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Abstract

Elevated β-amyloid and impaired synaptic function in hippocampus are among the earliest 

manifestations of Alzheimer’s disease (AD). Most cognitive assessments employed in both 

humans and animal models, however, are insensitive to this early disease pathology. One critical 

aspect of hippocampal function is its role in episodic memory, which involves the binding of 

temporally coincident sensory information (e.g., sights, smells, and sounds) to create a 

representation of a specific learning epoch. Flexible associations can be formed among these 

distinct sensory stimuli that enable the “transfer” of new learning across a wide variety of 

contexts. The current studies employed a mouse analog of an associative “transfer learning” task 

that has previously been used to identify risk for prodromal AD in humans. The rodent version of 

the task assesses the transfer of learning about stimulus features relevant to a food reward across a 

series of compound discrimination problems. The relevant feature that predicts the food reward is 

unchanged across problems, but an irrelevant feature (i.e., the context) is altered. Experiment 1 

demonstrated that C57BL6/J mice with bilateral ibotenic acid lesions of hippocampus were able to 

discriminate between two stimuli on par with control mice; however, lesioned mice were unable to 

transfer or apply this learning to new problem configurations. Experiment 2 used the APPswePS1 

mouse model of amyloidosis to show that robust impairments in transfer learning are evident in 
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mice with subtle β amyloid-induced synaptic deficits in the hippocampus. Finally, Experiment 3 

confirmed that the same transfer learning impairments observed in APPswePS1 mice were also 

evident in the Tg-SwDI mouse, a second model of amyloidosis. Together, these data show that the 

ability to generalize learned associations to new contexts is disrupted even in the presence of 

subtle hippocampal dysfunction and suggest that, across species, this aspect of hippocampal-

dependent learning may be useful for early identification of AD-like pathology.
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INTRODUCTION

Molecular and functional changes in the hippocampus are among the earliest to manifest in 

Alzheimer’s disease [AD (Dubois et al., 2007; Ferreira et al., 2011; Lowndes et al., 2008)]. 

Many of the cognitive assessments used to diagnose AD are thus designed to evaluate 

hippocampal function, with a particular focus on declarative memory (e.g., delayed 

paragraph recall (Gluck et al., 2006; Moodley et al., 2015; Silva et al., 2012)). Despite such 

tasks demonstrating high reliability for classifying individuals with moderate AD, these 

assessments are suboptimal in their early diagnostic utility (Maruff et al., 2004). Indeed, the 

vast majority of individuals who demonstrate impaired performance on declarative memory 

tasks already have pronounced, multifaceted forms of hippocampal pathology and 

neurodegeneration (Jack et al., 2011; Kluger et al., 1999). The ability to detect individuals in 

prodromal stages of AD would offer a unique therapeutic window for prolonging the 

duration of good cognitive functioning and slowing disease progression (Rabin et al., 2012).

During new memory formation, the hippocampus forms connections between sensory 

stimuli that are experienced together (Gluck and Myers, 1993; Gluck and Myers, 1995; 

Johnson et al., 2008). Such temporally precise encoding of information from multiple 

sensory modalities forms the basis of “episodic memory” (Eichenbaum and Cohen, 2014; 

McKenzie et al., 2014). In addition, the hippocampal region is critical for the development 

of appropriate representations of newly learned associations, such as in classical or operant 

conditioning, allowing the past learning to generalize to novel situations or contexts, an 

ability that is important for adaptive behavior (Myers and Gluck, 1996). Evidence that the 

hippocampus supports such generalization is found in animal studies in which rats and 

nonhuman primates with hippocampal damage “unitize” stimuli (or stimulus features) 

during learning, resulting in impairments when aspects of the learned stimuli are altered and 

presented in novel combinations or contexts (Barense et al., 2005; Eichenbaum et al., 1988; 

Eichenbaum et al., 1987; Etchamendy, 2003; Quamme et al., 2007; Rudy and Sutherland, 

1995).

Based on such animal studies, Myers, Gluck and colleagues developed a novel computer-

based associative learning task to assess hippocampal function in humans (Myers et al., 

2002). The task, which is described in detail in Myers et al. (2002), involves a series of two-

object visual discrimination problems in which subjects learn by trial-and-error to choose 
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the correct object within each pair. The objects have two stimulus features (shape and color). 

Within each pair, objects differ with respect to either their color or shape (the “relevant” 

feature), but not both. The other feature is common across both objects in a given pair and is 

thus irrelevant to the correct choice. After learning a series of these discrimination problems 

to criterion, a reconfigured series of problems is presented in which the irrelevant feature of 

each object pair is changed but the relevant feature remains the same and still predicts the 

correct choice. On these new problems, subjects must “transfer” their original learning about 

the correct object in each pair to the new context that contains the novel, but irrelevant 

feature. Aged subjects with mild hippocampal atrophy and increased risk for AD are able to 

learn the initial discrimination problems on par with control subjects. These individuals are 

significantly impaired, however, when required to “transfer” the previously-learned 

associations to the new, reconfigured problems, despite the fact that the stimulus feature 

predictive of the correct choice does not change (Myers et al., 2002). The relationship 

between transfer learning deficits and hippocampal atrophy suggests that the behavioral 

deficits are mediated by the hippocampus and that assays that probe this aspect of 

hippocampal function may be particularly sensitive to subtle changes in hippocampal 

integrity (Krishna et al., 2012; Myers et al., 2008a; Myers et al., 2002; Myers et al., 2008b).

In addition to potentially having advantages for early detection of disease pathology, 

“transfer learning” tasks may have a secondary advantage within AD research. Specifically, 

as these task designs are grounded in findings from animal studies, it should be possible to 

develop highly analogous, species-specific versions of transfer learning tasks that could 

facilitate translation between human subjects and animal models of aging and age-related 

disease. Indeed, prior work from our laboratory established a transfer learning task that is 

readily learned by mice (Montgomery et al., 2011). Using this task, 12 month old 

APPswePS1 transgenic mice with advanced amyloidosis (Jankowsky et al., 2004) showed 

behavioral deficits that mirrored those in aged humans with hippocampal atrophy. Notably, 

however, in this previous study, behavioral deficits were not explicitly linked to 

hippocampal integrity. In the current study, ibotenic acid lesions were used to determine 

whether transfer learning performance critically depends on the hippocampal formation. 

Experiments were then conducted to both characterize synaptic dysfunction in the 

APPswePS1 mouse model at earlier ages than typically studied (i.e., 6 months) and to assess 

whether such dysfunction is sufficient to produce reliable transfer learning deficits. Finally, 

experiments were designed to test whether the transfer learning deficits in APPswePS1 mice 

generalized to a second mouse model of amyloidosis (Tg-SwDI mice).

MATERIALS & METHODS

Experiment 1: Dependence of transfer generalization learning on hippocampus

Subjects—Female C57BL6/J mice (n=14, obtained from The Jackson Laboratory) were 

housed in the AAALAC-accredited vivarium in the Department of Psychology at Texas 

A&M University. Upon arrival, mice were given at least two weeks with ad libitum access 

to food and water to habituate to vivarium conditions prior to surgery. Mice were maintained 

on a 12-h light/dark cycle (lights on at 0800). All experiments took place during the light 

phase of the cycle and were conducted in accordance with approved institutional animal care 
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procedures and NIH guidelines. One week prior to behavioral testing, mice were food-

restricted to 85% of their free-feeding weight and handled for 3-5 minutes daily to habituate 

to the experimenter. During this time, mice were individually housed in order to maintain 

strict control over food consumption. Upon completion of behavioral testing, mice were 

returned to ad libitum food.

