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Abstract

Computational modeling predicts that the hippocampus plays an important role in the ability to apply previously learned information to
novel problems and situations (referred to as the ability to generalize information or simply as ‘transfer learning’). These predictions have
been tested in humans using a computer-based task on which individuals with hippocampal damage are able to learn a series of complex
discriminations with two stimulus features (shape and color), but are impaired in their ability to transfer this information to newly configured
problems in which one of the features is altered. This deficit occurs despite the fact that the feature predictive of the reward (the relevant
information) is not changed. The goal of the current study was to develop a mouse analog of transfer learning and to determine if this new
task was sensitive to pathological changes in a mouse model of AD. We describe a task in which mice were able to learn a series of concurrent
discriminations that contained two stimulus features (odor and digging media) and could transfer this learned information to new problems in
which the irrelevant feature in each discrimination pair was altered. Moreover, we report age-dependent deficits specific to transfer learning in
APP + PS1 mice relative to non-transgenic littermates. The robust impairment in transfer learning may be more sensitive to AD-like pathology
than traditional cognitive assessments in that no deficits were observed in the APP +PS1 mice on the widely used Morris water maze task.
These data describe a novel and sensitive paradigm to evaluate mnemonic decline in AD mouse models that has unique translational advantages
over standard species-specific cognitive assessments (e.g., water maze for rodent and delayed paragraph recall for humans).
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction Despite substantial research efforts focused on uncovering

the neurobiological underpinnings of this disease, there

Recent estimates indicate that one in ten men and one in
six women who live to be 55 years will be diagnosed with
Alzheimer’s disease (AD, Alzheimer’s Association, 2008).
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is a current lack of behavioral assays that both identify
individuals at early preclinical stages and that translate well
between rodent models, from which the vast majority of the
neurobiological data are derived, and humans who suffer
from the disease. For example, one early neuropsychological
change in AD is performance on a delayed paragraph recall
test. This assessment predicts with near 90% accuracy which
non-demented elderly individuals will progress into subse-
quent cognitive decline (Kluger et al., 1999; Lowndes et al.,
2008). However, it is difficult to develop analogs of such
verbal tasks for use with rodent models. The development
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of novel assessments of hippocampal/medial temporal lobe
function using non-verbal tasks that are sensitive to mild
decrements in this circuitry and that are well-suited for use
in rodents and humans would be of great benefit in terms
of greater comparative power within and between species,
and in their ability to serve as superior preclinical models in
which to assess novel therapies.

Based on information from animal lesion studies (Ikonen
et al., 2002), Myers, Gluck, and colleagues have generated
unique computational models of hippocampal function
that postulate that this structure is critically involved in
encoding new information during learning so as to support
the transfer of important stimulus features when familiar
information is presented in novel recombinations (hereon
referred to as ‘transfer learning’; Gluck and Myers, 1993,
1995; Gluck et al., 2006; Johnson et al., 2008; Myers
and Gluck, 1996). The prediction of the computational
model that the hippocampus helps encode initial learning
in such a way that it will support subsequent transfer is
similar to the theoretical proposal that the hippocampus
is involved in learning relations between stimuli that can
be used flexibly later (Bunsey and Eichenbaum, 1996;
Eichenbaum et al., 1989; Gluck and Myers, 1993, 1995,
2001). In the absence of hippocampal-region mediation,
learning may still be possible, but will be restricted to
simpler stimulus—response learning that does not support
transfer to new contexts/recombination well. This idea finds
empirical support in studies showing that individuals with
bilateral hippocampal damage may “unitize” stimuli (or

(A) Test Apparatus (B) Human Task

stimulus features) during learning (e.g., Barense et al., 2005;
Quamme et al., 2007), conferring impairments when aspects
of the trained stimuli are altered (see also Schacter, 1985).
Similarly, although animals with hippocampal dam-
age often show impairments on configural learning
(Sutherland and Rudy, 1989; Rudy and Sutherland, 1995)
under conditions that arguably favor stimulus unitization,
hippocampal-lesioned animals can learn configural tasks as
well as controls (see, e.g., O’Reilly and Rudy, 2001; Moses
and Ryan, 2006). The lesioned animals do not, however, per-
form well when the trained stimulus features are presented
in novel recombinations (e.g., Eichenbaum et al., 1989).
More recently, a computer-based associative learning task
was developed to assess transfer learning in humans with
hippocampal damage and aged individuals at risk for cog-
nitive decline (Myers et al., 2002, 2008a). As illustrated
in Fig. 1B, this task involves a series of two item visual
discrimination problems in which subjects learn via trial-and-
error to choose the correct object from each pair presented.
Objects have two stimulus features (shape and color) but
within each pair, objects differ with respect to color or shape
but not both. In other words, only one of the features (color
or shape) is relevant to the correct choice within a par-
ticular pair, whereas the other feature is identical between
the two items. Once a subject learns all of the discrimina-
tion pairs (presented pseudo-randomly) to criterion (learning
phase), an unsignaled transfer test is given in which the
irrelevant feature of each object pair is changed but the rel-
evant features remain the same and are still predictive of

(C) Rodent Task

Learning Phase
) @

Irrelevant = Shape (A)

+ LS
T & L

+
B B

Irrelevant = Shape (C)

Transfer Phase

Irrelevant = Shape (B)

Irrelevant = Color (green) | Irrelevant = Color (blue)

wow

Irrelevant = Shape (D)

Transfer Phase

-

Irrelevant=Digging media (sequins) | Irrelevant = Digging media (yarn)

+
Beads Yarn

Learning Phase
+

[
n.
("]
) o
E
w
é
5+
=

Irrelevant = QOdor (vanilla)
+

& & %5

Irrelevant = Digging media (foam) |irrelevant =Digging media (paper)

Irrelevant = Odor (sage)

