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Abstract

The ability to accurately remember distinct episodes is supported by high-level sensory 

discrimination. Performance on mnemonic similarity tasks, which test high-level discrimination, 

declines with advancing age in humans and these deficits have been linked to altered activity in 

hippocampal CA3 and dentate gyrus. Lesion studies in animal models, however, point to the 

perirhinal cortex as a brain region critical for sensory discriminations that serve memory. 

Reconciliation of the contributions of different regions within the cortical-hippocampal circuit 

requires the development of a discrimination paradigm comparable to the human mnemonic 

similarity task that can be used in rodents. In the present experiments, young and aged rats were 

cross-characterized on a spatial water maze task and two variants of an object discrimination task: 

one in which rats incrementally learned which object of a pair was rewarded and different pairs 

varied in their similarity (Experiment 1), and a second in which rats were tested on their ability to 

discriminate a learned target object from multiple lure objects with an increasing degree of feature 

overlap (Experiment 2). In Experiment 1, aged rats required more training than young to correctly 

discriminate between similar objects. Comparably, in Experiment 2, aged rats were impaired in 

discriminating a target object from lures when the pair shared more features. Discrimination 

deficits across experiments were correlated within individual aged rats, though, for the cohort 

tested, aged rats were not impaired overall in spatial learning and memory. This could suggest 

discrimination deficits emerging with age precede declines in spatial or episodic memory, an 

observation that has been made in humans. Findings of robust impairments in object 

discrimination abilities in the aged rats parallel results from human studies, supporting use of the 

developed tasks for mechanistic investigation of cortical-hippocampal circuit dysfunction in aging 

and disease.
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Introduction

Aging leads to deficits in hippocampal-dependent episodic memory, including a reduced 

ability to maintain rich contextual details of an experience (Cansino, 2009; McDonough et 

al., 2014), greater susceptibility to interference (Talamini and Gorree, 2012), and treatment 

of novel stimuli as familiar, deemed ‘false recognition’ (Yeung et al., 2013; Pidgeon and 

Morcom, 2014). Evidence from human studies suggests that these aspects of age-related 

memory decline arise at least in part from a decreased ability to discriminate between 

similar stimuli (Leal and Yassa, 2015). While age-related dysfunction within hippocampal 

circuits is well-documented (Rosenzweig and Barnes, 2003; Burke and Barnes, 2006; 

Wilson et al., 2006; Burke and Barnes, 2010), the emergence of disrupted function across 

cortical sub-regions of the medial temporal lobe has not been fully examined. Thus, despite 

the established importance of perirhinal cortex in forming high-order sensory representations 

and discriminating between them (Bartko et al., 2007a, 2007b; Byun and Lee, 2010; Graham 

et al., 2010; Ahn and Lee, 2015), the contribution of change in neural communication across 

these circuits to age-related discrimination deficits remains unknown.

Both animal and human studies have reported declines in stimulus discrimination abilities 

with age, yet distinct potential mechanisms have been highlighted between different species. 

The ability to discriminate between similar objects has been shown to require the perirhinal 

cortex in rats (Eacott et al., 2001; Bartko et al., 2007a, 2007b; Winters et al., 2010; Ahn and 

Lee, 2015; Hales et al., 2015) and monkeys (Buckley and Gaffan, 1997; Baxter and Murray, 

2001; Bussey et al., 2002, 2003). On the other hand, the majority of neuroimaging studies 

that have directly investigated object discrimination abilities in humans have shown a 

consistent relationship between task performance and activation within the CA3/dentate 

gyrus circuit (Kirwan and Stark, 2007; Bakker et al., 2008; Lacy et al., 2011b; Yassa et al., 

2011a, 2011b; Bakker et al., 2012; Motley and Kirwan, 2012; Reagh and Yassa, 2014; 

Bakker et al., 2015; Doxey and Kirwan, 2015). A reason for this apparent discrepancy is that 

human and animal studies of aged subjects have used different behavioral paradigms. 

Specifically, the rodent work has generally used spontaneous or novel object recognition 

tasks that rely on rats’ innate preference for novelty (Burke et al., 2011; Gámiz and Gallo, 

2012), which itself is known to be compromised by aging both in humans (Daffner et al., 

2006; Fandakova et al., 2014) and animal models (Burke et al., 2010). In contrast, research 

in humans have used variants of the ‘mnemonic similarity task’, which tests subjects’ 

abilities to discriminate between target and lure stimuli that vary in their distinctiveness 

(Toner et al., 2009; Yassa et al., 2011a, 2011b; Ryan et al., 2012; Stark et al., 2013, 2015; 

Reagh et al., 2016; Huffman and Stark, 2017). The goal of the current studies was to develop 

and validate a rodent target-lure discrimination task that would be comparable to the 

mnemonic similarity task using the Fischer 344 x Brown Norway (F344 x BN) hybrid rat 

model of cognitive aging. We show that aged relative to young rats were slower to learn to 

discriminate between similar object pairs than distinct pairs (Experiment 1). Further, when a 

learned target object was paired with multiple novel lure objects, aged rats were selectively 

impaired on trials with high target-lure similarity (Experiment 2). These findings in rats 

parallel data obtained from aged humans, and suggest the model is valid for further 
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exploration of underlying hippocampal and cortical mechanisms responsible for stimulus 

discrimination abilities.

Materials and Methods

Animals

A total of 20 young adult (4 months old) and 10 aged (24 months old) male Fischer 344 x 

Brown Norway F1 hybrid rats from the NIA colony (Taconic) completed Experiment 1. A 

subset of the young group (N = 10) and the full aged group (N = 10) completed Experiment 

2. Rats were housed individually in standard Plexiglas cages and maintained on a 12-h 

reversed light/dark cycle (lights off at 8:00 am). All manipulations were performed during 

the dark phase of the cycle. Rats were given 7 days to acclimate to the facility and were 

handled for a minimum of 4 days before behavioral testing began. To encourage appetitive 

behavior in discrimination experiments, rats were placed on a restricted feeding protocol in 

which 25±5 g moist chow (Teklad LM-485, Harlan Labs) was provided daily and drinking 

water was provided ad lib. Shaping began once rats reached approximately 85% of their 

baseline weights. Throughout the period of restricted feeding, rats were weighed daily and 

closely monitored to ensure they maintained an optimal body condition score of +2 to 3. The 

body condition score is assigned based on the presence of palpable fat deposits over the 

lumbar vertebrae and pelvic bones (Ullman-Culleré and Foltz, 1999; Hickman and Swan, 

2010). All procedures were in accordance with the NIH Guide for the Care and Use of 
Laboratory Animals and approved by the Institutional Animal Care and Use Committee at 

the University of Florida.