Hippocampal Lesion Procedures—Mice were anesthetized with isoflurane and placed 

in a stereotaxic apparatus (Kopf Instruments, Tujunga, California, USA) fitted with a gas 

anesthesia system. A midline incision was made and holes were drilled in the skull over the 

lesion sites. A 30-gauge needle attached to a 10 μl microsyringe (Hamilton, Reno, NV, 

USA) mounted on a timer-controlled infusion pump (Sage Instruments, Boston, MA, USA) 

was used for injections. Ibotenic acid (Sigma, St Louis, MO, USA) was dissolved in 

phosphate-buffered saline (PBS; final pH of 7.4) at a concentration of 10 μg/μl. A volume of 

0.05 μl was injected at each of four sites per hemisphere at the following coordinates (in 

mm, AP, ML, DV relative to bregma and the skull surface at the drill site): −1.7, ±1.3, −1.9; 

−2.1, ±2.8, −3.0; −2.4, ±2.9, −4.0; −2.8, ±3.1, −3.7 (Desmedt et al., 2003; Franklin and 

Paxinos, 2008). Sham-operated mice underwent the same procedure except that PBS alone 

was injected. The incision was closed with wound clips, and mice were monitored until 

recovery from anesthesia. Mice were given a two week recovery period prior to the start of 

behavioral testing.

Behavioral Testing

Apparatus: The testing apparatus and procedures for the transfer learning task are described 

in detail in Montgomery et al. (2011). Briefly, the apparatus consisted of an open-topped 

black Plexiglas box (30 cm width; 45 cm length; 20 cm deep) with two small terra cotta 

flower pots (4 cm diameter; 3 cm deep) secured to the floor with velcro at one end of the 

box. Twenty mg chocolate-flavored food pellets (AIN-76A, TestDiet) were used as the 

reward in the task.

Shaping Procedures: Testing began with a shaping procedure designed to train the mice to 

dig in the pots to obtain the food rewards. On each trial, mice were placed at the end of the 

box distal from the pots, and were required to approach the pots to retrieve the food rewards. 

Initially, a food reward was placed in each of the (empty) pots, and the trial ended when 

mice consumed the reward from each pot. After 12 trials of successively retrieving both 

pellets from the empty pots, the pots were filled with progressively greater volumes of a 

mixture of the various digging media (e.g., beads, yarn, wood shavings) used for the task (12 

trials each at 33%, 50% and 100% filled), such that the mice learned to dig through the 

media in order to obtain the food rewards.

On the day after successfully retrieving both pellets from completely filled pots, mice were 

given a single “shaping” discrimination problem (odor or media, counterbalanced across 

groups) in order to train them in the procedural aspects of the task. During discrimination 

problems, only one of the pots contained the food reward, and crushed food pellets were 

sprinkled over the surface of both pots to disguise the odor of the food (i.e., to make it more 

difficult to detect the location of the food on the basis of its odor). The left/right position of 
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the rewarded pot varied pseudo-randomly across trials. For the first four trials of each 

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 initially 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.

For discrimination problems, mice learned to discriminate between the pots with two 

stimulus features (either distinct odorants applied to the rims of the pots or distinct digging 

media filling the pots). One of the two pots was paired with a food reward, with either the 

odor or the digging media used as the “relevant” feature. For half the discrimination 

problems, odor was the relevant feature, and thus the pots differed in odor (with one odor 

always predictive of the food reward; e.g., rose+ versus citrus−) but contained the same 

digging media (e.g., beads) that was thus irrelevant to the correct choice. For the other half 

of the discrimination problems, the digging medium was the relevant feature that differed 

between pots and predicted the reward (e.g., yarn+ versus wood shavings−), and the pots 

were scented with the same odor (e.g., vanilla) that was irrelevant to the correct choice.

Transfer Learning Task Procedures: As with the human transfer learning task (Myers et 

al., 2002), testing in the mouse task was conducted in a single session. Initially, mice were 

trained on a series of three concurrent discrimination problems (the “learning phase” of the 

task). New discrimination problems were introduced progressively, intermixed with already-

learned pairs as criterion performance was reached on each problem set. Criterion 

performance was defined as 6 consecutive correct choices. The rewarded and unrewarded 

stimuli in each discrimination pair and the sequence of discrimination problems were 

randomized across mice, although each mouse received discrimination problems in which 

the relevant feature alternated between odor and digging media. The learning phase began 

with two distinct discrimination problems presented in pseudo-random order (Problem Set 

1). Once criterion performance was reached on these problems (6 consecutive correct 

choices, including 3 from each problem), a third problem was introduced and the three pairs 

of media/odor combinations were presented in a pseudorandom order (Problem Set 2) until 

mice again reached criterion performance (6 consecutive correct choices, including 2 from 

each problem). This design ensured that each discrimination pair was learned prior to the 

transfer phase. The number of trials required to reach criterion was used as the measure of 

performance.

After reaching criterion performance, mice were immediately assessed in the transfer phase 

of the task. During the transfer phase, mice were presented with 30 trials on which only the 

irrelevant stimulus feature in each discrimination problem was changed, and the 3 new 

combinations were intermixed (including 10 each of the three discriminations). This design 

allowed for assessment of the ability to transfer the predictive value of the previously-

learned relevant feature (e.g., a particular odor) to a new context (e.g., pots containing a 

novel digging medium). The percentage of incorrect choices (errors) was used as the 

measure of performance.
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Odor Detection Threshold Testing: Both hippocampal damage and amyloidosis have been 

associated with altered olfactory function (Kesner et al., 2011; Thompson et al., 1998; 

Velayudhan L et al., 2015; Weeden et al., 2014). As olfactory abilities are integral to 

performance on the transfer learning task, mice were assessed for their ability to detect 

decreasing dilutions of an odorant. Following completion of the transfer learning task, mice 

were trained to criterion on one additional odor discrimination problem (a full strength 

odorant which was always rewarded vs. virtually odorless mineral oil). Both pots were filled 

with mixed digging media. Once achieving criterion performance on this problem (6 

consecutive correct trials), mice were tested on the same discrimination problem in which 

the full strength odorant was systematically diluted (1/100, 1/1000, 1/10000, 1/100000 for 

mice in Experiment 1; 1/100, 1/1000, 1/10000 for mice in Experiment 2). Mice were given 

16 trials at each dilution and the percentage of incorrect trials was used as the measure of 

performance.

Histological Assessment of Hippocampal Lesions—Following completion of 

behavioral testing, mice were administered a lethal dose of pentobarbital and perfused 

intracardially with 0.9% saline followed by 4% paraformaldehyde. Brains were extracted 

and stored in 4% paraformaldehyde for 24 h, after which they were placed in a 30% 

sucrose/PBS solution for 24 hours. Brains were then frozen and sectioned (30 μm) coronally 

through the entire hippocampus on a calibrated freezing microtome. Sections were mounted 

on gelatin-coated glass slides, stained with thionin (0.25%), dehydrated in ascending 

concentrations of ethanol, delipidated in xylene, and coverslipped with Permount (Cahill et 

al., 2000). For lesion verification, sections were visualized on a Zeiss AxioImager. M2 

microscope. The perimeter of tissue damage was outlined with the assistance of Stereo 

Investigator software (MBF Biosciences, Williston, VT). Tracings were compared to plates 

from a mouse brain atlas corresponding to the rostro-caudal extent of hippocampus 

(Franklin and Paxinos, 2008). Percent loss of hippocampal volume was determined using the 

ruler tool in Aperio ImageScope software. In each section, a tracing of spared hippocampus 

was compared to a tracing of the entire area of the hippocampal region. All mice presented 

less than 5% sparing of the hippocampal region bilaterally, and hence none were excluded 

from subsequent analyses.

Statistical Analyses—The number of trials required for criterion performance at each 

phase of task acquisition and initial discrimination learning (shaping problem, Problem Set 

1, Problem Set 2) was compared between experimental groups using unpaired t-tests. For the 

transfer phase, on which a fixed number of trials (30) was presented, the percentage of those 

trials on which an incorrect choice was made (errors) was compared between groups using 

an unpaired t-test. For odor detection threshold testing, an unpaired t-test was used to 

compare trials to criterion on discrimination of the full strength odorant versus no odorant. A 

two-factor repeated-measures ANOVA (lesion condition × odor dilution) was then used to 

compare performance (percent error at each dilution) across the progressive dilutions of the 

full-strength odorant. Statistical comparisons were conducted in SPSS 22.0, and p values 

less than 0.05 were considered significant.
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Experiment 2: Synaptic dysfunction and transfer learning performance in the APPswePS1 
model of amyloidosis

Subjects—Breeder pairs were acquired from The Jackson Laboratory and bred in the 

University of Florida’s Department of Animal Care Services (ACS), an AAALAC approved 

barrier facility. A cohort was formed by hemizygous crossing between B6C3F1/J and B6C3-

Tg(APPswe,PSEN1dE9)85Dbo/J) mice. F1 offspring from hemizygous APPswePS1 

breeders were genotyped at 2 months of age, and female APPswePS1 and non-transgenic 

littermate control (NTg) mice were transferred to the AAALAC-accredited vivarium in the 

McKnight Brain Institute (University of Florida College of Medicine), where they were 

individually housed and allowed to habituate to vivarium conditions with ad libitum access 

to food and water for at least one month prior to the start of experiments. Mice used in the 

transfer learning task were food-restricted to 85% of their free-feeding weight for one week 

prior to behavioral testing and handled for 3-5 minutes daily to habituate to the 

experimenter. Upon completion of behavioral testing, these mice were returned to ad libitum 

food. As behavioral testing can alter synaptic function in mouse models of amyloidosis 

(Jankowsky et al., 2003; Lazarov et al., 2005; Mainardi et al., 2014; Montarolo et al., 2013; 

Stargardt et al., 2015), mice used for biochemical and electrophysiological experiments were 

not behaviorally tested.