Fig. 1. Left panel shows the test apparatus for transfer learning in mice. Cylinders represent terracotta pots which were filled with a variety of digging media
and scented with different odorants. In this schematic, the rose odor is positive (+) and is predictive of a food reward buried in the pot. Middle panel shows
examples of visual discrimination pairs used in the human computer-based version of the transfer learning task. In each discrimination pair, either the shape or
color is relevant to the correct choice (+), but not both. During both the learning and transfer phases of the task, each pair of shapes is presented sequentially
and pseudo-randomly and correct choices are rewarded with a smiley face icon. After reaching criterion performance on the learning phase, without signaling,
subjects are presented with the reconfigured stimuli shown under the “Transfer Phase”. Note that the positive feature predictive of correct choice (+) in the
learning phase remains the same but the irrelevant feature is altered. Right panel shows examples of discrimination pairs used in the mouse transfer learning
task. In each pair, either the odor or digging media in the pot is relevant to the correct choice, but not both. During the learning and transfer phases of the task,
each discrimination pair is presented sequentially and pseudo-randomly and correct choices are rewarded with a food reward buried in the pot (see Section
2 for details). After reaching criterion performance on the learning phase, mice were immediately presented with the reconfigured stimuli shown under the
“Transfer Phase”. Note that just as in the human version of the task, the positive feature (+) remained predictive of the food reward but the irrelevant feature

for each discrimination problem was altered.
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the correct choice (transfer phase). The model predicts that
subjects with an intact hippocampus during initial learning
should transfer learned information from the initial discrim-
ination trials to the trials in which the irrelevant feature
was altered. In contrast, subjects with hippocampal dam-
age would be expected to view the altered objects as novel
stimuli about which nothing is known, despite the fact that
these objects retain the stimulus feature relevant to the correct
choice.

This task confirmed computational predictions regarding
hippocampal mediation of transfer learning in a group of
amnesic patients who had bilateral hippocampal damage.
These patients could learn the initial discrimination pairs
normally, but performed near chance on the test of transfer
learning (Myers et al., 2008a), suggesting that they treated
the reconfigured stimuli as new problems and failed to trans-
fer the relevant stimulus features of the discrimination pairs
learned initially. When the same task was tested in aged sub-
jects, elderly individuals who were non-demented but who
did have mild hippocampal atrophy showed a similar pattern
of performance (i.e., preserved learning of the initial discrim-
ination pairs, followed by poor transfer learning; Myers et al.,
2002). Interestingly, these individuals were not impaired rel-
ative to non-atrophied controls on delayed paragraph recall,
suggesting that performance on tests of transfer learning may
be a more sensitive or an earlier marker of hippocampal dys-
function. Indeed, a small-scale longitudinal study suggests
that, in non-demented elderly individuals, poor performance
in transfer learning may be predictive of short-term (2 years)
cognitive decline (Myers et al., 2008b).

These datain human subjects suggest that transfer learning
is sensitive to hippocampal/medial temporal lobe dysfunc-
tion (Johnson et al., 2008) and that this non-verbal task
may be well-suited as an assessment that translates across
species. The spatial version of the Morris water maze is
the cognitive assessment tool most widely used to evaluate
hippocampal function in aged rodents (Bizon et al., 2009;
Gallagher et al., 2003; LaSarge et al., 2007; Morris et al.,
1982; Squire et al., 2004). However, this task has some limita-
tions for within-subject pharmacological intervention studies
and results acquired from transgenic mouse models of AD
using water maze have proven inconsistent (Bizon et al.,
2007; Dumont et al., 2004; Lassalle et al., 2008; Reiserer et
al., 2007). However, like humans, rodents also perform well
at discriminating objects that contain more than one stimulus
feature and deficits on such tasks are reliable across multi-
ple problems (Barense et al., 2002; Bissonette et al., 2008;
LaSarge et al., 2007).

The goal of the present study was to develop an analogous
mouse version of the human transfer learning task developed
by Gluck and Myers (1993, 1995, 2001), Myers et al. (2002).
The task design was a modified version of a naturalistic odor
discrimination task (Eichenbaum et al., 1989; LaSarge et al.,
2007) with odors and digging media used as the two stimulus
features in the discrimination problems. Double transgenic
(APP +PS1) mice of different ages were assessed in this new

task to determine if performance was sensitive to age-related
hippocampal pathology.

2. Methods
2.1. Subjects

For all experiments, mice were individually housed in the
AAALAC-accredited vivarium in the Psychology Building
(Texas A&M University, College Station, TX). Mice were
maintained on a 12-h light/dark cycle (lights on at 08:00) and
climate controlled at 25 °C. All testing was conducted during
the light cycle and mice in the study were screened daily for
health problems, including but not limited to cataracts, jaun-
dice, food and water intake, and the appearance of tumors.
Sentinel mice housed in the same room as experimental mice
were further screened for diseases such as pinworms, parvo
virus and other pathogens. Blood work was negative for
all health screens throughout testing. All animal procedures
were conducted in accordance with approved institutional
animal care procedures and NIH guidelines. Upon arrival, all
mice were given at least two weeks to acclimate and received
ad lib access to food and water. Mice continued to have free
access to food and water with the exception that mice were
food-restricted to 85% of their free-feeding weight prior to
testing. After completion of all discrimination testing, mice
were immediately returned to ad lib food.

2.1.1. Experiment 1: validation of the transfer learning
task

Subjects used for validation of the transfer task were
C57BL/6J (n =5 in each of two groups, 5 months old) female
retired breeders from The Jackson Laboratory, Maine, USA.

