appearance over the lifespan of various histopathological and behavioral abnormalities,
particularly learning and memory alterations.

One such well-studied transgenic model is the Tg2576 mouse line, introduced in 1996 by
Hsiao et al., which contains the Swedish double mutation (K670N/M671L) under the control
of a Hamster PrP promoter. As early as six months, but virtually universally by 12–14
months of age, these mice show substantial accumulations of human Aβ species, especially
Aβ42, congophilic plaques, and inflammation in cortical and limbic structures. While this is
one of the most thoroughly studied human AßPP transgenic mouse lines, one important
limitation is in the behavioral characterization of this line. There is reliance on tasks such as
passive/active avoidance and object recognition, or on spatially intensive learning and
memory tests such as spontaneous alternation, the Morris water maze, and the Barnes maze
(early studies reviewed in Ashe, 2001; Arendash & King, 2002; Barnes & Good, 2005;
Corcoran, Lu, Turner & Maren, 2002; Deacon, et al., 2008; Good & Hale, 2007; Hale &
Good, 2005; King & Arendash, 2002a, b; Middei, et al. 2006; Ognibene, et al., 2005;
Westerman, et al., 2002; Zhuo, et al., 2007). These tasks are often aversively motivated (e.g.
Morris water maze and passive/active avoidance most notably) or take place in exposed
settings, such that they presumably evaluate subjects exclusively in a high state of vigilance
and arousal. And while some incorporation of operant tasks exist in this literature (e.g.
Adriani et al., 2006; Lagadec et al., 2010), relatively little work has evaluated the Tg2576 or
other related lines along a progressive spectrum of tasks, where simple components are
initially assessed and then more complex and demanding tests drawing on those simpler
skills are introduced. Operant techniques, using appetitive reinforcers, are especially well
suited to these progressive, moderate arousal analyses of cognitive functions, and to
potentially sensitive operant tests likely to reveal deficits potentially missed in other less
complex learning and memory tests.

In the present study, we sought to demonstrate the feasibility of the operant approach for
making sophisticated dissociations of advanced cognitive skills in mice well trained in the
underlying procedures. Our experimental model was based on an interlocking, progressive
operant regimen that has been employed successfully in rats pathology (Kritzer et al, 2007),
and altered it to be conducted using Tg2576 mice, during their early development of
underlying Aβ–related pathology (Westerman et al., 2002). Much work has been done with
several of the tasks employed in this study using rats as subjects, including signal detection,
Delayed Nonmatch-to-Position, and progressive ratio. These tasks have been used to
evaluate ascending cholinergic system deficiencies (e.g. Jensen et al., 1987; Sarter et al.,
2005), hippocampal damage (Dunnett, et al., 1988, Heyser, et al., 1993, Winters & Dunnett,
2004), and mesolimbic dopamine alterations (Hodos & Kalman, 1963; Zhang et al., 2003),
respectively. This paper represents a first step in investigating the utility of adding operant
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regimens to systematically evaluate transgenic models of Alzheimer's disease
symptomology.

Methods
Subjects

Tg2576 (B6/129) mice were obtained from Jackson Laboratories. The study employed eight
Tg2576 animals and eight wild type controls of the same age and genetic background, both
groups were mixed-sex (four and four of each). All mice were singly housed in standard
27.5cm long × 16.5cm wide mouse cages throughout the duration of the experiments in a
vivarium with controlled temperature and humidity on a 12-hour light/dark schedule.
Operant training and testing procedures began at six months of age, and concluded at
approximately twelve months. The subjects were then euthanized and the brain tissue
harvested for histological and neurochemical analysis. The Stony Brook University
Institutional Animal Care and Use Committee approved all procedures.

Apparatus and Setting Procedures
The operant chamber (MED Associates) was located inside a sound-attenuating chamber,
with an exhaust fan providing white noise. The chamber was 19×22cm at the floor with two
front nose-poke ports that are 4.5cm directly right and left of the water dipper, and one nose-
poke port in the rear, directly opposite of the dipper. Nose poke ports were 1.5 cm in
diameter and contained a small light, and a single photo-beam that registered nose-poke
responses. The chamber had a metal rung floor, and was lit by a small house light.