Spatial Learning and Memory: Morris water maze task

Prior to beginning Experiments 1 and 2, spatial learning and memory abilities were cross-

characterized in the majority of young rats (N = 15) and all aged rats (N = 10) using 

established procedures (Gallagher et al., 1993; Bizon et al., 2009), as previously 

implemented in our laboratory (Hernandez et al., 2015; Johnson et al., 2016). The water 

maze consisted of a circular pool (1.83 m diameter, 58 cm height) surrounded by black 

curtains to which visible cues were fixed. A submersible platform 12 cm in diameter (HVS 

Image; Mountain View, CA) was positioned in one quadrant of the pool and remained in this 

location throughout training and testing. The pool was filled with water (~25°C) to a depth 

of 2 cm above the platform with white non-toxic tempera paint added to obscure the 

platform’s location. Behavior was monitored with an overhead camera and video tracking 

software (Water 2100, HVS Image).

Rats completed 3 swim trials of maximum 90 s duration each day for 8 consecutive days. 

Mean cumulative integrated path length (CIPL) values were calculated for each block of 5 

training trials to provide an index of spatial learning (see Johnson et al. 2016 for detailed 

description of protocol and variables). Probe tests were conducted on the third trial of days 

2, 4, 6, and 8. For these tests, the platform was lowered 20 cm below the water’s surface for 

the first 30 s of the trial and spatial memory was assessed based on proximity of the swim 

path to the target location. To quantify performance during the probe trials, a proximity 

measure and spatial learning index were calculated. For proximity, the cumulative search 
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error was divided by the duration of the probe trial. Proximity scores for the 2nd, 3rd and 4th 

probe trials were weighted and summed to provide an overall measure of spatial learning 

ability (Gallagher et al., 1993; Bizon et al. 2009). Lower spatial learning indices indicate a 

more accurate search.

One day after completing the spatial memory task, rats were given a cued navigation test as 

a control for visual, sensorimotor, or motivational factors that could influence performance. 

The water level was lowered to 2 cm below the platform and a black ring was placed on top 

of the platform to increase its visibility. The platform was moved to a different quadrant of 

the maze for each of 6 trials. Rats were allotted a maximum of 90 s to reach the platform, 

with a 30 s interval provided between trials. Mean path length values across cued trials were 

calculated as an index of visual and swimming abilities.

Object Discrimination Apparatus

Discrimination tasks were carried out in an L-shaped track bounded by a start area and 

choice platform, separated by an arm 84 cm × 10.2 cm with walls 6.4 cm in height (Fig. 1A). 

The track was built out of plywood and sealed with waterproof black paint. In the start area, 

a single food well (2.5 cm diameter) was recessed 1 cm deep in the floor, 4 cm from the 

back wall. The choice platform measured 32 cm × 24 cm, also with walls 6.4 cm in height. 

Two food wells were centered relative to the platform entrance, 12 cm apart and positioned 

7.6 cm from the back wall. The testing room was kept dimly lit with one white bulb angled 

to the wall near the start area and 2 red bulbs, one by the start area and one over the choice 

platform that provided extra illumination for purposes of video recording. This level of 

lighting was sufficient for the experimenters to comfortably see the objects. A webcam 

(Logitech; Newark, CA) was positioned 50 cm above the choice platform. Recording was 

carried out with a custom software interface (Collector; Burke/Maurer Laboratories, 

Gainesville, FL). A white noise machine was kept on to reduce the impact of extraneous 

noise on performance.

Experiment 1: Discrimination of target and single lure

Habituation and shaping—Discrimination sessions took place 5–6 days per week at 

approximately the same time each day. First, rats were habituated to the track for 1 to 3 

days, depending on their natural tendency to explore. Each rat was placed individually in the 

start area and allowed 10 min to retrieve scattered pieces of Froot Loop cereal (Kellogg’s; 

Battle Creek, MI). Rats were then shaped to alternate between the start area and choice 

platform. For these sessions, one of the two food wells on the choice platform was baited 

with a piece of Froot Loop. Rats were required to leave the start area, traverse the length of 

the arm, retrieve the food reward, and return to the start area where a second food reward 

was provided. On the choice platform, the side of the baited well (left vs right) was 

randomized across trials. Shaping was considered complete once rats alternated 32 times 

within 20 min. Young rats achieved this criterion within 1–7 days (Mean = 3.6, SD = 1.54), 

while aged rats took between 4–15 days (Mean = 9.1, SD = 3.31). This extended period of 

shaping in the aged rats likely reflects the greater number of days required to reach 85% of 

baseline body weight on the restricted feeding protocol, and thus the slower associated 

increase in motivation to obtain food rewards.
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Standard object discriminations—Rats were first trained on procedural aspects of the 

task by learning to discriminate between two ‘standard’ objects that differed in size, shape, 

and texture, measuring 5–10 cm in height by 5–8 cm in width (Fig. 1B). Two pairs of objects 

were used across all experiments: bunnies-hen and pig-rooster. Rats were required to learn 

that one of the two simultaneously presented objects in the pair was the target (S+), 

signaling a food reward, while the alternate object in the pair was never rewarded (S−). On 

each trial, the rat exited the start area and traversed the arm to the choice platform. The rat 

could then choose to displace one of the two objects covering the food wells. In the case of a 

correct response, the rat would receive a second food reward in the start area. In the case of 

an incorrect response, both objects and the un-retrieved piece of Froot Loop would be 

quickly removed from the choice platform by the experimenter, and the rat would return to 

the start area. A food reward was not provided in the start area on incorrect trials. The side 

of the baited well on the choice platform was pseudo-randomized across trials, such that an 

equal number of left- and right-rewarded trials were given in each session. Rats completed 

32 trials in each session. Training proceeded by trial-and-error until rats reached criterion 

performance of ≥26 correct out of 32 trials (≥81.3% correct responses) and maintained 

performance at this level for 2 consecutive days. Each rat was required to achieve criterion 

on both standard object pairs before moving on to the next phase. The rewarded object 

within each pair (i.e., bunnies vs hen, pig vs rooster) and the order in which training for the 

two pairs took place (i.e., bunnies-hen first vs pig-rooster first) were counter-balanced across 

rats and age groups. To minimize the potential for scent-marking an object within sessions, 

two or three copies of each object were presented in rotation across trials. All copies of 

objects were thoroughly cleaned with 70% ethanol between test sessions.

LEGO® object discriminations—To test whether young and aged rats differed in their 

ability to learn to discriminate between distinct versus similar objects, two pairs of objects 

were created from LEGO® blocks (Enfield, CT; Fig. 1C and 1D). Object pairs were 

matched for overall volume, shape, and texture, while systematically varying shared visible 

features. Every object was built on a square piece of green plastic base sheet measuring 6.5 

cm × 6.5 cm, and objects ranged from 6–9 cm in height. Feature overlap between the two 

objects in each pair was calculated in two ways. First, as a factor of total 3D volume of 

block ‘bits’, where a bit is the unit of LEGO® block corresponding to a single 3D pip. 

Overlap was also calculated as a factor of shared surface features on the front side of each 

object, visible to the rats as they entered the choice platform (see Supplemental Figure 1). 