2.1.2. Experiment 2: transfer learning task with aged
APP + PS1 mice

Subjects were a cohort of 12-month old, female
Tg (APPswe, PSEN1dE9; APP+PS1; n=11) and age-
matched non-transgenic littermates of B6C3F1/J background
strain (NTg; n=7) obtained from The Jackson Labora-
tory, Maine, USA. The APP +PS1 double transgenic mice
express a chimeric mouse/human amyloid precursor pro-
tein (Mo/HuAPP695swe) and the mutant human presenilin
1 (PS1-dE9). This presenilin mutation is related to the early
onset of AD. The Swedish mutation (K595N/M596L), which
is linked to familial AD, increases the number of A3 deposits
by stimulating the 3-secretase pathway (Hardy and Selkoe,
2002). These mice develop A deposits throughout the brain,
including hippocampus, by 6 months of age, with numerous
deposits reported by 12 months of age (Burgess et al., 2006;
Chishti et al., 2001; Jankowsky et al., 2004).

2.1.3. Experiment 3: longitudinal assessment of transfer
learning in APP + PSI mice

Subjects were a second cohort of female APP + PS1 (n=8)
and age-matched NTg littermates of B6C3F1/J background
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Table 1
Odor and digging media pairs as paired in the transfer learning task.

Discrimination pairs Corresponding irrelevant dimension

Learning phase  Transfer phase

Beads x rubber string Jasmine Vanilla
Patchouli x mulberry Pompoms Cork

Paper x cut balloon Chocolate Watermelon
Jasmine x vanilla Beads Rubber string
Pompons x cork Patchouli Mulberry
Chocolate x watermelon Paper Cut balloon
Cut straws x cheese cloth Pumpkin Cucumber
Cucumber x pumpkin Cut straws Cheese cloth

Cut paper x guinea pig bedding  Lemon Rosemary
Bergamot x sage Sequins Raffia

Cut bench pad x wood bedding  Lavender Cinnamon
Vetiver x geranium Yarn Alphadri bedding
Raffia x sponge Bergamot Sage

Cinnamon x lavender Wood bedding ~ Cut bench pad
Alphadri bedding x yarn Vetiver Geranium

Salience and difficulty of odor and digging medium problems appeared com-
parable as no significant differences in performance on odor and digging
media discriminations were observed in any group. Additionally, analyses
of individual pairings did not result in any differences, indicating comparable
salience within individual pairs.

(n=9). Mice were initially tested at 3 months (learning and
transfer phases) and then were retested in the transfer task
(learning and transfer phases) at 12 months of age using all
novel stimuli.

2.2. Transfer learning task

2.2.1. Apparatus and task parameters

The testing apparatus for the mouse transfer learning task
is illustrated in Fig. 1 A. It consisted of an open-topped black
Plexiglas box (12 in. width; 18 in. length; 8 in. deep) with two
small terra cotta flower pots (1.7 in. diameter; 1.3 in. deep)
securely attached to the floor. There were two stimulus fea-
tures in each discrimination problem: an odor that was applied
directly to the rim of the pots and the digging media that filled
the pots and hid a food reward (one chocolate-flavored food
pellet, 20 mg, AIN-76A from TestDiet) placed on the bottom
of the pot. Table 1 lists all complex discrimination pairs used
in the study.

To disguise the odor of the reward, crushed chocolate
food pellets were sprinkled over the surface of each pot. The
position (left or right) of the rewarded pot varied pseudo-
randomly across trials. For the first four trials of every new
discrimination problem, mice were allowed to dig in both
pots until they obtained the reward (i.e., they were allowed to
self-correct if they dug in the incorrect pot). On these trials,
only their first choice was scored (as correct or incorrect). On
trials thereafter, mice were removed from the test chamber
after only one dig (either correct or incorrect). A dig in a
pot was scored if a mouse displaced the digging media with
either its paws or nose.

Shaping took place in the box described above. Initially
mice were presented with two empty pots containing a choco-

late pellet in the bottom of each. The re-baiting of the pots
was contingent on the mouse consuming both pellets. After
12 trials of successively retrieving both pellets, mice were
then presented with two pots containing chocolate pellets
in the bottom but filled with progressively more mixed dig-
ging media (12 trials per 33%, 50% and 100% full). The day
after successfully retrieving both pellets with full pots, mice
received one simple discrimination to habituate them to the
learning aspect of the task.

In developing the mouse transfer learning task and con-
fining it to a single behavioral session (to closely mimic
the human version), satiation and motivation were initial
concerns. A series of pilot experiments, in which food-
restricted C57BL/6] mice were allowed free access to
the chocolate food pellets used in this task, revealed that
mice would consume many more pellets than were ever
needed for a full testing session. Moreover, all mice shaped,
learned all problems to criterion, and completed all 30
trials in the transfer portion of the task irrespective of
genotype or age, suggesting that there were no motiva-
tional differences within sessions or between experimental
groups.

2.2.2. Testing

Just as in the human version of the transfer learning task
(Gluck and Myers, 1993; Myers et al., 2002), all testing was
performed within a single session. Fig. 1C and Table 2 illus-
trate examples of the order and sequence of presentation of
the two feature stimuli in the learning and transfer phases of
the task. Initially, mice were trained on a series of three con-
current discrimination problems. As in the human version of
the task, new discrimination pairs were progressively intro-
duced intermixed with learned pairs as criterion performance
was reached on each pair.

For each problem, mice learned to discriminate between
pots with two stimulus features (odor and digging media).
One of the two pots was baited, with either the odor or the
digging media as the relevant feature (Fig. 1C and Table 2).
For example, if odor was the relevant feature, the pots dif-
fered in odor (with one odor always predictive of the food
reward; e.g., rose+ versus citrus— as shown in Fig. 1C) but
contained the same digging media (e.g., sequins) that was
thus irrelevant to the correct choice. For other discrimina-
tion problems, the digging media was the relevant feature
that differed between pots and predicted the reward (e.g.,
yarn+ versus beads— as shown in Fig. 1C), and the pots
were scented with the same odor (e.g., vanilla), the irrelevant
feature.