During the operant testing, all the mice had no access to water for 23 hours, followed by a
30 minute test session in which water was available as reinforcers, and then 30 minutes of
free water consumption in their home cage following the test session.

Behavioral Testing
All mice received an identical program of behavioral testing, described as follows and
summarized in Table 1. Trial initiation and reinforcement procedures were uniform across
all behavior tests. Trials always began with a nose-poke into an illuminated front nose-poke
port. Following a correct response, both nose-port well lights were extinguished, and the
water reinforcer ladle or “dipper” was made available for 10 seconds. When the dipper was
removed, the nose-port lights were illuminated, beginning the next trial. Following an
incorrect response, both nose-port lights were extinguished for the ten-second intertrial
interval, and then re-illuminated to indicate the start of the next trial. All sessions were 30
minutes in duration.

In order to normalize performance on each task, no animal progressed to the next step/task
until they had successfully acquired the previous one. In the early tasks a set number of
responses per 30 min trial was required, in the later tasks, the requirement was a percentage
of correct responses, out of all trials that were attempted. As a result, there was a short break
between tasks for the better performing animals, while the animals who had not acquired the
task continued until reaching criteria. The operant programs progressed in a set order, the
same for all mice, as follows:

Magazine (dipper) training—In this procedure, both front nose-poke ports were
illuminated at the start of all trials. The water dipper was activated non-contingently every
thirty seconds and remained raised for ten seconds in the testing chamber. A nosepoke
response in either port when lights were illuminated produced an additional reinforcer. The
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mice were exposed to this procedure for two days. This task helped shape the behavior of
the mice to nose-poke, in preparation for later tasks.

Fixed Ratio—In this task, both front nose-poke ports were lit and mice were required to
nose-poke in order to obtain a reward. The mice could poke in either port, at any time when
the dipper was not already activated. This program continued until the mice reached a
criterion of a total of fifteen or more responses in one session combined to either port, or at
least ten more responses on one side than the other.

Alternation—During this task, only one of the front nose poke wells was lit at a time, the
lit lamp alternating from right to left on subsequent correct response trials and resetting to
the same side following error trials. This program forced mice to use both left and right
response equally to maximize reinforcement rate. This alternation program continued until
animals completed a criterion of thirty or more responses per session.

Light Dark Discrimination—During this task, only one front nose-poke well light was lit
at a time, and alternated at random, separated by a 10 sec intertrial interval. A correct
response was made in the illuminated port.

Chained FR1-FR1-FR1 Reinforcement Schedule—This task required a specific
sequence of nose poke responses. First, one of the front nose-poke wells was lit randomly.
Following a correct response, the rear port was illuminated and a response required there.
Following this response, the front port not first cued was illuminated. Errors were defined by
and incorrect response in the final FR1 component and there were no scheduled
consequences to a response in a non-cued port during either the first or second FR1
component. Reinforcement followed only after the successful completion of all three FR1
segments. This task required both sustained attention and memory of the previously learned
rule to respond only in wells that were illuminated.

Non-Match to Position (NMTP)—This program built on the same response sequence as
the chained schedule task previously, except that the final FR1 response was not cued.
Rather, after the rear port nose poke, both front wells were illuminated, and the mouse was
required to recall which well they poked previously in the first components, and poke the
opposite well in order to receive a reinforcer. This task requires generalization of the light
dark discrimination to two novel positions as well as the orderly completion of a sequence of
spatially discrete responses. Like the chained schedule, this task required the orderly
completion of a sequence of spatially discrete responses, but placed the additional demand
of remembering the initial front response (the “sample”). An animal's performance on this
task required sustained attention and short-term memory.