Critically, the relative feature overlap between object pairs did not vary across the two 

methods of quantification. The first ‘distinct’ pair of objects, a relatively easy discrimination 

(Fig. 1C), shared 60% volume and 38% visible features (34 of 90 bits). The second ‘similar’ 

pair, a more difficult discrimination (Fig. 1D) shared 87% volume and 63% visible features 

(35 of 56 bits). Each rat was trained to criterion on both pairs of objects. As for the previous 

phase, the target object within each pair and order of training for the two pairs were counter-

balanced across individual rats and age groups. In Experiment 1, discrimination abilities 

were assessed based on the number of days of training required and the number of incorrect 

responses made prior to reaching criterion performance.
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Experiment 2: Discrimination of learned target from multiple novel lures

Pre-training on target object—Once rats had completed Experiment 1, they proceeded 

to Experiment 2. General procedures remained the same across both experiments. Rats were 

first pre-trained to identify the target object (S+) that would be rewarded throughout 

Experiment 2 (Fig. 1E). For these sessions, a relatively distinct object was used as the lure (S

−). As in Experiment 1, these objects measured 6.5 cm × 6.5 cm in length and width, and 6–

6.5 cm in height. This pair shared 65% volume and 38% visible features (21 of 56 bits), 

which was comparable to that of the ‘distinct’ pair from Experiment 1 (Fig. 1C). Rats were 

required to reach the same criterion of ≥81.3% correct responses in discriminating the target 

from the distinct lure for 1 day before moving on to tests.

Tests for discrimination of familiar target from novel lures—After achieving 

criterion in pre-training, rats were given 2 days off before their first test. Testing then 

proceeded every 3 days (day 1 test, days 2–3 off) until a total of 4 test sessions had been 

completed. This design was adopted to avoid over-familiarization with the lure objects. Each 

test session comprised 50 discrimination trials: 10 with a distinct control object (a frog 

figurine), 10 with each of 3 similar lure objects built from LEGO® blocks, and 10 with an 

identical copy of the target object. Lure objects are shown, with comparison to the target 

object, in Figure 1F. Objects were of the same overall dimensions as those used in 

Experiment 1 and in pre-training. The most distinct Lure 1 object shared 89% volume and 

50% visible features (28 of 56 bits), next Lure 2 shared 92% volume and 71% visible 

features (34 of 48 bits), and the most similar Lure 3 object shared 95% volume and 90% 

visible features (43 of 48 bits). Discrimination trials with the distinct object were included as 

a positive control condition, to test whether rats would continue to discriminate between 

pairs with no feature overlap as in Experiment 1. Identical object discrimination trials were 

included to test the possibility that rats chose the target based on odor cues from the hidden 

food reward, or based on scent marks left on the objects on previous trials. Given that the 

target object was included in each of the 50 trials during each test session, 8 identical copies 

of this object were cycled in and out across trials. Similarly, 2 identical copies of each lure 

object were used in rotation across trials. All copies of objects were thoroughly cleaned with 

70% ethanol between tests. For these tests, discrimination abilities were assessed based on 

percent correct responses made for each trial type. Performance was considered both for 

individual test sessions and collapsed as means across the 4 tests. Sessions were recorded 

and video files were reviewed with custom software (Collector/Minion; Burke/Maurer 

Laboratories, Gainesville, FL). Response selection behavior and reaction times were scored 

trial-by-trial for each test. Response selection was scored as a binary variable based on 

whether rats displayed ‘checking’. Checking was defined as hesitation or pausing in front of 

one of the two objects prior to withdrawing attention from that object, instead moving to 

investigate and/or displace the alternate object (see video in Supplemental Material). 

Reaction time was defined as the time elapsed between the video frame in which the tip of 

the rat’s nose crossed the threshold of the choice platform, and the video frame in which the 

rat initiated displacement of an object. During this time, the rat traversed the distance from 

the center point of the threshold to the center of a food well. Collector/Minion software 

allowed determination of reaction times for each frame of video recorded at 30 FPS, thus 

with precision to ±30 milliseconds.
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Statistical Analyses

Data are presented as mean values ± SEMs. Analyses were performed with the Statistical 

Package for the Social Sciences (SPSS) v23 for Mac OS X. Behavioral variables were 

compared with repeated measures ANOVAs or t-tests, with experimental phase or similarity 

of object pairs as within subjects factors and age as a between subjects factor. Where 

relevant, performance (% correct responses) was compared to chance levels (i.e., 50% 

correct responses) with Bonferroni-corrected one sample t-tests. Choice of statistical test 

was dictated by assumptions of normality, assessed with Shapiro-Wilk tests, and 

homogeneity of variances, assessed with Levene’s tests. Results of these tests are stated 

where applicable. Post hoc analyses were performed with simple contrasts and a Bonferroni 

correction was applied. Relationships between spatial abilities and object discrimination 

performance in Experiments 1 and 2 were determined with two-tailed Spearman’s 

correlations on normalized variables. P-values less than 0.05 were considered statistically 

significant.

Results

Experiment 1: Aged rats require more training on similar object discriminations

Young and aged rats achieved criterion within 5 days of training, for both the first and 

second standard pairs (Fig. 2A). Young rats learned the first pair within 2–5 days (Mean = 

3.6, SD = 0.99) and aged within 4–5 days (Mean = 4.4, SD = 0.52). Similarly, young rats 

learned to discriminate the second pair within 2–5 days (Mean = 3.25, SD = 1.1) and aged 

within 2–5 days (Mean = 3.8, SD = 0.92). A repeated measures ANOVA comparing days to 

criterion on the two standard object pairs revealed main effects of pair (F(1,28) = 6.75, p < 

0.02) and age (F(1,28) = 4.47, p < 0.04), but no pair x age interaction: p = 0.50). The results 

of this analysis reflect the fact that all rats took fewer days to reach criterion on the second 

of the two object pairs, and that aged rats took a greater number of days than young to reach 

criterion, across both object pairs. The amount of training required to achieve criterion was 

also analyzed as the number of incorrect trials completed, which does not artificially inflate 

duration of training based on days when rats nearly achieved, but just missed, the cut-off of 

≥26 correct out of 32 trials. This analysis revealed that young and aged rats did not differ in 

number of incorrect trials for either standard object pair (Fig. 2C; effects of pair, age, pair x 

age interaction: p’s > 0.11). This lack of difference in training required to reach criterion for 

standard object discriminations strongly supports the conclusion that young and aged rats 

did not differ in their motivation or ability to physically perform object discrimination tasks.

The number of training days required for young and aged rats to achieve criterion 

performance on LEGO® object pairs is shown in Figure 2B and performance of rats across 

all training days for each of the two standard object pairs and the distinct and similar LEGO 

object pairs for are shown in Supplemental Figure 2A–D. Young rats learned to discriminate 

the distinct pair within 2–6 days (Mean = 4.6, SD = 1.3) and aged within 2–10 days (Mean = 

5.2, SD = 2.1). In contrast, for the similar pair, young rats took 2–20 days (Mean = 10.8, SD 

= 4.4) and aged 10–22 days (Mean = 15.8, SD = 3.9). A repeated measures ANOVA 

comparing days to criterion on distinct versus similar pairs revealed statistically significant 

main effects of pair and age (F(1,28) values > 10.5, p’s < 0.003) and a pair x age interaction 
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(F(1,28) = 6.32, p < 0.02). Between subjects contrasts showed no age difference in days to 

criterion for the distinct pair (F(1,28) = 1.12, p = 0.30), but a greater number of training days 

were required for aged relative to young in learning to discriminate the similar pair (F(1,28) = 

9.46, p < 0.005).