The positive and negative features in each pair and
the sequence of discrimination problems were randomized
across mice, although each mouse received discrimina-
tion problems in which the relevant feature was alternated
between odor and digging media. As in the human task,
initially several problems (2 for the mice) were presented
in pseudo-random order and after criterion was reached on
these problems (6 correct in a row, including 3 of each
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Table 2
Representative example of the order and sequence of complex stimuli presented the mouse transfer learning paradigm.
Discriminations: Dimensions Combinations

Relevant Trrelevant Pot 1 (+) Pot2 (—)

Learning phase (pair 1) Odor Media 01 with M1 02 with M1
Learning phase (pair 2) Media Odor M2 with O3 M3 with O3
Learning phase (pair 3) Odor Media 04 with M4 05 with M4
Transfer phase (pair 1) Odor Media 01 with M5 02 with M5
Transfer phase (pair 2) Media Odor M2 with O6 M3 with O6
Transfer phase (pair 3) Odor Media 04 with M6 05 with M6

Abbreviations: O, odor; M, digging media. Stimulus features predictive of reward are italicized.

Each number indicates novel stimulus.

As in the human version of the task, new discrimination pairs were progressively introduced intermixed with learned pairs as criterion performance was reached

on each pair.

After reaching criterion in pair 1, the pot with O/ remained baited and O2 unbaited but the irrelevant dimension was changed from M1 to M5.
Note that all odors and digging medias were used only once throughout training (O1-06; M1-M6).

problem set), a third problem was introduced and the three
pairs were presented in a pseudo-random fashion until mice
reached criterion performance (6 correct in a row, includ-
ing 2 of each problem). This design ensured that each
discrimination pair was learned prior to the transfer (see
Table 2).

After reaching criterion performance, mice were immedi-
ately assessed for transfer learning. The mice were presented
with 30 trials in which only the stimulus feature in each
discrimination pair that was irrelevant to the reward was
changed, and the 3 new combinations were presented pseudo-
randomly (including 10 each of the three discriminations;
see Fig. 1C, Table 2). As in the human version of the task,
this design affords an opportunity to assess the ability of
the mice to transfer the predictive value of a previously
learned relevant feature (e.g., a particular odor) to a food
reward in a new context (e.g., pots containing a novel digging
media).

2.3. Odor detection threshold testing

Anosmia has been shown to emerge as a consequence
of chronological age and in Alzheimer’s disease (e.g.,
Djordjevic et al., 2008). Thus, after evaluating transfer learn-
ing, mice in the second and third experiments (i.e., all
APP +PS1 and NTg mice) were assessed for their ability to
detect and respond to decreasing concentrations of odorants.
Mice were tested at 13 months in cohort 2 and at 4 months
in cohort 3. Odor detection threshold testing was performed
in the same apparatus used for the transfer learning. First,
mice were presented with a novel odor discrimination prob-
lem (sandalwood vs. mineral oil) using full strength odorant
applied directly to the rims of two pots filled with mixed
digging media. Sandalwood was the positive odor that pre-
dicted the food reward and mice were trained until reaching
criterion performance (6 consecutive correct trials). Once
achieving criterion performance, the mice were tested in a
series of discrimination problems during which the sandal-
wood odor was systematically diluted (1/10, 1/100, 1/1000,

1/10,000). Mice were given 16 trials at each dilution and the
percent error was used as the measure of performance at each
dilution.

2.4. Reversal learning

Previous work has shown that reversal learning is impaired
in the Tg2576 mouse model of AD (Zhuo et al., 2007). Thus,
in Experiment 3, mice were assessed for reversal learning
performance after transfer learning testing.

On a separate day, mice were presented with a novel
two-odor discrimination problem with mixed digging media.
After reaching criterion performance (6 consecutive correct
trials), the odor-reward contingencies were reversed (such
that the pot scented with the previously non-rewarded odor
now contained the reward), and errors to criterion were mea-
sured.

2.5. Water maze assessment

The spatial reference memory version of the Morris water
maze is a standard task used in rodents to assess hippocam-
pal/medial temporal lobe function. Although these brain
regions are known to be particularly vulnerable to dysfunc-
tion in aging and AD, the results from assessments of spatial
learning in mouse models of AD have been mixed, with
some studies reporting progressive deficits that correlate
with increasing hippocampal pathology (Gordon et al., 2001;
Heikkinen et al., 2004; Liu et al., 2002; Puolivili et al., 2002),
but others reporting subtle or no deficits on this task despite
known widespread neuropathology in critical brain regions
(Bizon et al., 2007; Dumont et al., 2004; Lassalle et al., 2008;
Reiserer et al., 2007). To directly compare the sensitivity of
the rodent assessment of transfer learning described here to
spatial learning ability, after all other testing, the APP +PS1
and NTg mice from both cohorts (at approximately 13 months
of age) were tested in hidden (hippocampal-dependent) and
visible cued (non-hippocampal-dependent) versions of the
Morris water maze task.
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2.5.1. Apparatus
The water maze consisted of a 4-ft diameter circular tank

filled with water (24-27 °C) made opaque by the addition
of non-toxic white tempera paint. The tank was surrounded
by black curtains, to which large (15 x 15in.) white geo-
metric cues (made with fabric) were affixed. The tank was
divided into four imaginary quadrants, each with a platform
position equidistant from the center to the wall. During cue
training, the tank was filled to 1 cm below a black visible plat-
form. Each mouse’s swim was tracked and analyzed using a
computer-based video tracking system (Water 2020, HVS
Image, UK). On each trial, mice were carefully placed into
the water facing the wall of the tank at one of four start
points (N, S, E, or W). Throughout the experiment, mice that
failed to reach the platform within 60s were guided to it by
hand. During the spatial reference memory assessment (hid-
den platform training), a retractable escape platform (12 cm
diameter, HVS Image, UK) was located in the southwest
quadrant of the maze and submerged 1.2 cm below the water’s
surface.