Adjusting Delayed Non-match to Position—This procedure was identical to the
NMTP procedure, except there was an addition of an adjusting retention interval between
the first front nose-poke and the rear nose poke. For session one, a three second delay
separated the first front a rear responses. Thereafter, the retention interval that each animal
was exposed to on subsequent trials was determined on a daily basis. If choice accuracy was
equal to or greater than 75% in a single session, then the retention interval delay was
increased two seconds on the subsequent trial. If choice accuracy for that animal was less
than 75%, then the retention interval was shortened by two seconds on the subsequent trial,
to a minimum of one second. This adjusting procedure was designed to isolate the retention
capacity performance component by holding the overall rate of reinforcement relatively
constant and avoiding floor and ceiling effects. This task allowed for isolation of the ability
to perform accurately over a retention interval.
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Reaction Time—This task was identical to the light-dark discrimination task tested earlier
except that a response was required within 2.5 seconds of stimulus onset. This task
measured response initiation in the mice.

Signal Detection—This task was identical to the light dark discrimination task except that
the ITI was unpredictable and variable between 3–17 sec, and the duration of the stimulus
was varied in the same adjusting manner as with the DNMTP task along a range of 3.0, 1.0,
0.5, 0.3, or 0.1sec. If mice received more than 25% error on a given day, the stimulus
duration was lengthened the following day (from 1 to 3 sec). This task measured sustained
attention and visual acuity in the mice.

Progressive ratio—At the start of this task, only the left nose-poke well was lit. On the
first trial, mice were only required to make one response for a reward, and the number of
responses per reinforcer increased by one on each trial. This task assessed reinforcer
strength.

At the completion of operant training, brief testing in several non-operant tasks was also
conducted (data not shown).

Histological Characterization
Perfusion and tissue treatment—At the completion of behavioral testing, all mice
were deeply sedated with sodium pentobarbital before being transcardially perfused with
1°C saline. Brains were immediately removed and bisected in the mid-sagittal plane. One
hemisphere was snap-frozen and used for the protein analyses. The other hemisphere was
placed in 70% ethanol, followed by xylene treatment and embedding in paraffin for
immunohistochemical and histological analyses.

ELISA for Aß peptides—The levels of soluble and insoluble Aß40 and Aß42 peptides in
mouse brain lystates were determined using a highly specific sandwich ELISA assays as
previously described (DeMattos et al., 2002).

Immunohistochemical analysis for Aß—Brain tissue sections from hippocampus and
cortex were cut in the sagittal plane at 10μm thickness using a microtome, deparaffinated
and rehydrated. Antigen retrieval was performed by treatment with proteinase K (0.2 mg/ml)
for 10 min at 22°C for Aß and for collagen staining, and by 10 mM sodium citrate solution
(pH 9.0) for 30 min at 90°C in a water-bath for activated microglia staining. For detection of
Aß the mouse monoclonal antibody 66.1, which recognizes residues 1–5 of human Aß
(1:200) was used, primary antibody were detected with horseradish peroxidase-conjugated
secondary antibody and visualized with a stable diaminobenzidine solution (Invitrogen, CA)
as substrate. Sections were counterstained with hematoxylin. Thioflavin-S staining for
fibrillar amyloid was also conducted (Dickson & Vickers, 2001).

Data Analysis
Unless otherwise noted, the data were analyzed using the StatView program by SAS. Where
parametric statistical analyses were performed (as described in Results), repeated measures
ANOVAs were performed, with groups as a between-subjects variable and session as
within. As indicated in the text, some data were analyzed at the level of individual subjects
from the Tg2576 groups compared against 95% confidence intervals drawn around the WT
control group. This technique offers the advantages of producing comparable inference to
ANOVA for data from single subjects, while avoiding type II errors resulting from violation
of assumptions of the ANOVA (Cohen, 1994).
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Results
Behavioral Results