The mean numbers of incorrect trials for LEGO® object pairs are shown in Figure 2C. A 

repeated measures ANOVA revealed a significant effect of similarity on the number of 

incorrect trials required to reach criterion (main effect of pair: F(1,28) = 79.9, p < 0.001). This 

analysis also revealed a statistically significant main effect of age (F(1,28) = 12.0, p < 0.002) 

and a pair x age interaction (F(1,28) = 7.38, p < 0.01). Within subjects contrasts confirmed 

that a greater number of incorrect trials were required for the similar objects relative to the 

distinct objects in both young (F(1,19) = 27.5, p < 0.001) and aged rats (F(1,9) = 57.5, p < 

0.001). Between subjects contrasts showed no age difference in incorrect trials for the 

distinct pair (F(1,28) = 1.52, p = 0.23), but that aged rats required a greater number of 

incorrect trials than young to reach criterion on the similar pair (F(1,28) = 11.2, p < 0.002). 

For the distinct pair, the range in number of incorrect trials required was comparable 

between the young group (Range = 5–65 trials; Mean = 38.6, SD = 18.6) and aged group 

(Range = 9–67 trials, with one rat requiring 131 trials; Mean = 50.5, SD = 35). In contrast, 

for the similar pair, the full range of number of incorrect trials required to reach criterion for 

the aged group (Range = 132–265 trials; Mean = 196.5, SD = 44.6) exceeded the mean of 

the young (Range = 9–188 trials, with one rat requiring 313 trials; Mean = 116.5, SD = 

68.4).

Experiment 2: Aging impairs discrimination performance based on target-lure similarity

Rats quickly learned to discriminate between the target and the distinct lure object used for 

pre-training in Experiment 2 (Fig. 3A). Both young and aged groups reached criterion within 

1–4 days (Supplemental Figure 2E). Young rats completed 2–35 incorrect trials within this 

period (Mean = 16.6, SD = 13) and aged 6–44 incorrect trials (Mean = 24.5, SD = 14.3). 

Young and aged rats did not differ in the number of days (t(18) = −0.94, p = 0.36) or 

incorrect trials (t(18) = −1.29, p = 0.21) required to reach criterion during this pre-training 

phase.

Mean performance across the four discrimination tests was calculated for each trial type. 

These values are shown in Figure 3B. Mean performance values on ‘Identical’ trials, for 

which 2 copies of the target object were presented, were excluded from analyses because 

they did not differ from chance in either the young (Mean = 48, SD = 7.2; t(9) = −0.89, p = 

0.40) or aged rats (Mean = 49.5, SD = 4.2; t(9) = −0.38, p = 0.72), and did not change over 

the course of the 4 test days (repeated measures ANOVA, no main effect of day: F(3,54) = 

0.13, p = 0.94). Mean values for all other trial types were entered into a repeated measures 

ANOVA with lure similarity as a within subjects factor and age as a between subjects factor. 

This analysis revealed significant main effects of lure similarity (F(3,54) = 53.0, p < 0.001) 

and age (F(1,18) = 14.1, p < 0.001), and a significant similarity x age interaction (F(3,54) = 

3.93, p < 0.01). Within subjects contrasts showed a statistical trend for young rats to make 

fewer correct responses when the lure object was most similar to the target (Corrected α = 

0.05/10 = 0.005; Lure 1 vs Lure 3 trials: F(1,9) = 2.06, p < 0.01). For aged rats, there was a 
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statistically significant difference in the number of correct responses on both Lure 2 trials 

(F(1,9) = 29.7, p < 0.001) and Lure 3 trials (F(1,9) = 37.3, p < 0.001), relative to Lure 1. 

Between subjects contrasts confirmed aged rats were impaired on both Lure 2 (F(1,9) = 23.9, 

p < 0.001), and Lure 3 discriminations (F(1,9) = 17.6, p < 0.001), relative to young rats.

We next asked whether performance improved over the 4 days of discrimination tests (Fig. 

3C). Percent correct responses for Lure 1, Lure 2, and Lure 3 trials were entered into 

separate repeated measures ANOVAs, with day as a within subjects factor and age as a 

between subjects factor. Performance on Lure 1 trials did not differ between young and aged 

rats (F(1,18) = 0.32, p = 0.58) and did not change over days (F(3,54) = 1.40, p = 0.25). The day 

x age interaction was also not statistically significant (F(3,54) = 1.17, p = 0.33). Performance 

on these trials was consistently above chance levels (i.e. 50% correct responses) across all 

test days (Means = 76.5–84 % correct, SDs = 13.5–18.7; t(19) values = 6.33–11.2, p’s < 

0.001 for all comparisons, one sample t-tests). As for mean performance collapsed across 

test days (Fig. 3B), significant main effects of age were present for Lure 2 (F(1,18) = 23.9, p 
< 0.001) and Lure 3 (F(1,18) = 17.6, p < 0.001) trials across all test days. For both, main 

effects of day and day x age interactions were not statistically significant (Lure 2: p’s > 0.26, 

Lure 3: p’s > 0.18). For Lure 2 trials, young rats’ performance was significantly greater than 

chance across all test days, while aged rats’ performance only exceeded chance levels on day 

4 (Corrected α = 0.05/8 = 0.006; p’s > 0.03 except for day 4: p < 0.002). Similarly, for Lure 

3 trials, young rats maintained performance better than chance on days 2–4 (p’s < 0.003), 

while aged rats did not show levels that differed from chance on any of the 4 test days (p’s > 

0.02). Thus, even with increasing experience across test sessions, aged rats show minimal 

improvement in their abilities to discriminate between similar objects.

Discrimination performance depends on suppression of a perseverative side bias

Potential variation in response strategies that rats employed on discrimination tests in 

Experiment 2 was assessed based on the presence of ‘checking’ behavior (see Figure 4A and 

video in Supplemental Materials) and duration of reaction times. The proportion of trials for 

which a rat displayed checking behavior was collapsed for each trial type across the 4 test 

sessions. The mean percent of correct discrimination trials for which rats displayed checking 

behavior, as a factor of lure similarity, is shown in Figure 4B. Incorrect trials were excluded 

from these analyses because a subset of rats made no errors, which restricted the number of 

data points available, and because rats very rarely showed checking behavior on incorrect 

trials. Mean values were entered into a repeated measures ANOVA with lure object as a 

within subjects factor and age as a between subjects factor. This analysis revealed significant 

main effects of lure object (F(2,36) = 11.5, p < 0.001) and age (F(1,18) = 5.72, p < 0.03), 

reflecting infrequent checking in the aged rats. The lure object x age interaction was not 

statistically significant (p = 0.29). Within subjects contrasts confirmed rats showed less 

checking on Lure 2 and Lure 3 trials, as compared to Lure 1 trials (F(1,18) values > 9.30, p’s 