Initially, mice were trained in the non-hippocampal depen-
dent cued version of the task in order to assess visual acuity
and sensorimotor abilities, as described previously (Bizon et
al., 2007; Brody and Holtzman, 2006; Montgomery et al.,
2008; Puolivili et al., 2002).

During cue training, the platform position and start posi-
tions were varied on each trial such that the platform position
and extra-maze cues were made explicitly irrelevant to the
mouse’s escape. Training consisted of 2 days (6 trials per
day). On each trial mice were given 60s to find the visible
escape platform. After finding the platform or being guided
there by an experimenter, mice remained on the platform for
30 s before being removed from the tank. At the conclusion
of each trial, mice were returned to a heated holding cage
(about 30 °C) for a 10 min inter-trial interval.

Beginning the day immediately following completion of
cue training, mice received 6 consecutive days of training (4
trials per day) to find a hidden, stationary platform, to assess
hippocampal dependent spatial reference memory. The start
position (N, S, E or W) was pseudo-randomly varied across
trials such that mice needed to rely on the position of the
platform relative to the extra-maze cues to effectively escape
across trials. During each trial, mice were given 60 s to search
for the hidden platform, followed by a 30 s post-trial period
in which they were allowed to remain on the platform. After
each trial, mice were placed in the holding cage for a 10 min
inter-trial interval.

The fourth swims of days 2 and 6 of hidden platform train-
ing were probe trial, during which the platform was retracted
to the bottom of the tank for the first 30s of the 60 trial.
Rodents with a good memory for the platform location con-
centrate their search in that area even when the platform is
removed from the tank and performance on probe trials is par-
ticularly sensitive to detecting hippocampal impairment in a
variety of aging models (Bizon et al., 2007, 2009; Gallagher
et al., 1993; LaSarge et al., 2007).

2.5.2. Water maze analysis

The water maze data were analyzed using a computer-
based video tracking system, Water 2020, developed by HVS
Image (Hampton, UK). Primary performance measures ana-
lyzed were path length (the total distance from the start
position to the platform in centimeters) on hidden and visi-
ble training trials and percent time in the target quadrant on
probe trials. Separate two-factor repeated-measures ANOVA
(genotype x day) were used to evaluate differences across
visible platform training trials, hidden platform training trials
and probe trials. Finally, swim speed (cm/s) between groups
was also analyzed using a one-factor ANOVA (genotype) on
hidden and visible trials, respectively.

2.6. Statistical analyses

Statistics were performed as described above for each
task using StatView software (version 5.01). For all dis-
crimination learning, simple discrimination, and reversal
problems, both trials and errors to criterion were analyzed.
Because, in every case, data were identical by both measures,
for simplicity of presentation, only errors are reported and
shown. For the transfer phase and odor detection threshold
testing, in which a fixed number of trials were presented,
percent error was the performance measure analyzed.
One-factor ANOVAs were used unless stated otherwise. In
all cases p <0.05 was considered significant.

3. Results

3.1. Experiment I

The goal of Experiment 1 was to confirm that mice could
learn the transfer learning task, including learning a series
of concurrent discriminations (learning phase), and that mice
could perceive and respond to an unsignaled recombination
of stimuli in the transfer phase of the task. C57BL/B6 mice
(n=10) were trained on 3 concurrent discrimination prob-
lems as described above. Immediately after reaching criterion
performance, half of these mice (n=5) received 30 trials in
which the irrelevant feature within each discrimination prob-
lem not predictive of food was altered (“test group”) and
half of the mice (n=15) received 30 trials that were identical
to those learned initially (“control group”). Assignments to
control and test groups were made such that group means on
initial discrimination learning were equivalent (Fig. 2A, F
(1, 8) =00, ns). During the transfer phase, the test group per-
formed significantly worse than the control group (Fig. 2B, F
(1, 8)=8.73, p<0.05). These data demonstrate that, similar
to subjects in the human version of the task, mice are sensitive
to alterations of the irrelevant stimulus feature.

3.2. Experiment 2

The goal of Experiment 2 was to determine if aged
APP +PS1 mice showed impaired transfer learning perfor-
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Fig. 2. Bar graphs show performance of young C57BL/6J mice (n=10)
during learning of three concurrent discriminations with multiple stimulus
features (A; errors to criterion) and the immediate recall of those problems
both with (n=5; “test group”; black bar) and without (n =5; “control group”;
open bar) reconfiguration of the irrelevant stimuli (B; percent error). Panel A
shows that although the two groups of C57BL/6J mice performed identically
during the initial discrimination learning (mean errors to criterion + S.E.M.),
the “test group” (black bar) that received a change in the irrelevant stimulus
feature made significantly more errors than the “control group” that received
problems identical to those in the initial discriminations (percent error). See
text for statistical analysis.

mance relative to age-matched NTg controls, as would be
expected if the mouse task is sensitive to age-related patho-
logical changes associated with AD.

A one-factor ANOVA revealed no difference due to geno-
type on the initial discrimination learning phase of the task
(Fig.3A;F(1,17)=0.118, ns). However, the APP + PS1 mice
were significantly impaired relative to age-matched NTg
mice in their ability to perform the discrimination problems
when the irrelevant feature was changed during the transfer
phase of the task (Fig. 3B, main effect of genotype; F (1,
17)=12.16, p <0.005).
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Fig. 3. Bar graphs show performance of aged (12 months) APP + PS1 (black
bars) and age-matched NTg mice (open bars) on the transfer learning task.
Panel (A) shows errors to criterion (mean + S.E.M.) in the concurrent dis-
crimination learning phase of the task and panel (B) shows percent error
(mean + S.E.M.) in the transfer phase of the task. Note that while there is no
difference in performance between NTg and APP +PS1 mice in number of
errors on the initial discriminations, APP + PS1 were significantly impaired
relative to NTg mice on the transfer phase of the task. See text for statistical
analysis.