Before operant testing could begin, mice first had to learn the basic operation of the operant
box: that is, they needed to learn that a nose poke into either of the wells at the front of the
chamber resulted in the delivery of a water reward. Two of the eight Tg2576 animals did not
reliably respond despite considerable training effort through the first two tasks, and could
not be continued in the study. One never acquired a reliable FR response and the second
never reached the required criterion of ten responses per session in alternation. Table 1
summarizes the attrition of subjects over the course of the study. The remaining members of
the Tg2576 group at 6–7 months of age were able to acquire the fixed ratio (F1,12=0.23, n.s.)
and alternation tasks (F1,12=0.16, n.s.). Including the outlier subject who did not reach
alternation criterion into the analysis still did not produce a significant difference in FR
between the groups (F1,13=1.6, p<.21). This indicates that, with the two exceptions, these
animals had a spared ability to learn the contingency of the nose poke for water reward as
indicated by FR success, and the ability to learn a simple win-shift (i.e. response alternation)
rule, as indicated by successful alternation (see Figure 1).

In contrast to these findings, striking between-group dissociations are apparent in the non-
spatial light-dark discrimination learning at this early age (Figures 2a & 2b), clearly
indicating that Tg2576 animals have deficits in learning a spatially irrelevant simple
discrimination task. The Tg2576 mice acquired the light dark discrimination task more
slowly than WT controls (main effect: F1,12=5.6, p<.03), though most were able to
ultimately learn to a high level of performance. Although Tg2576 mice completed a high
number of trials they completed significantly fewer than WT controls (main effect:
F1,12=2.6, p<.05). An equality of variances test also confirmed the greater variability of
choice accuracy in the Tg2576 group (p<.0001).

In the chained schedule task (Figures 2c & 2d), a marked drop-off in the rate of trials
completed per session (main effect: F1,12=13.7, p<.003) is evident, though accuracy in the
remaining animals was not substantially altered (e.g. p<.15 on session 3). This indicates that
the sequence can be completed successfully by simply following the light cues (main effect:
F1,12=0.57, n.s.).

In the learning of the NMTP conditional discrimination (Figure 3), the Tg2576 mice as a
group were able to learn this demanding rule at a rate that was not significantly different in a
repeated measures ANOVA (F1,10=1.1, n.s.). However, some difference in the ease and
uniformity of learning of the WT controls and in a manner which suggested sluggishness or
speed-accuracy tradeoff, as reflected in a visual inspection of the choice accuracy data and
in the diminished but only borderline trial completion rate (F1,10=3.9, p<.07). The inherent
variability on the Tg2576 responses in the NMTP along with the progressive subject dropout
in the groups, prompted us to move to a more sensitive and revealing single subject analysis
combined with means +/− 95% confidence intervals as the inference method. The value of
this approach is illustrated by an examination of the individual performances. Tg254 and
Tg247 show comparable or even superior performance to the WT group, but Tg248 and
Tg263 show some impairment.

During the adjusting DNMTP task (Figure 4) the ideographic analysis isolated another
subtle dissociation between the Tg2576 mice and the WT controls. These mice, who
presumably were the best performing of the original cohort members, were unable to
reliably maintain greater than 75% accurate performance at anything more than the minimal
retention intervals, while the WT animals maintained a modest but longer than minimal
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retention interval. The trial completion rate (F1,9=5.1, p<.04) is also again reduced for the
Tg2576 mice.

The analysis of the final three tasks (data not shown) showed spared ability in reaction time.
However, in contrast to this, on the Signal Detection task Tg248 and Tg263, but not Tg254,
required generally longer stimulus durations than WT controls to achieve the same moderate
detection accuracy level (75% correct). Tg254 again was best off of the three Tg2576
animals. Tg248 and Tg263 showed a substantially lower “break-point” (i.e. reinforcers
received per session) on the progressive ratio task than the age matched WT controls, but
Tg254 showed a break point within the 95% confidence interval of the WT group.