< 0.007). There was also a statistical trend toward a difference in the proportion of Lure 2 

trials with checking relative to Lure 3 trials (Corrected α = 0.05/3 = 0.017; F(1,18) = 4.99, p 
= 0.04).
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In tasks that require choice between two potential outcomes presented simultaneously, rats 

tend to initially default to an egocentric response-based strategy before learning to apply a 

more flexible task-specific strategy (Lee and Solivan, 2008; Jo and Lee, 2010; Lee and 

Byeon, 2014; Hernandez et al., 2015, 2017). For example, both young and aged rats develop 

a strong bias toward selecting an object on a specific side of a choice platform (i.e., left vs 

right) before learning to recognize and compare visual features and select a target object 

over a lure. Suppression of side bias as training progresses has been shown to correspond 

with an increase in correct responses guided by the task-specific rule (Lee and Byeon, 2014; 

Hernandez et al., 2015, 2017). Based on the fact that both young and aged rats showed more 

checking behavior and better performance on Lure 1 trials, but less checking and poorer 

performance on Lure 2 and Lure 3 trials (Fig. 3B and 4B), we asked whether rats showed 

evidence of suppressing a side bias when making correct responses across these trial types. 

A side bias index was calculated as the absolute value of (Total number left choices − Total 

number right choices) / Total number of trials. Values computed with this formula can reflect 

performance completely governed by a side bias (100% responses to one side, index = 1), or 

performance independent of a side bias (50% responses to each side, index = 0).

Mean side bias index as a factor of trial type is shown in Figure 4C. A repeated measures 

ANOVA with lure object as a within subjects factor and age as a between subjects factor 

revealed a significant main effect of lure object (F(2,36) = 9.93, p < 0.001). The main effect 

of age and lure x age interaction were not statistically significant (p’s > 0.11). Within 

subjects contrasts confirmed rats showed a greater side bias on Lure 3 trials than on Lure 1 

trials (F(1,18) = 14.4, p < 0.001). Results of correlational analyses between checking behavior 

and side bias index are shown in Figure 4D. The proportion of trials with checking was 

inversely related to magnitude of the side bias index on Lure 2 (ρ = −0.751, p < 0.001) and 

Lure 3 trials (ρ = −0.812, p < 0.001). While there was not a significant relationship between 

these variables for Lure 1 trials after correcting for multiple tests (Corrected α = 0.05/3 = 

0.02; ρ = −0.451, p = 0.05), this result shows a trend toward the same relationship as 

observed for Lure 2 and Lure 3. The reduced strength of this relationship for Lure 1 

discriminations likely reflects ceiling effects, as performance on these trials was better 

across age groups. When young and aged rats were considered separately, a statistically 

significant inverse relationship was present for Lure 3 trials in the aged rats (ρ = −0.888, p < 

0.001), with trends for Lure 1 and Lure 2 (Corrected α = 0.05/3 = 0.02; p’s = 0.03). No 

significant correlations were detected in the young rats for any trial type (Corrected α = 

0.05/3 = 0.02; p’s > 0.04), also likely reflecting ceiling effects based on their better 

performance.

Mean reaction times are shown as a factor of trial type in Figure 4E, with trials on which rats 

responded to their biased side versus their non-biased side plotted separately. Within 

subjects comparisons collapsing across lure objects confirmed that rats’ reaction times were 

greater when responding to their non-biased side than when responding to their biased side 

(paired samples t-tests: p’s < 0.001). This directly reflects the increased frequency of 

checking behavior when presenting the target object on the non-biased side. A repeated 

measures ANOVA revealed a significant main effect of lure object on reaction times to the 

biased side (F(2,36) = 4.11, p < 0.03). The main effect of age and lure x age interaction were 

not statistically significant (p’s > 0.28), indicating no slowing of responding in the aged 
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relative to young rats. Within subjects contrasts confirmed that, for side-biased responses, 

rats showed decreased reaction times on Lure 3 relative to Lure 1 trials (F(1,18) = 6.91, p < 

0.02). A repeated measures ANOVA comparing reaction times to the non-biased side across 

lure objects and age revealed no significant effects of either of these factors (p’s > 0.50).

Object discrimination performance across experiments

Correlational analyses were used to determine whether performance on the object 

discrimination tasks in Experiments 1 and 2 were related within individual rats. Given there 

was no difference between young and aged in the range of number of trials required to reach 

criterion for the distinct LEGO® object pair, numbers of incorrect responses required to 

reach criterion for the similar pair were normalized and Z-scores were entered as the only 

variable of interest from Experiment 1. Proportion of responses correct for Lure1, Lure 2, 

and Lure 3 trials were normalized and Z-scores were entered as variables of interest from 

Experiment 2. No correlations were detected between these variables when collapsing across 

age (p’s > 0.07), or in the young rats alone (p’s > 0.25; shown for Lure 1 trials in Fig. 5A). 

In contrast, for individual aged rats there was a significant inverse relationship between 

training required to reach criterion on similar discriminations and performance on Lure 1 

trials (Fig. 5A; Corrected ® = 0.05/3 = 0.02; ρ = −0.713, p < 0.02). No such relationship was 

observed for Lure 2 or Lure 3 trials (p’s > 0.06). This was likely due to floor effects, with 

aged rats’ relatively poor performance on higher similarity pairs precluding the detection of 

a relationship.

To further probe the link between discrimination abilities assessed in Experiment 1 and 

Experiment 2, rats from the aged group were split based on their median number of incorrect 

trials required to reach criterion for similar object discriminations (Median = 188 trials). 

Rats that required the greatest number of trials to reach criterion (Range = 190–265; Mean = 

229, SD = 34.8) were designated as Aged-Impaired (AI), while those requiring fewer trials 

(Range = 132–186; Mean = 164, SD = 23.4) were designated Aged-Unimpaired (AU) (Fig. 

5B). The difference in number of incorrect trials required to reach criterion between these 

resulting subgroups was statistically significant (t(8) = 3.51, p < 0.008). Mean performance 

on the first 32 trials of pre-training for Experiment 2 with the distinct lure did not differ 

between AU and AI rats (Fig. 5C; t(8) = 0.57, p = 0.58), nor between young rats and aged 

rats of either group (independent samples t tests: p’s > 0.39), suggesting aged rats classified 

as impaired based on the duration of training required to reach criterion on the similar pair 

did not in fact suffer from degraded sensory abilities. Furthermore, relative to AU rats, AI 

rats showed poorer performance on Lure 1 discriminations in Experiment 2 (Fig. 5D; AU: 

Mean = 86.5%, SD = 7.42; AI: Mean = 70.5%, SD = 13.4; t(8) = 2.34, p < 0.05). 

Performance on Lure 2 and Lure 3 trials did not differ between AU and AI rats; all aged rats 

showed deficits on these discriminations relative to the young (Fig. 5D; p’s > 0.11).