Tissue Harvesting and Aβ Assessment—Behaviorally naïve NTg (6 mo., n=4) and 

APPswePS1 (3 mo., n=5 and 6 mo., n=7) mice were sacrificed for Aβ assessment. Mice were 

perfused with 0.1 M PBS, and brains were removed from the cranium and hemisected along 

the midline. The hippocampus was dissected from one hemisphere, frozen in liquid nitrogen, 

and stored at −80°C until Aβ analysis with Enzyme-Linked Immunosorbent Assay (ELISA). 

The remaining intact hemisphere was prepared for histological analysis of plaque deposition 

by Thioflavin-S staining. Hemi-brains were immersion-fixed (at 4°) for 48 h in 4% 

paraformaldehyde in 0.1 M phosphate buffer (PBS, pH 7.4), cryoprotected in 20% sucrose 

in 0.1 M PBS for 48 h, rapidly frozen on powdered dry ice, and stored at −80°C until 

processing.

Enzyme-linked immunosorbent assay (ELISA): Homogenates were prepared from the 

dissected hippocampi in order to quantify Aβ40 and 42 levels using ELISA. Tissue was first 

homogenized using a tissue homogenizer in radioimmunoprecipitation assay (RIPA) buffer 

(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 1% sodium deocycholate, 0.5% SDS) 

in the presence of protease inhibitor (10 μl/mL) and 0.5 M ethylenediaminetetraacetic acid 

(EDTA). Samples were sonicated and centrifuged at 13,000g for 20 minutes at 4°. Protein 

concentration was determined using the Pierce BCA Kit according to the manufacturer's 

protocol (Rockford, IL, USA), using an iMARK Microplate Absorbance Reader (BioRad) to 

detect protein concentrations at λ550 nm. One aliquot of the resultant supernatant was 

collected and stored at −80° for subsequent immunoblotting assays. To obtain the RIPA-

soluble fraction for ELISA analysis, supernatant was collected from a second aliquot 

following further vacuum-centrifugation at 100,000 g for one hour at 4°. Following 

centrifugation, the resultant supernatant (SDS-soluble fraction) was collected. The resultant 

pellet was then extracted in 70% formic acid (FA), centrifuged, and the supernatant 

collected (FA fraction).
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Sandwich capture ELISA was used with mAb9 capture and mAb40.1-HRP detection for 

Aβ40 and mAb42.2 capture and mAb9-HRP detection for Aβ42. These antibodies were 

developed in the laboratory of Dr. Todd Golde and have been extensively characterized in 

previous publications (Levites et al., 2006a; Levites et al., 2006b). Immunolon HBX4 plates 

were coated with 100 μL of 25 μg/mL antibody in PBS per well and stored at 4° overnight. 

Antibodies were then removed from plates and blocked with accessory reagent (1% Block 

ACE, 0.05% NaN3, 10X PBS, pH 7.4) at 4° overnight. RIPA homogenate aliquots were 

further diluted 1:5 for Aβ 1-42 and 1:10 for Aβ 1-40. After ACE blocking was removed, 

wells were washed with 300 μL of PBS, and 50 EC buffer (antigen capture buffer; 

NaH2PO4, NaN3, EDTA, NaCl, BSA, CHAPS lysis buffer, pH 7.0) was added to the plate, 

and 100 μL of sample was added to duplicate wells. The plate was then incubated overnight 

at 4°. Fluid was discarded from the plate, and wells were washed with 300 μL of PBS. 

Antibodies were added at 1:1000 concentration (diluted in detection buffer; NaH2PO4, 

Na3PO4, thimerosal, EDTA, NaCl, bovine serum albumin (BSA) at pH 7.0) and incubated 

overnight at 4°. Plates were washed with PBST and PBS, and TMB (developing solution; 1 

M Tris Base, 0.5 M Na2HPO4, peroxide) was added to each well. Stopping buffer (85% 

phosphoric acid) was added when optimal development was achieved (i.e., color was 

achieved in at least 3 standards). Detection was performed at λ 450nm and stored at 4°. All 

values were calculated as picomoles per gram (pm/g) based on the initial weight of brain 

tissue. Aβ40 and Aβ42 values were compared between groups using one-factor ANOVA.

Thioflavin-S staining procedures and plaque quantification: Aβ plaques were evaluated 

in the intact hemispheres of the brains used for ELISA analysis. Cryoprotected hemi-brains 

were sectioned at 30 μm in the coronal plane through the hippocampus using a calibrated 

freezing microtome. Sections through dorsal hippocampus (1 in 6 series) were collected into 

0.1 M tris-buffered saline (TBS), and then mounted onto gelatin-coated glass slides. For 

staining, slides were rehydrated in running water and sequentially incubated in KMnO4 

(0.25%), K2S2O5 /Oxalic Acid (1%), and Thioflavin-S (Sigma, 0.02%). Staining was 

differentiated using ethanol (80%). Slides were coverslipped with Prolong Gold, sealed, and 

stored in the dark at 4° until analysis. For analysis of plaque burden, n=6 sections/animal, 

matched for rostro-caudal plane, were captured using a Scanscope XT image scanner 

(Aperio Technologies, Vista, CA). Image J software was used to assist in quantification 

(Rasband, 1997-2014). For each section, both the area of the entire hippocampus and the 

area containing Thioflavin-S profiles were determined. These values were used to calculate 

an overall plaque burden per section (i.e., the total area of Thioflavin-S stained profiles/total 

hippocampal area X 100 = % of hippocampal area containing Thioflavin-S stained profiles). 

These estimates were averaged across sections to obtain an overall estimate of plaque 

burden for each animal (Chakrabarty et al., 2015). Comparisons of plaque burden between 3 

and 6 mo. APPswePS1 mice were conducted using an unpaired t-test.

Western blotting procedures—Hippocampal expression of the presynaptic marker 

synaptophysin (SYN), the postsynaptic protein scaffold postsynaptic density-95 (PSD-95), 

and glial fibrillary acid protein (GFAP) was evaluated by Western blotting using 

homogenates prepared from behaviorally naïve 6 mo. APPswePS1 (n=7) and NTg (n=5) 

mice. Proteins were denatured and reduced in Laemmli sample buffer with 5% β-
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mercaptoethanol (Fisher, Pittsburgh, PA, USA) and heated at 100° for 10 min. Twenty μg of 

protein per lane was electrophoretically separated on a Tris-glycine gel (4-15%) at 200 V for 

35 min, and then transferred to Millipore Immobilon-FL PVDF membranes. Blots were 

washed 3 times with TBS (pH 7.4) then blocked for 1 h in TBS containing 5% milk and 

0.01% Tween. The following antibodies were used: mouse monoclonal [SY38] to 

synaptophysin (ABCAM, 1:5,000 overnight incubation; (Chakrabarti et al., 2007; Konopka 

et al., 2010)), rabbit polyclonal to PSD-95 (ABCAM, 1:5,000; (Chakrabarti et al., 2007; 

Konopka et al., 2010)), chicken polyclonal antibody to GFAP (Encor, 1:2,000; (Bruijnzeel et 

al., 2011)), and a mouse monoclonal antibody to glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH; EnCor, 1:10,000; (Fortun et al., 2003; Rangaraju et al., 2009)). All primary 

antibodies were incubated overnight at 4° with rotation and were detected using appropriate 

LI-COR IRDye secondary antibodies conjugated to 800CW (1:10,000). Secondary 

incubations were performed at room temperature for 1 h with rotation. Infrared signal was 

detected with the Odyssey Imager system (LI-COR) and measured with Image Studio 

software (LI-COR) as described previously (Kumar et al., 2015). Synaptophysin, PSD-95, 

and GFAP values were normalized to GAPDH measured in the same lanes to control for 

loading variation, and were expressed as a percentage of mean expression from NTg mice 

included on the same gel. Normalized values for each protein were compared between 

groups using unpaired t-tests.