Analysis of Aß
Immunoassaying for Aß identified abundant plaque deposits in the brain cortical and
hippocampal parenchyma of all of the Tg2576 mice (Fig. 5A). Further, histological staining
of the tissue sections with thioflavin-S confirmed that the plaque deposits were fibrillar in
nature (Fig. 5B), characteristic of the amyloid pathology reported for these animals (Hsiao,
1996). ELISA analysis for Aß peptide levels in the brain confirmed that the Tg2576 animals
had copious levels of Aβ by age ~14 months, mean = 618,860+/−279,040 pg/mg of total
brain protein. This level is consistent with published reports (e.g. Hsiao, 1996) and the high
degree of variance is also commonly observed in this line. Fig. 6 shows the relationship
between the number of behavioral tasks completed by individual animals and the soluble
versus insoluble Aβ fractions. The relationship was stronger between insoluble Aß and (P<.
01) and the greater variance accounted for than the marginally significant soluble fraction
(p<.06). However, even though this could be mediated by any number of factors, both
support the general relationship between Aβ load at the individual subject level, more
striking and overall relationship between the behavioral testing and a marker of underlying
pathology is supported by this analysis.

Discussion
The goal of this project was to explore the utility of a program of operant behavioral testing
for understanding the behavioral impairments of transgenic mice models of AD amyloid
pathology, using one frequently studied transgenic strain, Tg2576. The operant method
could be a valuable addition to the field, which often tends to use a limited number of short
term aversively motivated spatial memory tasks to test mnemonic deficits, such as Morris
water maze (e.g. Holcomb et al., 1999, Hsiao, 1996) and fear conditioning (e.g. Wang et al.,
2004, Billings et al., 2005). This experiment is part of a growing body of behavioral research
in the AD field that uses non-aversively motivated, non-spatial tasks such as novel object
recognition (e.g. Dodart, et al., 2002, Engel, et al., 2006) and transfer learning
(Montgomery, et al., 2009).

Here, we sought to employ an approach reflective of the assumptions of a
neuropsychological testing battery: a complex set of interlocking and progressively
demanding cognitive operant tasks to test a variety of aspects of cognitive, sensory, and
motor faculties (Wilner, 1991). This approach provides a comprehensive picture of the
cognitive status of these animals and richly characterizes the progression and individual
differences in the learning, memory, and executive functions lost in dementia than can be
provided by employing spatial and aversively motivated maze tasks or simple avoidance
learning tasks. This approach also allows for the examination of the animals under
predictable, routine conditions unlikely to produce excess arousal which may also model the
deficits of humans with moderate dementia functioning in the daily living setting (e.g.
Zanetti et al., 2009). The ideographic analytical approach (i.e. examining single subjects
data against 95% confidence intervals drawn around control groups) used to examine the
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data in the later experiments also is a particularly useful method for revealing individual
differences in decline among animals while still retaining inferential statistical capability.
Classic ANOVA approaches, especially when applied to relatively variable performance
measures, can obscure rather than illuminate the variance in the behavior status between
animals (Sidman, 1960; Cohen, 1997).

Using this approach, the Tg2576 animals showed strikingly more overall within-group
variability in their responses. This is reflected in the task-produced study attrition effect,
shown in Table 1. This attrition was the result of some Tg2576 mice not being able to
progress or sustain their responding in the next level of task complexity. In contrast, the WT
animals generally showed quite uniform performances and seamless transitions between
tasks throughout the entire testing regimen. This variability persisted in the Tg2576 group,
in spite of the fact that the animals that learned tasks more slowly were given extra training
at each of the earlier steps, until they reached the criteria to move to the next task, or
completely ceased responding. Additionally, it was observed that Tg2576 animals, even at
times when their accuracy was comparable to controls, showed consistent evidence of
decreased speed/accuracy trade-off, reduced sensitivity to reinforcement, or both, as
reflected in decreased trial completion rates. This speed-accuracy tradeoff is uniquely
revealed by this kind of operant analysis, where multiple measures and sessions with high
trial numbers can allow higher-order patterns among the measures to be revealed. Finally,
relative sparing of simple operant abilities in the FR1 and Alternation tasks were retained in
a majority of the mice, but deficits in the rate of learning emerged in several more complex
tasks, which we show extend into non-spatial domains.