Spatial learning and memory

Given that age-related discrimination deficits can be predictive of memory loss, both in 

elderly humans (Stark et al., 2013) and animal models (LaSarge et al., 2007; Yoder et al., 

preliminary acceptance), rats were cross-characterized for spatial learning and memory 

abilities using a Morris water maze task (Gallagher et al., 1993; Bizon et al., 2009; Johnson 
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et al., 2016). Cumulative integrated path length (CIPL) values across the 4 blocks of training 

trials are shown in Figure 6A. All rats learned to locate a hidden platform with training 

(main effect of training block: F(3,69) = 14.8, p < 0.001). Specifically, CIPL values for 

training blocks 2, 3, and 4 were significantly less than those on training block 1 (within 

subjects contrasts: F(1,23) values > 16.7, p’s < 0.001). In this experimental cohort, spatial 

learning abilities did not differ between young and aged groups (main effect of age: F(1,23) = 

0.58, p = 0.46; block x age interaction: F(3,69) = 0.91, p= 0.44). Mean proximity values, 

reflecting distance from the rat’s location across the 30-second probe test to the learned 

platform location, across 4 probe tests for spatial memory are shown in Figure 6B (see 

Gallagher et al., 1993, Johnson et al., 2018 for detailed description of calculated values). 

Performance on probe tests of spatial memory improved over time (main effect of probe test: 

F(3,69) = 9.05, p < 0.001). Mean proximity to the target platform reflected a more targeted 

search strategy on probe tests 3 and 4, relative to the first probe test (within subjects 

contrasts: F(1,23) values > 13.5, p’s < 0.001). However, the main effects of age and probe test 

x age interaction were not statistically significant (F’s(1,23) < 1.31, p’s > 0.27). The spatial 

learning index (Gallagher et al., 1993; Bizon et al., 2009; Tomás Pereira and Burwell, 2015; 

Johnson et al., 2016), reflecting spatial memory based on change in proximity to the learned 

platform location with successive probe tests, also did not differ with age (young Mean = 

236, SD = 40.8; aged Mean = 255, SD = 26.9; t(23) = −1.22, p = 0.23). Mean path lengths 

taken to locate a visible platform on cued navigation trials are shown in Figure 6C. Path 

lengths did not differ between young and aged rats (t(23) = −0.60, p = 0.95), indicating that 

sensorimotor abilities and motivation to perform the task were not influenced by age.

Relationship between object discrimination and spatial learning and memory abilities

Spatial memory assessed on the water maze task has previously been shown to not correlate 

with spatial discrimination abilities in young or aged rats (Johnson et al., 2016). Thus, we 

asked whether the same might be true of spatial memory and object discrimination abilities 

in rats from the present study. Given that number of training trials required to achieve 

criterion on the similar object pair from Experiment 1 was found to be predictive of 

performance on discrimination tests in Experiment 2 (Fig. 5), Z-scores for this variable were 

entered in correlational analyses. CIPL values for block 3 of training and SLI values 

reflecting performance on probe tests following blocks 2–4 of training were normalized and 

included as measures of spatial learning and memory, respectively. Data from block 3 of 

spatial training trials were analyzed because this was the block in which rats showed the 

greatest variability in behavioral performance (Fig. 6A).

When collapsing across age groups, there was no statistically significant correlation between 

object discrimination and spatial learning abilities (block 3 CIPL, Fig. 6D; ρ = 0.176, p = 

0.46), or spatial memory performance (SLI, Fig. 6E: ρ = −0.012, p = 0.96). Separate 

consideration of young and aged groups also did not reveal correlations between these 

variables (p’s > 0.65). A comparison of CIPL values from rats classified as Aged-

Unimpaired and Aged-Impaired based on their object discrimination abilities in Experiment 

1 is shown in Figure 6F. CIPL values did not differ between the two aged sub-groups (t(8) = 

0.48, p = 0.64). An equivalent comparison of SLI values is shown in Figure 6G. As for 

spatial learning, this index of spatial memory did not differ between aged sub-groups (t(8) = 
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1.0, p = 0.35). Together, these data suggest that object discrimination deficits in old animals 

may precede impairments in spatial learning and memory that are reported to occur in old 

age. An alternative explanation is that the water maze procedure used here is just not 

sensitive to detecting age-related performance declines in Fischer 344 x Brown Norway 

hybrid rats. Future experiments will need to characterize old rats on object discrimination 

tests and then age them for additional months, when water maze deficits have been reported 

to be more pronounced in this strain (McQuail and Nicolle, 2015). This will allow for the 

determination of whether deficits in the discrimination of similar objects can predict future 

spatial memory loss.

Discussion

The current experiments developed a rodent task that requires distinction of a familiar target 

object from a range of novel lures, and validated this task against animals’ abilities to 

acquire discriminations of objects that share visual features. This task emulates visual 

discrimination tests used in human subjects, sometimes referred to as the ‘mnemonic 

similarity task’ (Toner et al., 2009; Lacy et al., 2011a; Reagh et al., 2014; Reagh and Yassa, 

2014; Bennett et al., 2015; Stark et al., 2015; Bennett and Stark, 2016; Reagh et al., 2016). 

Validity of the rodent task is based on our findings that accurate discrimination of the 

familiar target from novel lures is contingent on the similarity of the lure, and that aged rats 

are selectively impaired in discriminating the familiar target from similar lures, compared to 

young animals. Moreover, aged rats’ performance on high-similarity discriminations in 

Experiment 2 correlated with the amount of training required to reach a criterion level of 

performance in discriminating similar objects in Experiment 1. This rodent task can now be 

applied to investigation of cortical-hippocampal circuit dynamics that support stimulus 

discrimination, in the context of age-related memory loss and cognitive manifestations of 

early-stage Alzheimer’s disease.

Cross-species consensus that stimulus discrimination abilities are sensitive to aging

A number of types of visual discrimination tasks have been implemented in animal models. 

Variants of spontaneous or novel object recognition tasks, which rely on rats’ inherent 

preference for novelty, have been used to gauge visual discrimination abilities across 

perceptual gradients (Bartko et al., 2007a, 2007b; Forwood et al., 2007). Age-related deficits 

specific to more complex or similar stimuli have been shown using this approach in rats 

(Burke et al., 2011; Gámiz and Gallo, 2012). Tasks relying on spontaneous novelty 

detection, however, are variable with regards to the extent that the hippocampus is engaged 

(Mumby, 2001; Warburton and Brown, 2015), and large numbers of animals are often 

necessary to detect group differences. Moreover, an animal’s motivation to explore even 

novel objects can quickly decrease as a function of trial number. Thus, the current 

experiments tested an animal’s ability to discriminate between two simultaneously presented 

objects, with one rewarded (S+) and the other not (S−). While this design has been widely 

used in rats with three-dimensional objects (Bartko et al., 2007b), and more recently with 

presentation of two-dimensional images on a touchscreen (Bussey et al., 2008; Talpos et al., 

2012; Ahn and Lee, 2015), the results of Experiment 1 provide a first demonstration of age 

differences in acquiring similar object discriminations in a rodent model. This simultaneous 
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object discrimination approach was also extended to create a rodent target-lure task that 

more closely approximates the human mnemonic similarity task (Experiment 2). Similar to 

humans, young rats’ performance across the different stimulus pairs was contingent on the 

similarity of the lure objects to the known target. Moreover, like elderly subjects, aged rats 

were selectively impaired on high-similarity object discriminations, but performed 

comparable to young when the target and lure did not share features.