3.3. Experiment 3

A second cohort of APP + PS1 and NTg mice was assessed
longitudinally for transfer and reversal learning. At 3 months
of age, there were no differences due to genotype on the initial
discriminations (Fig. 4A; F (1, 15)=0.001, ns), nor on the
transfer test (Fig. 4B, F (1, 15)=0.001, ns).

The same young cohort of APP+PS1 and NTg mice
also demonstrated comparable learning in a simple odor
discrimination pair presented on a separate day (Fig. 4C;
F (1,15)=2.09, ns). However, in agreement with previ-
ously reported data in Tg2576 mice (Zhuo et al., 2007), the
APP + PS1 mice were impaired when odors predictive of the
reward were reversed (Fig. 4C, repeated-measures ANOVA;
F (1, 15)=6.34, p<0.05).
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Fig. 4. Bar graphs show concurrent discrimination learning (A), transfer learning (B) and reversal learning (C) performance of young APP + PS1 (black bars)
and age-matched NTg mice (open bars). No significant differences were observed in errors to criterion (mean £ S.E.M.) during initial discrimination learning
(A) or in percent error (mean + S.E.M.) during transfer learning (B). However, when subsequently tested on reversal learning, young APP +PS1 performed
comparably to NTg in acquiring the new simple odor discrimination problem but were impaired when the odor predictive of reward in this new problem was

reversed. See text for statistical analyses.
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Fig. 5. Bar graphs show performance of the same APP+PS1 (black bars) and NTg mice (open bars) mice shown in Fig. 4 retested for transfer and reversal
learning at 12 months. Panel (A) shows errors to criterion (mean & S.E.M.) in the concurrent discrimination learning and panel (B) shows percent error
(mean & S.E.M.) in the transfer phase of the task. No significant differences were observed in errors to criterion (mean £ S.E.M.) during initial discrimination
learning (A); however, a significant and robust deficit in transfer learning was observed in APP + PS1 mice at this age. In contrast, the reversal learning deficit
observed at young ages (Fig. 4C) was not observed when aged mice were retested using a novel problem at 12 months (C). See text for statistical analyses.

These mice were retested for transfer learning at 12
months of age and data are shown in Fig. 5. As in Exper-
iment 2, APP +PS1 mice learned the initial discriminations
on par with NTg mice (Fig. 5A; F (1, 15)=0.018, ns) but
the 12 months APP +PS1 mice were significantly impaired
on the transfer phase of the task (Fig. 5B; F (1, 15)=4.69,
p <0.05). Notably, however, the deficit in reversal learning
that was present at 3 months of age was absent upon retest-
ing at 12 months (Fig. 5C; F (1, 15)=0.36, ns), nor there was
a difference in learning of the novel odor pair (Fig. 5C; F (1,
15)=1.05, ns).

3.4. Odor detection threshold testing
In order to determine whether a decreased ability to

detect odors with age and/or transgene was a factor in
the transfer deficit observed in the APP+PS1 mice at 12
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months of age, odor detection abilities were assessed at dif-
ferent ages in mice from Experiment 2 (13 months) and
Experiment 3 (4 months) using identical procedures. In a
separate session following transfer learning testing, mice
were trained to criterion on one additional olfactory dis-
crimination problem. Both young and aged APP+PS1 and
NTg mice learned the simple discrimination problem com-
parably (Fig. 6A); a repeated-measures ANOVA revealed
no significant differences due to age (F (1,30)=0.71, ns)
or genotype (F (1,30)=0.20, ns); and, no interaction was
observed between age and genotype (F (1,30)=0.77, ns).
Moreover, Fig. 6B shows that the odor detection threshold
did not differ across groups, with all groups showing similar
declines in accuracy as concentrations of the odorant were
decreased (repeated-measures ANOVA; age: F (1,30)=0.38,
ns; genotype: F'(1,30) =0.22, ns; age X genotype interaction:
F (1,30)=0.057, ns).
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Fig. 6. Graphs show odor detection threshold testing in young and aged APP +PS1 (black bar) and NTg (open bar) mice. Errors to criterion (mean &= S.E.M.) to
learn a novel odor discrimination pair are shown in (A) and percent error (mean £ S.E.M.) of responses to decreasing dilutions of the odorant (B). As expected,
all groups’ ability to detect the odors decreased with diminishing concentrations of the odorants, nearing chance performance at a 1:10,000 dilution of that used
during training. No effects of age or genotype were observed in the ability to detect odorants. See text for statistical analysis.
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Fig. 7. Water maze performance in aged APP+PS1 (black) and NTg (open) mice. Panel (A) shows that both groups were able to find a visible platform
comparably, demonstrating a lack of sensorimotor or motivational differences between groups. Panel (B) shows that the path from the start position to the
stationary hidden platform decreased across the 6 training days for both groups, although there was no main effect of genotype nor any interaction of day with
genotype. Panel (C) shows performance on probe trials early (probe 1) and late (probe 2) in the spatial memory version of the task. All mice spent significantly
more time in the target quadrant (containing the platform) with increased training although in agreement with training trial data, no effect of genotype was

observed. See text for statistical analysis.

3.5. Experiment 4

Following all other testing procedures, the aged mice from
both Experiments 2 and 3 were trained in visible (cued)
and hidden platform versions of the water maze. Repeated-
measures ANOVAs were used for all analyses. As shown
in Fig. 7A, aged (12 months) APP+PS1 and NTg mice
showed comparable path length to reach the visible plat-
form across days (F (1, 18)=0.083, ns) and there was no
interaction between genotype and day (F (1, 18)=0.158, ns).
Fig. 7B shows path length across training days 1 through
6. Both groups improved performance across training (F (5,
90)=2.921, p<0.05) but there was no main effect of geno-
type (F (1, 18)=0.169, ns) and no interaction between day
and genotype (F (5, 90)=0.563, ns). Probe trial performance
is shown in Fig. 7C. Percent time in the target quadrant sig-
nificantly increased for both groups from the early probe trial
on day 2 and the last probe trial on day 6 (F (1, 18)=12.164,
p=0.003) but no main effect of genotype (F (1, 18)=0.547,
ns) nor interaction between genotype and probe trial (F (1,
18) =0.260, ns) was observed.