The deficits observed presently are generally consistent with those reported in the literature
for Tg2576 mice (Eriksen & Janus, 2007). Tg2576 mice show relatively robust and reliable
deficits in working memory measures of the Morris water maze and other learning and
memory tasks (e.g. Arendish & King, 2002; Barnes, Hale & Good, 2004; Chapman, et al.,
1999; Deacon et al., 2009; Hale & Godd, 2005; King & Arendash, 2002a; King et al., 1999;
Middei et al., 2006; Ognibene et al, 2005; Ohno et al, 2006; Quinn et al., 2007; Ribes, et al.,
2011; Rustay et al., 2009; Stackman et al., 2003; c.f. Bizon, Prescott & Nicolle, 2007)
though the age of onset of these deficits shows considerable within and between study
variance, consistent with our present data (Reed, et al., 2010). However, a particularly
notable apparent discrepancy is Barnes, Hale & Good (2005), who reported that Tg2576
mice were impaired relative to controls in the acquisition of a T-maze force alternation task,
but similar to controls during later working memory load manipulations. This finding
contrasts with the present finding of impairment in the DNMTP task as the retention interval
was lengthened, though may indicate a higher sensitivity to selective retention interval
manipulations in the operant DNMTP task.

The robust accumulation of Aβ in these animals in hippocampal and cortical areas, along
with the extensive activation of microglia in these areas corresponding to published reports,
and variable deposition rates are likely to account for the within-group variations in
behavioral of the Tg2576 mice (Hsiao, et al., 1996, Frautschy, et al., 1998). In general, Aβ
levels were negatively correlated with completion of the behavioral test battery. However,
clearly one must be cautious in interpreting these findings as the result of Aβ load and
increasing task demand since task demand is confounded with age of the animals, and
important variable in linking Aβ to behavior (Westerman et al., 2002), and some behavioral
impairments have been reported to be evident in Tg2576 mice prior to major Aβ deposition
(Arendash et al., 2004; King et al., 1999). Furthermore, it is also possible that it was not task
demand per se, but carryover from previous tasks, in the form of negative transfer due to
Tg2576 mice learning a response strategy different than that of the WT controls for the same
task.
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While this set of experiments demonstrates the value of this approach behavioral testing,
working on certain design issues can improve upon the information revealed. First, the set of
operant tasks employed clearly can be pruned, supplemented and repositioned in productive
ways. For example, starting at earlier time points would allow a small set of tasks to be
revisited repeatedly at different time points. If mice were fully trained by 6 months, the
DNMTP task could be performed when still relatively unimpaired at 6 months, and then
repeated as impairment increases over time. This would help to avoid one of the main
limitations in this set of experiments; the inability to discern whether dropouts were due to
increased task complexity or increased pathology with age. In addition, the order of the
experiments could be changed, for example, following the learning of light-dark
discrimination with the reaction time and signal detection tasks would allow experimenters
to make sure that all animals are capable and motivated before moving on to test in the more
long term complex memory-dependent tasks such as DNMTP. Also, with increased numbers
of subjects in the studies, some animals can be sacrificed at different time points and
quantitative measures of histopathology can be compared to behavioral performance.
Establishing a relationship between histology and behavioral impairments at different time
points is likely to produce important insights into the relationship between degree and
quality of neuropathology, and the increasing difficulty animals show with learning,
memory and executive functions when there is an increasing cognitive load. By repeating
the same sequence of tasks or expanding the group sizes, different transgenic strains can be
studied and compared. If test conditions are held uniform, this can be accomplished even at
different time points as new strains emerge, as new testing data are compared to archived
data. It is also clear that this approach is not high-throughput, so has limited application to
rapid screening. Finally, the relationship, both temporal and anatomical, between the
measures in the operant tasks and those in spatial maze tasks certainly should also be
established. Clearly many behavioral tasks have been used together with histopathological
analyses in the past that has provided useful information about transgenic models of AD
(e.g. Ashe, 2009; Eriksen & Janus, 2007; Kokjohn & Roher, 2009). However, our findings
demonstrate the value of this approach as a supplement to those, and which will be
broadened by the study of other transgenic lines, and as treatment studies are performed
using this approach. This testing strategy encourages researchers to prioritize and rigorously
explore the behavioral symptoms, particularly in regard to variability of response in
transgenic animals.
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Highlights