An additional similarity between the results of the current experiments and studies in 

humans is the relative sensitivity of the object discrimination assessment tool to age-related 

dysfunction. In prior reports from elderly humans, performance on the discrimination test is 

impaired relative to young and middle-aged adults, while performance on a metric of 

recognition memory is not (Yassa et al., 2011b; Stark et al., 2013; Reagh et al., 2016). 

Furthermore, a stronger relationship has been detected between age and performance on the 

discrimination test than age and performance on a delayed recall test from standardized 

neuropsychological screening tools (e.g., the RAVLT; Stark et al., 2013). Finally, when 

elderly subjects were grouped based on delayed recall performance, significant 

discrimination deficits were observed even in aged individuals who were unimpaired on the 

delayed recall measure (Stark et al., 2013). These observations are consistent with our 

findings that aged F344 x BN rats in the present cohort did not show spatial learning or 

memory impairments relative to their young counterparts, even though these aged rats 

showed consistent, correlated deficits on similar object discriminations across Experiments 1 

and 2. Interestingly, in F344 rats that show more robust water maze deficits with advancing 

age, as compared to hybrid strains (LaSarge and Nicolle, 2009), sensory discrimination 

abilities are highly predictive of spatial memory impairments (LaSarge et al., 2007; Yoder et 

al., preliminary acceptance). Together, these data suggest application of the rodent target-

lure discrimination task could permit detection of the earliest signs of age-related 

neurobiological change across cortical-hippocampal circuits.

Several important distinctions between the rodent target-lure discrimination task and the 

human mnemonic similarity task are noteworthy. While testing in humans uses trial-unique 

stimuli, rats train over multiple trials to identify the target that signals presence of food 

reward. Thus, rats are provided with food motivation to incrementally learn a rule. This 

could potentially recruit brain circuits responsible for decision-making and response 

selection in addition to the medial temporal lobe cortices and hippocampus. Along these 

lines, in the rat target-lure task the stimuli are not trial-unique, but rather presented several 

times over the course of days. Reagh and Yassa (2014) have shown that the repeated 

presentation of a target leads to worse lure performance in young subjects, perhaps through a 

mechanism by which familiarity-based responses are enhanced as objects become 

semanticized through multiple exposures. Under this framework, the current data would 

suggest that the aged rats have an increased rate of semanticization compared to the young 

rats, which is consistent with previous spontaneous object recognition data from young and 

aged rats (Burke et al., 2010; 2011). Future experiments will be needed to confirm that 

rodent target-lure discrimination tasks rely on comparable circuits to those engaged by the 

mnemonic similarity task in humans.
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Finally, in the rat object discrimination tasks used to date, the animals are presented with a 

forced choice. This is distinct from the original mnemonic similarity tasks in which subjects 

are asked to judge only a single item as new or old. Critically, a recent variant of the 

mnemonic similarity task in which the subjects were simultaneously presented with an 

object from the encoding phase and a similar lure in a forced-choice format, which is more 

comparable to the rat studies used here, has confirmed age-related impairments in 

discriminating between similar objects (Huffman and Stark, 2017). Thus, the old/new and 

forced-choice test formats appear to be equally sensitive to detecting age-associated deficits.

Response strategy, reaction times, and performance on target-lure discrimination tests

To gain further insight into strategies guiding response selection on object discrimination 

test, checking behavior (for example see video, Supplemental Material) and reaction times 

were scored on a trial-by-trial basis. This analysis was motivated by observations that rats 

often default to simple, rule-based response strategies on forced-choice tasks, and must learn 

to suppress their initial strategy in order to apply a more complex task-specific strategy. For 

example, in an object-place paired-associate (OPPA) task that requires learning object-

reward associations contingent on spatial location within the test apparatus, rats initially 

adopt a side-biased strategy to obtain the concealed food reward 50% of the time (Lee and 

Solivan, 2008; Jo and Lee, 2010; Lee and Byeon, 2014; Hernandez et al., 2015, 2017). We 

observed the same effect during initial object discrimination training in Experiment 1 (data 

not shown), and a side-biased strategy remained evident on trials with greater target-lure 

similarity during tests in Experiment 2. During later stages of acquisition of the OPPA task, 

rats begin to hesitate before displacing the incorrect object on the biased side, instead 

moving to the non-biased side of the platform to make a correct response. In their analysis of 

OPPA acquisition, Lee and Byeon (2014) described this behavior as inhibition-and-push 

response (or IPR), while we refer to the same behavior as ‘checking’ in the present analyses. 

Checking behavior is reminiscent of vicarious trial and error (or VTE) behavior observed 

when rats pause at a choice point in a maze (Muenzinger and Gentry, 1931; Tolman, 1939), 

which is proposed to reflect flexible deliberation during decision-making (Redish, 2016).

Trial-by-trial analysis of checking behavior on mnemonic similarity tests confirmed that, 

overall, performance corresponded with the ability to suppress a side-biased response 

strategy. Specifically, better performance on Lure 1 trials was associated with reduced side 

bias and increased checking, while poorer performance on Lure 2 and Lure 3 trials was 

associated with greater side bias and decreased checking. Given that aged rats showed less 

checking behavior than young across all trial types, it is likely that age-related deficits on the 

task can be explained in part by perseveration of a side-biased strategy. Though all rats 

appeared to default to their side bias when faced with high-similarity discriminations, this 

effect was more pronounced in the aged group. These data are consistent with findings that 

aged rats show impaired flexibility relative to young on reversal learning or set-shifting tasks 

(Beas et al., 2013, 2016), and that aged rats more readily adopt a response-based strategy 

than spatial place-based strategy on a T-maze navigation task (Tomás Pereira et al., 2015).

In young adult rats, in vivo recordings have revealed that single units within the prefrontal 

cortex can be selectively responsive when suppressing side bias during acquisition of the 
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OPPA task (Lee and Byeon, 2014). Similar experiments have also shown that once rats 

learned to suppress their side bias and adopt the object-in-place rule that OPPA requires, 

neuronal firing was increasingly synchronized and phase-locked to theta oscillations across 

the prefrontal cortex and hippocampus (Kim et al., 2011). These results suggest prefrontal 

cortical regions may contribute by gating hippocampal-dependent discrimination responses, 

depending on the relative difficulty of the task. An implication of the prefrontal cortex 

together with hippocampus in mnemonic discrimination is supported by one recent study in 

humans, in which activity across the two regions was associated with failure to correctly 

identify similar lure stimuli as novel (Pidgeon and Morcom, 2016). Overall, our results 

indicating that aged rats are selectively impaired on high-similarity discriminations, but are 

also slow to overcome a perseverative response bias, suggests that interaction of these two 

sets of abilities is required to perform the task. The mnemonic similarity task may therefore 

be particularly sensitive to coordinated function of the prefrontal cortex and medial temporal 

lobe, and could provide an opportunity to assess age-related imbalance across these brain 

circuits.