Finally, no main effect of genotype was found on swim
speed during the first trial of cue training (F (1, 18)=1.349,
ns) nor on the first hidden platform training trial (F (1,
18) =2.022, ns), two measures not confounded by learning.

4. Discussion

The goals of the current studies were to develop a mouse
analog of a computerized assessment of transfer learning
and to determine if transgenic mice that have pathology
associated with AD show deficits in this type of learning.
First, we validated the mouse version of the transfer learn-
ing assessment. Young adult C57B6 mice counterbalanced
for comparable discrimination learning abilities were sensi-

tive to the change in the irrelevant feature. This was evident
by significantly decreased accuracy of performance in a test
condition during which the irrelevant feature was altered
compared to recall when parameters were unchanged from
the initial learning problems. Such performance in the test
portion of the transfer learning task involves cognitive pro-
cesses (and likely neural substrates) beyond those required for
simple recall of discrimination information acquired during
the learning phase of this task. Also notable from this ini-
tial experiment is that although young adult mice performed
significantly worse when the irrelevant stimulus feature was
altered, these mice still demonstrated relatively proficient
transfer learning, providing evidence that this task should
be useful for the detection of a range of decrements — mild to
severe — associated with disease.

Indeed, in subsequent studies, aged (12 months)
APP +PS1 mice were selectively impaired in transfer learn-
ing in comparison to age-matched NTg mice. Even at the
most advanced ages tested here (12—13 months), APP +PS1
mice were able to learn three compound discriminations con-
currently that included combinations across perceptual sets
(i.e., on some problems odor signaled the correct choice
and on others digging media signaled the correct choice).
These data show that APP+PS1 mice are able to form
perceptual sets across at least two stimulus features. In con-
trast, when the irrelevant stimulus feature was altered, aged
APP + PS1 mice performed significantly worse than did NTg
age-matched controls. This deficit was observed both in the
initial cross-sectional study conducted on 12 months old mice
(Experiment 2) and in the longitudinal study in which trans-
fer learning in APP +PS1 mice was comparable to NTgs at
young ages (3 months) but deficits of a remarkably similar
magnitude as in Experiment 2 emerged in the APP + PS1 mice
compared to NTgs when these groups were retested at 12
months of age (Experiment 3). As anosmia has been reported
at advanced age and in AD, and odor was a key stimulus
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feature in this task, mice were assessed for odor detection
threshold. There were no age- or pathology-associated dif-
ferences in olfactory detection abilities (Fig. 6). These data
confirm that procedural aspects of the transfer task did not
account for the robust age-related deficits observed in the
APP +PS1 mice.

The APP+PS1 mouse strain was chosen for this
study because this model exhibits significant hippocampal
pathology; the presenilin mutation exacerbates the plaque
pathology in mice with the APPswe mutation (Burgess et al.,
2006; Hardy and Selkoe, 2002; Jankowsky et al., 2004). Sim-
ilarly, these initial experiments were confined to females as
A pathology is reportedly greater in female than male mice
in this and other AD mouse models. Indeed, epidemiological
studies have reported a higher incidence of AD in women
(Andersen et al., 1999; Jorm and Jolley, 1998; Schifer et
al., 2007; Xu, 2009), and female transgenic mice presenting
the APP mutation develop higher plaque numbers than male
mice (Bayer et al., 2003; Callahan et al., 2001; Lewis et al.,
2001; Sturchler-Pierrat and Staufenbiel, 2000). Future work
includes evaluating other transgenic models of AD, including
those that model distinct aspects of AD (e.g., tau pathology
and synaptic/neuronal loss), to determine the reliability and
robustness of the transfer deficit across mouse models of AD
and to define the specific genetic and neurobiological factors
responsible for this deficit.

Changes in ovarian hormones, including estrogen, have
been linked to cognitive changes in young and aged subjects
(Green et al., 2005; Golub et al., 2008). At all ages tested
here, female mice were likely cycling, but the possibility of
aninteraction between estrogen levels, pathology and transfer
learning should be acknowledged. However, as there is no evi-
dence to our knowledge to indicate that pathology alters entry
into di- or anestrous which reportedly occurs at 14 months of
age in this mouse strain (Callahan et al., 2001), it is not likely
that changes in ovarian hormones alone are sufficient in 12
month APP +PS1 mice to produce transfer learning deficits
observed here. Ultimately, it will be of significant interest to
determine the relationship between transfer learning profi-
ciency and levels of estrogen and other hormones that have
been implicated in age-related cognitive changes.

Studies from humans tested in the analogous transfer task
(see Fig. 1) strongly suggest that the age-dependent deficits
in APP + PS1 mice observed here are at least in part mediated
by progressive hippocampal pathology that is pervasive in the
12 months APP + PS1 mice (Burgess et al., 2006; Jankowsky
et al., 2004). Specifically, humans with hippocampal dam-
age are able to learn a series of compound discriminations
on par with intact control subjects but demonstrate impaired
transfer learning (Myers et al., 2008a,c). Moreover, in aged
individuals, deficits selective to transfer learning correlate
with hippocampal atrophy and are predictive of further cog-
nitive decline (Myers et al., 2002, 2008b). Previous animal
studies suggest that the hippocampus is important for learn-
ing of contextual information and binding of stimulus cues,
sometimes called structural learning or relational learning

(Aggleton et al., 2007; Chun and Phelps, 1999; Eichenbaum
et al., 2007; Haskins et al., 2008; Johnson et al., 2008;
Pascalis et al., 2009). Moreover, relational learning encom-
passes plasticity of learning and memory for relationships
among stimuli, allowing for reconfiguration of these in new
contexts (Aggleton et al., 2007). The nature of these stimuli
is variable across these studies making a direct and reliable
comparison between relational learning and transfer learning
difficult, but these data further implicate the hippocampus
as a critical structure mediating transfer learning. With the
establishment of this new task, lesions specifically target-
ing the hippocampus are underway to determine the role and
necessity of this structure in transfer learning.