Hippocampal Slice Preparation and Electrophysiological recordings—To 

evaluate synaptic function, electrophysiological recordings were performed in acute slices 

prepared from behaviorally naïve 6 mo. APPswePS1 (n=3) and NTg, littermate control mice 

(NTg; n=3). The methods for hippocampal slice preparation have been published previously 

(Brim et al., 2013; Kumar et al., 2015; Sharrow et al., 2002). Briefly, mice were anesthetized 

with halothane (Halocarbon Laboratories, River Edge, NJ), rapidly decapitated, hippocampi 

were dissected, and slices (~400 μm) through hippocampus were cut parallel to the alvear 

fibers using a tissue chopper (Technical Products International, St. Louis, MO). Slices (n=11 

NTg, n=11 APPswePS1) were transferred to a standard interface-recording chamber that was 

continuously perfused (1 ml/min) with oxygenated artificial cerebrospinal fluid (aCSF) 

containing (in mM) 124 NaCl, 2 KCl, 1.25 KH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, and 

10 glucose. Slices were maintained at 30 ± 0.5°, with humidified air (95% O2-5% CO2).

The methods for extracellular recordings from CA3-CA1 hippocampal slices obtained from 

mice have been previously published (Brim et al., 2013; Foster et al., 2008; Fugger et al., 

2001; Kumar et al., 2015; Sharrow et al., 2002). Briefly, extracellular field excitatory 

postsynaptic potentials (fEPSP) were recorded with aCSF-filled glass micropipettes (4-6 

MΩ). A recording electrode was placed in the stratum radiatum of the CA1 subfield. Two 

concentric bipolar stimulating electrodes (outer pole: stainless steel, 200 μm diameter; inner 

pole: platinum/iridium, 25 μm diameter, FHC, Bowdoinham, ME) were positioned 

approximately 1 mm on either side of the recording electrode. A single diphasic stimulus 

pulse of 100 μsec was delivered at 0.033 Hz to the Schaffer collateral commissural pathway 

using a stimulator (SD 9 Stimulator, Grass Instrument Co, West Warwick, RI), in order to 

evoke field potentials. The signals were sampled at 20 kHz, amplified, and filtered between 

1 Hz and 1 kHz using Axoclamp-2A (Molecular Devices) and a differential AC amplifier 
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(A-M Systems). Field potential data were stored on a computer hard drive for off-line 

analysis. To measure the amplitude of the fEPSP, two cursors were placed to encompass the 

entire waveform. A SciWorks computer algorithm (Datawave Technologies) was used to 

compute the maximum amplitude (mV) at the peak of the waveform and to compute input-

output curves for fEPSP. To determine whether any genotype differences in fEPSP could be 

attributable to differences in the number of stimulated fibers, the fiber potential amplitude 

(mV) was recorded across increasing stimulus intensities (V). To assess the paired-pulse 

ratio, pulse pairs were delivered through a single stimulating electrode at various interpulse 

intervals (50, 100, 200, and 300 ms). The first pulse was set to elicit 50% of the maximal 

fEPSP, as determined by the input–output curve. Five paired responses were recorded for 

each interpulse interval (note that one NTg slice was no longer viable at the time of this 

experiment). Finally, a subset of the slices (n=8 NTg, n=9 APPswePS1; slices came from all 

mice used in the other electrophysiological analyses) was used for evaluation of long-term 

potentiation (LTP). Synaptic responses were collected for at least ten minutes prior to 

pattern stimulation to ensure a stable baseline before induction of LTP. A high frequency 

pattern stimulation was used to induce LTP, which consisted of four 1 s trains of 100 Hz, 

with each train 10 seconds apart. The percent change from baseline in the fEPSP slope was 

used to evaluate changes in transmission properties induced by pattern stimulation. These 

values were compared from 10-60 min following LTP induction (after responses to test 

pulses had stabilized).

Two factor repeated-measures ANOVAs (genotype × stimulus intensity for total fEPSP and 

fiber potential, genotype × inter-pulse interval for paired-pulse facilitation, and genotype × 

time for LTP) were used to compare the effects of genotype on measures of synaptic 

function. Slices were used as the units of analysis.

Behavioral Testing and Data Analysis—A total of 25 mice at 3 and 6 months of age 

were used for behavioral testing in the transfer learning task (APPswePS1: 3 mo. (n=6) and 6 

mo. (n=8); NTg: 3 mo. (n=5) and 6 mo. (n=6)). Testing in the transfer learning task was 

conducted as described above in Experiment 1. Performance on initial discrimination (trials 

to criterion) and transfer learning (percent error) was analyzed using two-factor ANOVA, 

with age and genotype as between-subjects factors. Odor detection threshold testing was 

analyzed using a three-factor repeated measures ANOVA (age × genotype × dilution), with 

dilution as the within-subjects factor.

Experiment 3: Transfer learning performance in the Dutch-Iowa model of amyloidosis

Subjects—Mice were generated by homozygous crossing of C57BL/6-Tg(Thy1-

APPswDutIowa) BWevn/J (Davis et al., 2004). F1 pups were genotyped at 2 months of age, 

and female Tg-SwDI mice (as well as C57BL/6 mice used as NTg controls) were transferred 

to the AAALAC-accredited vivarium in the McKnight Brain Institute (University of Florida 

College of Medicine) where they were individually housed and allowed to habituate to 

vivarium conditions with ad libitum access to food and water for at least one month prior to 

the onset of behavioral experiments. Mice used in the transfer learning task were food-

restricted to 85% of their free-feeding weight for one week prior to behavioral testing and 
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handled for 3-5 minutes daily to habituate to the experimenter. Upon completion of 

behavioral testing, mice were returned to ad libitum food.

Tissue Harvesting and Aβ Assessment—Using procedures identical to those 

described in Experiment 2, the hippocampi were harvested from a cohort of behaviorally 

naïve Tg-SwDI (n=6, 6 mo.) and C57BL/6 (n=3, 6 mo.) mice to assess Aβ40 and Aβ42 

expression.

Behavioral Testing and Data Analysis—A total of 12 mice (6 mo.) were used for 

behavioral testing in the transfer learning task (n=6 Tg-SwDI and n=6 C57BL/6). Testing in 

the transfer learning task was conducted as described above in Experiments 1 and 2. 

Performance on initial discriminations (trials to criterion) and transfer learning (percent 

error) was analyzed using unpaired t-tests.

RESULTS

Experiment 1. Dependence of transfer generalization learning on hippocampus

Hippocampal Lesion Verification—Histological evaluation of sections from lesioned 

mice revealed loss of the pyramidal cell layers (CA1-CA3) throughout the entire rostro-

caudal extent of the hippocampus. There was no evidence of damage to surrounding 

entorhinal cortex, and dorsal subiculum was largely intact, but some damage to ventral 

subiculum was observed in all mice (mean % damage = 45%, with a range of 20-70%). 

There was no evidence of damage in sham-lesioned mice. Figure 1A shows 

photomicrographs of representative sections from a sham and lesioned mouse, and Figure 

1B shows a schematic reconstruction of the minimum and maximum extent of damage 

across the entire group. The hippocampal lesions were complete or nearly so in 7 of the 8 

mice (90-100% damage), and hence these mice were included in subsequent analyses. One 

mouse had essentially no lesion-induced damage, and was excluded from further analyses.