• Behavioral studies of cognitive deficits in transgenic mouse models of AD often
employ a limited set of aversively motivated, spatial learning and memory tests,
under brief testing periods.

• This study presents an alternative operant behavioral methodology to provide a
comprehensive characterization under low arousal testing conditions, and with
appetitive motivation.

• The mice were assessed on a progressively more complex and interlocking
battery of operant tasks, ranging from simple rule learning to delayed recall, as
well as tests of motor and sensory ability.

• Attrition from the study correlated with increasing task demands and amyloid
load were seen.

• These experiments demonstrate the utility of this novel operant approach for
characterizing the cognitive deficits of transgenic murine models of dementia.
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Figure 1.
Sessions to criterion of >/= 10 responses on the FR1 or response alternation programs. No
difference is evident on rate of acquisition for either task. Shown are mean±s.e.m.
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Figure 2.
Acquisition curve (A) and the average number trials completed per session (B) for the light
dark discrimination (A, B) and chained FR1-FR1-FR1 reinforcement schedule (C, D).
Shown are mean±s.e.m.
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Figure 3.
Acquisition curves for individual Tg2576 mice (A–D) plotted against the mean and 95%
confidence intervals for the WT group for the nonmatching-to-position (NMTP) conditional
discrimination task. Panel E shows the group means ± s.e.m. of the same curves and panel F
shows the average number trials completed per session (means ± s.e.m.).
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Figure 4.
Steady state performance during the adjusting delay nonmatching-to-position (DNMTP) task
for individual Tg2576 mice (A–D) plotted against the mean and 95% confidence intervals
for the WT group. Panel E shows the group means ± s.e.m. of the same curves and panel F
shows the average number trials completed per session (means ± s.e.m.).
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Figure 5.
Representative immunostaining for Aß identifying abundant plaque deposits in the brain
parenchyma common to all of Tg2576 mice (A). Histological staining of an adjacent tissue
section with thioflavin-S confirmed that the plaque deposits were fibrillar in nature (B),
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Figure 6.
Correlation plots of the number of behavioral tasks completed as a function of insoluble (A)
or soluble (B) Aβ levels in individual subjects.
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Table 1

List of progression of operant behavioral paradigms employed, number of training sessions, and primary
psychological construct assessed by each task. The numerator in Number Completing Training ratio indicates
how many mice were unable to complete the full number of training sessions, and the denominator the number
who began training in that task.

Task Main Construct(s) Measured Sessions Number Completing Training

Fixed Ratio Simple operant contingency ~3 WT=8/8 Tg2576=7/8

Alternation Simple response rule learning ~8 WT=8/8 Tg2576=6/7

Light-Dark Discrimination Simple discrimination 10 WT=8/8 Tg2576=6/6

Chained FR1-FR1-FR1 Completion of a response sequence; behavioral flexibility 5 WT=8/8 Tg2576=6/6

Non-Match to Position Complex, conditional discrimination; behavioral flexibility 40 WT=8/8 Tg2576=5/6

Delayed NMTP Short-term (working memory) 28 WT=8/8 Tg2576=3/6

Reaction Time Motor initiation 15 WT=8/8 Tg2576=2/3

Signal Detection Sustained attention 10 WT=4/4* Tg2576=3/3#

Progressive Ratio Reinforcer strength 10 WT=4/4 Tg2576=3/3

WT = wild type mice

*
Randomly discontinued to balance N's

#
one mouse returned after illness
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