Notably, we failed to observe deficits in the spatial refer-
ence version of the water maze in the aged APP +PS1 mice
conducted after transfer learning assessment. One interpre-
tation of these data would suggest that transfer learning is
not solely dependent on the hippocampus, as hippocampal
lesions dramatically impair water maze performance (Arns et
al., 1999; Kirwan et al., 2005; Morris et al., 1982). However,
it is notable that while deficits in water maze performance
have been reported in mice with A3 pathology (Gordon et al.,
2001; Heikkinen et al., 2004; Liu et al., 2002; Puolivili et al.,
2002), many studies fail to observe such impairment (Bizon et
al., 2007; Dumont et al., 2004; Lassalle et al., 2008; Reiserer
et al., 2007). One possibility then is that transfer learning
may assess a different aspect of potentially hippocampal-
dependent cognition that is sensitive to more modest changes
in pathology than is spatial reference memory.

Certainly, in addition, brain regions beyond hippocam-
pus (e.g., prefrontal cortex, striatum, basal forebrain) may
also be important for accurate transfer learning. With respect
to prefrontal cortex, however, it would be expected that
age/pathology associated changes in this region might largely
influence the initial learning phase of the task that requires
the ability to discriminate across perceptual sets, as lesions
of prefrontal cortex impair this type of learning (Birrell
and Brown, 2000). Notably, some deficits related to pre-
frontal cortical pathology were detected in young but not aged
APP +PS1 mice in the current study. Despite performing on
par with NTgs in transfer learning, young APP +PS1 mice
were impaired in their ability to reverse the relevant contin-
gency of a simple discrimination problem. Interestingly, this
reversal deficit in APP +PS1 mice was not observed when
retested at advanced age, when the transfer learning impair-
ment was pronounced. Our reversal data agree with those
from previous studies using aged rats (Schoenbaum et al.,
2006) and in studies from rodents with prefrontal cortical
lesions (Schoenbaum et al., 2002). In all cases, reversal learn-
ing deficits were present initially but were ameliorated with
additional testing or on retests later in the lifespan. Rever-
sal learning at least initially depends upon prefrontal cortical
function, one of the earliest regions to develop A3 plaques
(Sgaramellaetal.,2001; Waltz et al., 2004; Zhuo et al., 2007).
Early reversal deficits in APP + PS1 mice and those reported
here previously described in Tg2576 mice appear to be an
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early indicator of A3 pathology (Zhuo et al., 2007, 2008). In
agreement with Schoenbaum et al. (20006), in the APP +PS1
mouse model, there appears to be acompensatory mechanism
that allows such deficits to be erased later in the lifespan (com-
pare Figs. 4C and 5C). Alternatively, as shown in rodents with
orbitofrontal cortex lesions (Schoenbaum et al., 2002), while
acquiring the rule of reversal learning may be impaired in
the APP +PS1 mice, once acquired, the mice may simply be
able to perform well on subsequent problems. As only one
reversal test was performed at each age in the current study,
we are unable to distinguish between these two possibilities.

Itis somewhat curious that young APP + PS1 mice demon-
strated deficits on reversal learning but not on the concurrent
discrimination learning problems in the first phase of the
transfer task, which could be conceived as having com-
ponents of a set-shifting task known to depend on intact
prefrontal cortical regions (Birrell and Brown, 2000). There
are several possible explanations for these results. First, it
may be the case that the acquisition of the initial discrimi-
nation problems, while analogous to shifting of attentional
sets, does not necessarily require such abilities (i.e., the
task could be learned simply as a series of discrimination
problems). Second, reversal learning and the ability to shift
across perceptual sets depend on two distinct neuroanatomi-
cal regions of prefrontal cortex, orbital and medial prefrontal
cortex, respectively (Birrell and Brown, 2000; McAlonan
and Brown, 2003; Schoenbaum et al., 2002). Again, ongoing
lesion studies are directed at identifying the precise role of
the orbitofrontal and medial prefrontal cortex in the rodent
transfer learning task.

The current series of experiments show that we have
successfully established the parameters of a rodent task to
assess transfer learning, which, like the human analog of
the task, is sensitive to age-related pathology. This task
revealed robust deficits in cognitive function in animals that
did not show deficits on more standard assessments of basal
forebrain/medial temporal lobe function (i.e., the spatial ref-
erence memory version of the Morris water maze task). These
data and the highly similar parameters of the human and
rodent tasks provide a behavioral paradigm that should be
useful for translational research between rodents and humans,
resolving a high-priority need for current AD research. One
of the impediments to translational research has been an
inability to extend cross-sectional experimental designs tra-
ditionally used in rodent experimentation to the longitudinal
experimental designs typically used in human clinical tri-
als. Tasks such as the water maze are not easily adaptable
for re-assessment due to significant savings across test ses-
sions, even in animals with significant memory impairments
(LaSarge and Nicolle, 2009; Volz et al., 2001). In contrast, the
longitudinal study presented here demonstrates that the trans-
fer learning task can be used in a within subject, test-retest
manner in mice. Therefore, this new assessment should be an
excellent preclinical tool for evaluation of therapeutic inter-
ventions that could halt and even reverse cognitive deficits
associated with age and age-related disease.
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