Performance on the Transfer Learning Task—Sham- and hippocampal-lesioned 

mice did not differ in the number of trials required to reach criterion performance on the 

shaping discrimination problem prior to beginning the transfer learning task (Fig 1C, t(13) = 

1.15, p = 0.27). On the transfer learning task itself, the two groups also did not differ in their 

performance on the learning phase of the task (Fig 1D, Problem Set 1: t(13) = 1.48, p = 0.16; 

Fig 1E, Problem Set 2: t(13) = 0.56, p = 0.59). In contrast, the hippocampal-lesioned group 

made significantly more errors than the sham group on the transfer phase (Fig 1F, t(13) = 

2.30, p = 0.04), indicating an impaired ability to transfer the previously-learned associations 

to the new problem sets in which the stimulus features irrelevant to the correct choices were 

replaced with novel stimuli. Because the extent of damage to the ventral subiculum varied 

across subjects (see previous section), transfer learning performance was evaluated in 

relation to this damage. There were no correlations between the extent of damage to the 

ventral subiculum and any measure of performance on the transfer learning task (rs < 0.28, 

ps > 0.54).

Odor Detection Threshold—Odor detection threshold was assessed to determine 

whether the hippocampal lesions interfered with the ability of the mice to detect and respond 
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to the odorants. The two groups required similar numbers of trials to reach criterion on the 

initial discrimination between a full-strength odorant and mineral oil (t(13) = 0.64, p = 0.54; 

Fig 2A). As expected, a two-factor repeated measures ANOVA revealed that the number of 

errors increased when the concentration of the full-strength odorant was diluted (F(3,39) = 

5.28, p = 0.004). Importantly, however, there was neither a main effect of lesion condition 

(F(1,13) = 0.60, p = 0.45) nor an interaction between lesion condition and odorant dilution 

(F(3,39) = 0.67, p = 0.58), indicating that the lesions did not interfere with the ability of the 

mice to detect and respond to odorants in the context of the discrimination task (Fig 2B).

Experiment 2: Synaptic dysfunction and transfer learning performance in the APPswePS1 
model of amyloidosis

β-amyloid peptide accumulation—In agreement with previous studies, APPswePS1 

mice showed age-dependent accumulation of Aβ40 and Aβ42 (Fig 3A). A one-factor 

ANOVA comparing Aβ levels in dissected hippocampi from NTg and APPswePS1 mice 

revealed significant group effects for both peptides (Aβ40: F(2,13)=8.91, p = 0.004; Aβ42: 

F(2,13) = 5.84, p = 0.02). Tukey HSD post-hoc tests revealed that levels of both Aβ40 and 

Aβ42 were higher in 6 mo. APPswePS1 mice compared to both 3 mo. APPswePS1 mice and 

NTg control mice (ps < 0.05 for both comparisons). Consistent with these findings, analysis 

of plaque area revealed a significant increase in thioflavin-positive profiles in 6 mo. 

compared to 3 mo. APPswePS1 mice (Fig 3B, t(9) = 2.48, p = 0.04).

Measures of synaptic dysfunction—To provide an initial measure of synaptic integrity 

in 6 mo. APPswePS1 mice, expression of synaptophysin and PSD-95 was evaluated in 

homogenates prepared from dissected hippocampus using Western blotting (Fig 3C). Glial 

fibrillary acidic protein (GFAP) expression was evaluated in the same tissue, as an increase 

in astroglial markers has been observed in both pathological and normal aging (Barrientos et 

al., 2015; Ritzel et al., 2015a; Ritzel et al., 2015b; Simpson et al., 2010). Unpaired t-tests 

revealed that synaptophysin expression was significantly decreased in 6 mo. APPswePS1 

compared to NTg mice (Fig 3D, t(9) = 2.96, p = 0.02). In contrast, neither PSD-95 (Fig 3E, 

t(9) = 0.26, p = 0.81) nor GFAP (Fig 3F, t(9) = 0.88, p = 0.40) differed by genotype.

To further evaluate synaptic integrity, field potential recordings were performed at CA3-

CA1 hippocampal synapses in 6 mo. APPswePS1 and age-matched non transgenic mice 

(n=11 slices from n=3 mice of each genotype). Input-output curves for total fEPSP were 

compared using a two-factor repeated measures ANOVA (genotype × stimulus intensity). 

This analysis indicated significant main effects of stimulus intensity (F(11,220) = 84.97, p = 

0.001), genotype (F(1,20) = 5.82, p = 0.03) and an interaction between stimulus intensity and 

genotype (F(11,220) = 2.25, p = 0.01). As shown in Fig 3G, while increasing voltage resulted 

in increased fEPSP amplitude across both APPswePS1 and NTg mice, this effect was 

attenuated in APPswePS1 mice, particularly at the highest stimulus intensities. These 

findings indicate that baseline synaptic transmission is reduced in 6 mo. APPswePS1 mice. 

In contrast, a similar analysis of fiber potential amplitude (Fig 3H) revealed a main effect of 

stimulus intensity (F(11,220) = 19.30, p = 0.01) but neither a main effect of genotype (F(1,20) 

= 0.52, p = 0.48) nor a genotype × stimulus intensity interaction (F(11,220) = 0.29, p = 0.99). 

This analysis indicates that there are no differences in the numbers of axons stimulated in 
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APPswePS1 and NTg mice, showing that the reduction in synaptic transmission is not likely 

due to loss of afferent fibers. Paired-pulse facilitation, a form of presynaptic short-term 

plasticity, was also evaluated (Fig 3I). The analysis indicated a main effect of inter-pulse 

interval (F(5,95) = 165.23, p = 0.001) but neither a main effect of genotype (F(1,19) = 2.98, p 

= 0.10) nor a genotype × inter-pulse interval interaction (F(5,95) = 1.45, p = 0.21). Finally, in 

order to investigate genotype effects on long-term synaptic plasticity, we recorded LTP at 

CA3-CA1 synapses in slices obtained from APPswePS1 and NTg mice. Analysis of LTP 

data (Fig 3J) revealed no main effect of genotype (F(1,15) = 1.69, p = 0.21) but a main effect 

of time-point (F(98,1470) = 4.62, p = 0.001) as well as a genotype × time-point interaction 

(F(98,1470) = 1.41, p = 0.007), indicating that LTP decayed more rapidly in slices from 

APPswePS1 compared to NTg mice.

Assessment of hippocampal-dependent transfer learning—Transfer learning 

performance was assessed in 3 and 6 mo. APPswePS1 and age-matched NTg control mice 

using a between-subjects design, to determine the sensitivity of this aspect of hippocampal 

function to Aβ pathology and synaptic dysfunction. A two-factor ANOVA (age × genotype) 

revealed no differences between APPswePS1 and NTg mice on the shaping discrimination 

problem (Fig 4A, main effect of age: F(1,21 )= 0.09, p = 0.76; main effect of genotype: F(1,21) 

= 0.00, p = 0.99; age × genotype interaction: F(1,21) = 0.01, p = 0.93). Similarly, there were 

no differences during initial learning of the compound discrimination problems (Fig 4B, 

Problem Set 1: main effect of age: F(1,21) = 0.00, p = 0.97; main effect of genotype: F(1,21) = 

0.01, p = 0.92; age × genotype interaction: F(1,21) = 0.49, p = 0.49; Fig 4C, Problem Set 2: 

main effect of age: F(1,21) = 0.20, p = 0.53; main effect of genotype: F(1,21) = 0.00, p = 0.96; 

age × genotype interaction: F(1,21) = 0.18, p = 0.68). In contrast, APPswePS1 mice showed 

significant impairments in transfer learning at 6 mo. compared to age-matched NTg controls 

(Fig 4D). A two-factor ANOVA (age × genotype) revealed no effect of genotype (F(1,21) = 

1.33, p = 0.26) but a significant main effect of age (F(1,21) = 21.05, p = 0.001) as well as a 

significant interaction between age and genotype (F(1,21) = 5.21, p = 0.03). Post-hoc 

comparisons between groups further revealed that 6 mo. APPswePS1 mice made 

significantly more errors than both 6 mo. NTg control and 3 mo. APPswePS1 mice (ps < 

0.05).

Odor Detection Thresholds—Odor detection threshold was assessed to determine 

whether APPswePS1 genotype altered the ability to detect and respond to the odorants. A 

two-factor repeated measures ANOVA (age × genotype) revealed no differences between 

groups on the number of trials to reach criterion on the initial discrimination between a full-

strength odorant and mineral oil (Fig 5A; main effect of age: F(1,17 )= 4.30, p = 0.05; main 

effect of genotype: F(1,17) = 0.65, p = 0.43; age × genotype interaction: F(1,17) = 0.77, p = 

0.39). When the full-strength odorant was diluted at 1:100, 1:1000, and 1:10000, a three-

factor repeated measures ANOVA (age × genotype × dilution) revealed a main effect of 

dilution (F(2,34) = 16.33, p = 0.001) such that errors increased with lower odorant 

concentrations, a main effect of age (F(1,17) = 7.86, p = 0.01) such that, across genotypes, 6 

mo. mice performed worse than 3 mo. mice, but no main effect of genotype (F(1,17) = 1.65, p 

= 0.22; Fig 5B). In addition, there were no interactions between age × dilution (F(1,17) = 

0.62, p = 0.55), genotype × dilution (F(2,34) = 2.04, p = 0.15) or age × genotype × dilution 
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(F(2,34) = 0.22, p = 0.80). There was a significant interaction between age × genotype (F(1,17) 

= 6.83, p = 0.02); however, this interaction was driven by the fact that 6 mo. NTg control 

mice made more errors than APPswePS1 mice, suggesting that impairments in olfactory 

function in APPswePS1 mice did not account for the transfer learning deficit evident at this 

age.

Experiment 3: Transfer learning performance in the Dutch-Iowa model of amyloidosis

Assessment of Aβ expression in the hippocampus of Tg-SwDI and non-
transgenic control mice—In agreement with previous studies (Davis et al., 2004; 

Wilcock, 2004), 6 mo. Tg-SwDI mice showed significantly higher levels of Aβ40 and Aβ42 

in the hippocampus compared to age-matched non-transgenic controls (Fig 6). Unpaired t-

tests revealed that levels of both Aβ40 (t (7) = 6.33, p = 0.001) and Aβ42 (t (7) = 6.75, p = 

0.001) were significantly higher in Tg-SwDI than in non-transgenic control mice..

Assessment of hippocampal-dependent transfer learning—Transfer learning 

performance was assessed in 6 mo. Tg-SwDI and age-matched NTg control (C57BL/6) 

mice, to determine whether the deficits observed in APPswePS1 mice in Experiment 2 were 

evident in a different mouse model of amyloidosis. Tg-SwDI and NTg control mice did not 

differ in the number of trials required to reach criterion performance on the shaping 

discrimination problem prior to beginning the transfer learning task (Fig 7A, t(10) = 1.66, p = 

0.13). On the transfer learning task itself, the two groups also did not differ in their 

performance on the learning phase of the task (Fig 7B, Problem Set 1: t(10) = 0.95, p = 0.36; 

Fig 7C, Problem Set 2: t(10) = 1.44, p = 0.18). In contrast, Tg-SwDI mice made significantly 

more errors than NTg controls on the transfer phase (Fig 7D, t(10) = 3.89, p = 0.003), 

indicating an impaired ability to transfer the previously-learned stimulus-reward associations 

to the new problem sets.

As an additional analysis, performance on the transfer learning task was compared directly 

between the mice from Experiment 3 and the 6 mo. mice from Experiment 2. Performance 

of transgenic mice on the transfer phase was expressed as a percentage of their respective 

controls. This analysis revealed that the magnitude of impairment on the transfer phase in 

Tg-SwDI mice (276.6% of C57BL/6 controls) was significantly greater than that in 

APPswePS1 mice (145.2% of NTg controls) (t(12) = 3.52, p = 0.004). Although this 

difference should be interpreted with caution given that C57BL/6 controls performed better 

than NTg controls at 6 months of age (compare Figures 4D and 7D), it is consistent with the 

higher levels of Aβ expression in Tg-SwDI compared to APPswePS1 mice.

DISCUSSION

The mouse transfer learning task described herein was designed as a rodent analogue of a 

human task that is both sensitive to hippocampal damage and predictive of cognitive decline 

in aged individuals (Montgomery et al., 2011; Myers et al., 2002; Myers et al., 2008b). The 

goals of the current experiment were to determine if the mouse transfer learning task is 

dependent upon an intact hippocampus, and secondly, whether this task is sensitive to early 

synaptic changes in mouse models of amyloidosis. Although mice with hippocampal lesions 

were unimpaired in their ability to learn initial discriminations between olfactory or digging 
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media stimuli, the lesioned mice showed robust impairments in transferring this learning to 

novel stimulus configurations. Subsequent experiments characterized synaptic dysfunction 

in the hippocampus at relatively young ages (6 mo.) in the APPswePS1 mouse model of 

amyloidosis, and revealed concomitant impairments in transfer learning. Similar deficits 

were evident in a second mouse model of amyloidosis (Tg-SwDI), supporting the utility of 

assaying this aspect of hippocampal function as a sensitive detector of Aβ-mediated 

cognitive dysfunction. These findings significantly extend previous work demonstrating 

transfer learning deficits in older APPswePS1 mice (Montgomery et al., 2011) and forge 

stronger links with studies of transfer learning in humans (Myers C, 2003; Myers et al., 

2002; Myers et al., 2008b). Together, these findings suggest that, across species, the ability 

to transfer learned information across contexts may be impaired by even subtle hippocampal 

pathology.

Hippocampus and transfer learning

The hippocampus is critical for the ability to apply learned information from a familiar 

context to a novel context or situation. Evidence that the hippocampus is involved in transfer 

learning finds empirical support in studies showing that individuals with hippocampal 

damage “unitize” stimuli during learning, resulting in impairments when aspects of the 

learned stimuli are altered (Barense et al., 2005; Quamme et al., 2007). Unitization refers to 

inflexible learning of compound stimuli as if they were one. For example, if “A” and “B” 

are different stimuli but are presented in combination such that “AB➔reward”, unitization 

of these stimuli would result in learning that only the AB compound (as opposed to A and B 

individually) predicts reward. Eichenbaum and colleagues have shown that rats with lesions 

of the hippocampal formation display intact learning of AB➔reward associations, but 

display no evidence of this learning when interrogated about the nature of the A➔reward or 

B➔reward associations (Eichenbaum et al., 1988; Eichenbaum and Mathews, 1989). These 

findings indicate that learned information about the AB compound is “unitized”, such that 

the individual stimuli within the compound are not represented independently, and thus 

cannot be transferred to novel situations in which A or B are presented alone. It is likely that 

the impairment on the transfer learning task in hippocampal lesioned mice in Experiment 1 

represents a similar “unitization” phenomenon. Lesioned mice showed intact acquisition of 

the initial discrimination problems (Problem Sets 1 and 2), which consisted of compound 

stimuli composed of odors and digging media, but in which only one of these stimulus 

dimensions was relevant to detecting the food reward. In contrast, lesioned mice were 

impaired when required to use the information learned about the stimuli predictive of reward 

in a novel context (i.e., against the background of a novel odor or digging medium), despite 

the fact that the stimuli relevant for reward detection remained unchanged.

The hippocampal lesions in Experiment 1 were large, and encompassed the majority 

(90-100%) of the CA3, CA1, and dentate subregions. Consistent with the scope of the 

lesions, the magnitude of the transfer learning deficit was also large; however, unlike some 

tasks sensitive to hippocampus and medial temporal lobe damage [e.g., some forms of 

spatial and contextual learning (Kim and Fanselow, 1992; Morris et al., 1982)], the lesions 

did not abolish performance during the transfer phase of the task. Although it is conceivable 

that this reflects compensation by extra-hippocampal brain regions, it is more likely that the 
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ability of lesioned mice to perform the discriminations during the transfer phase at greater 

than chance accuracy reflects the fact that the transfer discriminations could still be acquired 

as if they were novel problems (i.e., without reference to the previous learning during 

Problem Sets 1 and 2).

Damage to the hippocampus and medial temporal lobe are reported to impair some forms of 

learning on olfactory-based tasks. For example, lesions of the CA2 subregion of the 

hippocampus impair social recognition memory in mice (Stevenson and Caldwell, 2014) and 

lesions of the dentate gyrus in rats attenuate performance at longer delays on an olfactory 

delayed match-to-sample task (Weeden et al., 2014). Importantly, however, in these studies 

and others that have assessed lesions of the entire hippocampus (Bunsey and Eichenbaum, 

1995; Kaut and Bunsey, 2001), odor detection and discrimination remained intact, 

suggesting that hippocampal damage does not impair olfactory abilities per se. The transfer 

learning task used here requires detection and responses to olfactory cues, and hence mice 

were tested for olfactory acuity using decreasing concentrations of odorants. Lesioned mice 

showed odor detection thresholds comparable to controls, suggesting that lesion-induced 

olfactory deficits do not account for the impairment in transfer learning. Further, the absence 

of differences between odor detection threshold in lesioned and control mice is consistent 

with the intact performance of lesioned mice on the initial learning phase of the task 

(Problem Sets 1 and 2, in which half of the problems required olfactory discrimination 

learning). Considered together, these data support the hypothesis that hippocampal damage 

selectively impaired the ability to transfer previously-learned information to a novel context.

Transfer learning in APPswePS1 mice

APPswePS1 double-transgenic mice develop predictable and progressive age-related amyloid 

pathology, without concomitant neuronal loss. These mice express a chimeric mouse/human 

amyloid precursor protein (APP; Mo/HuAPP695swe) and the mutant human presenilin 1 

(PS1-dE9), both of which are implicated in early-onset autosomal dominant forms of AD 

(Gordon et al., 2001; Jankowsky et al., 2004; Kamenetz, 2003). Previous findings 

demonstrate that learning and memory function, including transfer learning, is intact in 3 

month old APPswePS1 mice, likely due to the fact that this age precedes marked elevations 

in β-amyloid levels, deposition of neuritic plaques, and consequent structural and signaling 

dysfunction in hippocampus (Gordon et al., 2001; Montgomery et al., 2011; Perez-Cruz et 

al., 2011). Indeed, at 12 months of age, by which time extensive hippocampal Aβ pathology 

and synaptic dysfunction is evident (Bell et al., 2006; Garcia-Alloza et al., 2006; Jankowsky 

et al., 2004), APPswePS1 mice demonstrate robust transfer learning deficits (Montgomery et 

al., 2011). Notably, the transfer learning deficits reported in our prior study were not 

associated with spatial learning deficits, suggesting that transfer learning represents a 

particularly sensitive measure of β-amyloid-induced hippocampal dysfunction. The present 

results support this interpretation by demonstrating that APPswePS1 mice exhibit poor 

transfer learning performance much earlier than previously described, with robust 

impairments evident as early as 6 months of age. Indeed, a growing literature suggests that 

Aβ-induced disruption of synaptic function contributes to cognitive deficits that can emerge 

in prodromal AD, well before the widespread neurodegeneration that is associated with later 

stages of the disease (Gruart et al., 2008; Jack et al., 2011; Jack et al., 2012; Masliah et al., 
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1994). Although the extent of such synaptic dysfunction in mouse models of amyloidosis 

has been debated, the bulk of the evidence suggests that Aβ overproduction degrades 

synaptic integrity, particularly in the hippocampus (Buxbaum et al., 1998; Masliah et al., 

1994; Sze et al., 2000; Wong, 1999). Findings from the present study are consistent with the 

view that synaptic function in hippocampus is compromised in 6 month old APPswePS1 

mice. Immunoblotting revealed a modest but significant reduction in synaptophysin 

expression, and electrophysiological studies further demonstrated a decrement in excitatory 

transmission and plasticity at CA3-CA1 synapses. Specifically, these latter studies revealed 

a significant reduction in fEPSP amplitude in the hippocampus of 6 month old APPswePS1 

relative to age-matched NTg mice. Moreover, the APPswePS1 mice show an accelerated 

decay of long-term potentiation, a model of the cellular substrates of memory storage. These 

findings provide strong evidence for the presence of synaptic impairments in the 

hippocampus of APPswePS1 mice by 6 months of age. As described in the current study, 

both Aβ40 and Aβ42 levels are significantly elevated by this age in APPswePS1 mice; 

however Aβ deposition in the hippocampus is not widespread (Burgess et al., 2006; 

Holcomb, 1998; Jankowsky et al., 2004; Wengenack et al., 2000). These data agree with a 

growing literature that suggests that soluble β amyloid can detrimentally impact neuronal 

communication and synaptic integrity, even in the absence of extensive plaque deposition 

(Jack et al., 2011; Jack et al., 2012; Oddo et al., 2003).

Consistent with the evidence for hippocampal synaptic dysfunction, 6 month old APPswePS1 

mice were impaired on the transfer learning task relative to age-related NTg mice and 3 

month old APPswePS1 mice. As in Experiment 1, these deficits were limited to the transfer 

phase of the task, suggestive of a specific impairment in the ability to transfer previously-

learned information to a novel context rather than in procedural aspects of the task. The 

magnitude of this impairment was comparable to that observed following hippocampal 

lesions in Experiment 1, demonstrating that pronounced behavioral impairments in transfer 

learning do not require widespread hippocampal damage and are, instead, detectable even in 

the presence of modest hippocampal dysfunction. These data from mice agree with previous 

findings from Myers et al. (2002) in which aged but non-demented human subjects with 

mild hippocampal atrophy exhibited robust transfer learning deficits. Together, these studies 

suggest that the ability to transfer learned information across contexts may represent an 

aspect of hippocampal-mediated cognition that is particularly sensitive to amyloid pathology 

and synaptic dysfunction associated with aging and early stages of AD. It is important to 

note, however, that APPswePS1 mice present Aβ and plaque pathology in extrahippocampal 

brain regions as well, and thus that the present findings do not exclude potential 

contributions of dysfunction in other brain regions to the transfer learning deficits in these 

mice.

The transfer learning deficits reported at 6 months of age in the current study are among the 

earliest cognitive deficits described in APPswePS1 mice. Although there is one report of 

impaired radial arm water maze performance in 4 month old APPswePS1 mice (Park et al., 

2006), reliable deficits in most hippocampus-dependent learning tasks (including contextual 

fear conditioning, Morris water maze, and Barnes maze) are typically not evident until well 

after 6 months of age (Cramer et al., 2012; Lalonde, 2004; Reiserer et al., 2007; Volianskis 

et al., 2010), with deficits across tasks becoming more reliable at quite advanced ages (i.e., 
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>15 mo., (Webster et al., 2014)). The contrast between the robustness of the hippocampal-

dependent transfer learning deficits by 6 months of age and the more subtle deficits 

observed in other hippocampal-mediated tasks at this age highlights the potential utility of 

transfer learning as a sensitive index of amyloid-induced hippocampal dysfunction. Within 

that context, it is notable that research in human subjects showed that transfer learning 

performance in non-demented elderly subjects predicted two year cognitive outcomes 

(normal, mild cognitive impairment, or probable AD) with a high degree of accuracy (Myers 

et al., 2008b).

Transfer learning deficits in Tg-SwDI mice

Current guidelines for conducting preclinical research in AD recommend the inclusion of 

multiple mouse models in order to ensure that results have broad applicability to a particular 

disease mechanism, rather than representing a unique phenotype of one particular model 

(Shineman et al., 2011). Accordingly, transfer learning was assessed in a second transgenic 

mouse model of amyloidosis. The Tg-SwDI mouse model is made with a construct 

containing the human amyloid beta-precursor protein, APP gene, with the Swedish K670N/

M671L, Dutch E693Q, and Iowa D694N mutations (triple mutation) (Davis et al., 2004). 

Although this model has been characterized less extensively in comparison to the 

APPswePS1 model, Tg-SwDI mice exhibit more aggressive amyloid pathology (Davis et al., 

2004; Kruyer et al., 2015; Miao et al., 2005; Xu et al., 2007). Indeed, in the current study, 

hippocampal levels of both Aβ40 and 42 even at 6 months of age were approximately 30 

times greater in the Tg-SwDI mice compared to age-matched NTg controls. Consistent with 

this high level of Aβ production, Tg-SwDI mice showed robust transfer learning 

impairments compared to NTg mice. The impairment was selective to the transfer phase of 

the task, in that performance on the learning phase in Tg-SwDI mice did not differ from 

NTg controls. The magnitude of the impairment in Tg-SwDI mice appeared greater than in 

APPswePS1 mice; however, this magnitude difference may not necessarily relate to the 

level of amyloid pathology. It is notable that the NTg control mice in Experiment 3 

performed particularly well on the transfer learning task, which may have contributed to the 

larger deficit observed in the Tg-SwDI mice. While synaptic function in Tg-SwDI mice has 

not been specifically examined, vascular amyloid deposition, which is prominent in Tg-

SwDI, has been associated with attenuated synaptic plasticity in the hippocampus in other 

mouse models (Crouzin et al., 2013; Gouras et al., 2014; Hu et al., 2008; Pozueta et al., 

2013; Steele et al., 2014; Thal et al., 2008). Although future work will be required to 

determine the mechanisms downstream of β-amyloid that mediate behavioral deficits in the 

Tg-SwDI model, the robust transfer learning impairments reported in the current study 

demonstrate that this aspect of hippocampal function is broadly sensitive to amyloid 

pathology.

Concluding Points

Previous work shows that assessments of transfer generalization learning can detect subtle 

deficits in hippocampal function in humans (Fera et al., 2014; Gluck et al., 2006; Myers C, 

2003; Myers et al., 2002). The results described here demonstrate that performance in a 

formally identical task designed for use in mice (Montgomery et al., 2011) clearly depends 

upon an intact hippocampus. Importantly, however, performance on this task is also 
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sensitive to more subtle synaptic dysfunction resulting from Aβ deposition in two mouse 

models of amyloidosis. Findings described here demonstrate cognitive deficits at an earlier 

age than typically reported in the APPswePS1 model and show that these behavioral deficits 

are associated with β-amyloid induced synaptic dysfunction in the hippocampus. This 

enhanced sensitivity may offer advantages for early detection of cognitive decline. 

Moreover, the ability to assess transfer learning similarly across species could offer 

increased translational potential between preclinical animal models and clinical populations.
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Figure 1. Effects of hippocampal lesions on transfer learning
(A) Photomicrographs of Nissl-stained sections through the hippocampus of a representative 

sham (top) and lesioned (bottom) mouse. (B) Schematic shows the minimum (black) and 

maximum (gray) extent of the hippocampal lesions across all mice. (C) Bar graph shows 

mean number of trials (+SEM) required to reach criterion performance on the shaping 

problem prior to testing in the transfer learning task. (D) Bar graph shows mean number of 

trials (+SEM) to reach criterion on Problem Set 1 of the learning phase of the transfer task. 

(E) Bar graph shows mean number of trials (+SEM) to reach criterion on Problem Set 2 of 

the learning phase of the transfer task. (F) Bar graph shows mean percentage of incorrect 

choices (errors +SEM) on the transfer phase of the task. Lesioned mice made significantly 

more errors than sham control mice. See text for statistical analysis. * p < 0.05 compared to 

sham group.
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Figure 2. Effects of hippocampal lesions on odor detection threshold
(A) Bar graph shows mean number of trials (+SEM) required to reach criterion performance 

on a novel odor discrimination problem (full strength). (B) Line graph shows mean (±SEM) 

percentage of errors on the same odor discrimination problem as in (A) but with serial 

dilutions of the target odorant. Sham control and lesioned mice performed similarly across 

the range of odorant dilutions.
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Figure 3. Amyloid and synaptic measures in the hippocampus of APPswe PS1 and NTg control 
mice
(A) Bar graphs show mean (+SEM) levels of Aβ40 and Aβ42 peptides in the hippocampus 

of 6 mo. NTg control and 3 and 6 mo. APPswePS1 mice. Both Aβ40 and Aβ42 were 

significantly increased in 6 mo. APPswePS1 mice compared to 3 mo. APPswePS1 and NTg 

mice. (B) Photomicrographs showing thioflavin-S staining for amyloid plaques (bright green 

puncta) in the hippocampus of representative 3 and 6 mo. APPswePS1 mice. Scale bar = 500 

μm. Plaque area (Thio-S staining as a percentage of total hippocampal area) was 

significantly greater in 6 than 3 mo. APPswePS1 mice. (C) Representative immunoreactive 

bands detected in hippocampal homogenates prepared from 6 mo. NTg and APPswePS1 (Tg) 

mice following incubation with antibodies to synaptophysin, PSD-95, GFAP, and the 

loading control GAPDH. (D-F) Bar graphs show mean (+SEM) hippocampal expression of 

each protein, expressed as a percentage of NTg mice processed on the same gel. 

Synaptophysin expression (D) was significantly reduced in APPswePS1 compared to NTg 

mice. In contrast, neither PSD-95 (E) nor GFAP (F) expression differed between 

APPswePS1 and NTg mice. (G) Line graph shows mean fEPSP (±SEM) amplitude at CA3-

CA1 synapses in 6 mo. NTg and APPswePS1 mice, plotted as a function of stimulus 

intensity. The fEPSP amplitude was significantly reduced in APPswePS1 compared to NTg 

mice. (H) Line graph shows mean fiber potential amplitude (±SEM) at CA3-CA1 synapses 

in NTg and APPswePS1 mice, plotted as a function of stimulus intensity. (I) Bar graph 

shows mean paired-pulse facilitation ratio (+SEM) at CA3-CA1 synapses in NTg and 

APPswePS1 mice, plotted as a function of inter-pulse interval. (J) Line graph shows the slope 

of fEPSPs in response to test pulses before and after tetanus (arrow) at CA3-CA1 synapses 

in NTg and APPswePS1 mice, expressed as a percentage of pre-tetanus baseline. The rate of 
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decay was significantly greater in APPswePS1 compared to NTg mice. See text for statistical 

analyses. * p < 0.05 compared to NTg and/or 3 mo. group.
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Figure 4. Hippocampal-dependent transfer learning performance in 3 and 6 month old 
APPswePS1 and NTg control mice
(A) Bar graph shows that mean number of trials (+SEM) required to reach criterion 

performance on the shaping problem prior to testing in the transfer learning task did not 

differ by age or genotype. (B & C) Bar graphs show that mean number of trials to reach 

criterion (+SEM) on Problem Set 1 (B) and Problem Set 2 (C) in the learning phase of the 

transfer task did not differ by age or genotype. (D) In contrast, 6 mo. but not 3 mo. 

APPswePS1 mice made significantly more incorrect choices (errors +SEM) on the transfer 

phase of the task relative to their respective age-matched NTg controls. In addition, 6 mo. 

APPswePS1 mice made significantly more errors than 3 mo. APPswePS1 mice. See text for 

statistical analysis. * p < 0.05, **p < 0.01.
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Figure 5. Odor detection threshold in APPswePS1 and NTg mice
(A) Bar graph shows mean number of trials (+SEM) required to reach criterion performance 

on a novel odor discrimination problem (full strength). (B) Line graph shows mean (±SEM) 

percentage of errors on the same odor discrimination problem as in (A) but with serial 

dilutions of the target odorant. Although 6 mo. mice as a group performed worse than 3 mo. 

mice, this effect was driven by worse performance in NTg compared to APPswePS1 mice at 

this age.
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Figure 6. Amyloid measures in the hippocampus of Tg-SwDI and C57BL/6 control mice
Bar graphs show mean (+SEM) levels of Aβ40 (A) and Aβ42 (B) peptides in the 

hippocampus of 6 mo. C57BL/6 and Tg-SwDI mice. Expression of both Aβ40 and Aβ42 

were significantly greater in Tg-SwDI mice compared to C57BL/6 mice.
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Figure 7. Hippocampal-dependent transfer learning performance in 6 month old Tg-SwDI and 
NTg control mice (C57BL/6)
(A) Bar graph shows mean (+SEM) number of trials required to reach criterion performance 

on the shaping problem prior to testing in the transfer learning task. (B) Bar graph shows 

mean (+SEM) number of trials to reach criterion on Problem Set 1 of the learning phase of 

the transfer task. (C) Bar graph shows mean (+SEM) number of trials to reach criterion on 

Problem Set 2 of the learning phase of the transfer task. (D) Bar graph shows mean (+SEM) 

percentage of incorrect choices (errors) on the transfer phase of the task. Tg-SwDI mice 

made significantly more errors than C57BL/6 (NTg) control mice. See text for statistical 

analysis. * p < 0.05 compared to C57BL/6 control group.
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