Studies of cognition across the human lifespan consistently show behavioral slowing in 

older age, and this can be an accurate predictor of broader cognitive and physical decline 

(Hong et al., 2015; Aichele et al., 2016; Finkel et al., 2016). To determine whether aged rats 

from the current experimental cohorts showed evidence of behavioral slowing or general 

physical impairments, we also carried out a trial-by-trial analysis of reaction times across 

mnemonic similarity tests. First, a pronounced effect of response side was observed on 

reaction times, irrespective of age. Reaction times for trials when rats correctly responded to 

their biased side were significantly shorter than those when rats correctly responded to their 

non-biased side. This can easily be explained by the fact that pausing and checking the 

biased side of the platform before self-correcting and responding on the non-biased side 

takes longer than moving directly from the threshold of the choice platform to the biased 

side. Separate analyses of reaction times to the biased versus non-biased side showed no 

difference in their duration between young and aged groups. In fact, examination of 

individual rats’ reaction times (not shown) revealed the majority of aged rats had shorter 

reaction times than the median value of young rats when correctly responding to the biased 

side of the platform, across trial types. Reaction times were comparable between young and 

aged when responding to the non-biased side of the platform, indicating that checking 

behavior was not slowed in the aged group by physical impediments. Together with 

behavioral analyses of correct responses, side bias, and checking, these data emphasize that 

physical or sensory impairments did not influence mnemonic similarity task performance in 

the aged group.

One further consideration in interpreting age-related deficits on the discrimination tasks is 

whether aged rats simply find higher-similarity discriminations more difficult. 

Differentiation of the factor of ‘feature similarity’ from a more general factor of ‘task 

difficulty’ can be problematic. One approach adopted in human studies is to include simple 

discrimination conditions in which stimuli differ only on a single feature, such as size or 

color. Of note, control subjects show approximately the same accuracy when discriminating 

between basic shapes that differ slightly in size or color (Barense et al., 2007; Ryan et al., 

2012; Behrmann et al., 2016) as when discriminating between complex ‘fribble’ or ‘greeble’ 
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stimuli that share multiple overlapping features (Gauthier and Tarr, 1997; Williams and 

Simons, 2000; Barense et al., 2007). Patients with medial temporal lobe damage 

encompassing both hippocampus and perirhinal cortex were not impaired relative to controls 

on difficult size and color discriminations, yet showed significant deficits on high-similarity 

complex stimulus discriminations (Barense et al., 2007; Behrmann et al., 2016). The results 

of one study in elderly human subjects further suggest that mnemonic discrimination deficits 

emerge without concurrent impairments in difficult simple visual discriminations (Ryan et 

al., 2012). Together with functional neuroimaging data and the interpretation that perirhinal 

cortical-hippocampal function is critical to mnemonic discrimination abilities, these findings 

imply age-related deficits in the present experiments cannot be fully explained by task 

difficulty.

Domain-general discrimination deficits with aging as they relate to cortical-hippocampal 
circuit-level dysfunction

Availability of a rodent mnemonic similarity task provides an opportunity to address 

complementary gaps in the human and animal literature on the neurobiological 

underpinnings of stimulus discrimination. In humans, functional neuroimaging studies have 

most consistently linked visual discrimination of similar stimuli to activity in hippocampal 

CA3 and dentate gyrus (Kirwan and Stark, 2007; Bakker et al., 2008; Yassa et al., 2011a, 

2011b; Yassa and Stark, 2011; Bakker et al., 2012; Motley and Kirwan, 2012; Reagh and 

Yassa, 2014; Doxey and Kirwan, 2015). Whereas, in animals, the majority of studies have 

tested a role for the perirhinal cortex in high-similarity object discriminations (Eacott et al., 

2001; Bussey et al., 2002, 2003, Bartko et al., 2007a, 2007b; Winters et al., 2010; Ahn and 

Lee, 2015). To date, a single functional imaging study has found that altered perirhinal 

activity in the elderly is correlated with discrimination deficits (Ryan et al., 2012). Animal 

models point to a potential role for both hippocampal and perirhinal cortical dysfunction in 

similarity-dependent discrimination impairments; results from aged rats in the present study 

recapitulate similar data from young rats with hippocampal or dentate gyrus lesions 

(McTighe et al., 2009; Talpos et al., 2010; Oomen et al., 2015), as well as those data 

mentioned from young rats and monkeys with perirhinal cortical lesions (e.g., Bussey et al., 

2002, 2003, Bartko et al., 2007a, 2007b). Thus, a likely possibility is that it may not be 

isolated dysfunction within either of these brain regions in old age, but rather integrity of 

cortical inputs from the rhinal cortices to the hippocampus, in particular via the perforant 

path, that underlie age-related visual discrimination impairments (Bennett and Stark, 2015; 

Gray and Barnes, 2015; Leal and Yassa, 2015; Bennett and Stark, 2016).

This interpretation is supported by a study in young adult human subjects, which examined 

mnemonic discrimination task-related activity across the medial temporal lobe and 

hippocampal sub-regions and found both cortical and CA3/dentate gyrus activity to correlate 

with performance (Reagh and Yassa, 2014). While this has not yet been extended to elderly 

subjects, it is interesting to consider their findings with respect to measurement of stimulus 

discrimination abilities across sensory domains and a potentially indispensable role of the 

hippocampus in performing this function to support memory fidelity. Reagh and Yassa 

(2014) reported that activity in lateral entorhinal and perirhinal cortices was linked to 

accurate discrimination of object stimuli, while activity in medial entorhinal and 
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parahippocampal cortices was linked to discriminating between spatial locations on the 

screen. This is consistent with prior knowledge that lateral entorhinal and perirhinal cortical 

inputs provide visual and object information to the hippocampus, while medial entorhinal 

cortical inputs provide spatial information (Burwell et al., 1998; Hargreaves et al., 2005; 

Witter and Moser, 2006; Henriksen et al., 2010; Deshmukh and Knierim, 2011; Hartzell et 

al., 2013). However, a relationship between CA3/dentate gyrus activity and performance was 

observed across both object and spatial task variants (Reagh and Yassa, 2014). This 

reinforces the conclusion that, via its cortical inputs, the dentate gyrus plays a critical and 

domain-general role in distinguishing between similar stimuli (O’Reilly and McClelland, 

1994; Treves et al., 2008; Yassa and Stark, 2011; Kesner and Rolls, 2015; Knierim and 

Neunuebel, 2016). In further support, studies in animal models have identified a role for the 

hippocampus and particularly the dentate gyrus in discrimination of olfactory stimuli 

(Weeden et al., 2014), spatial locations (Gilbert et al., 1998, 2001), and spatial positions 

presented on a touchscreen (McTighe et al., 2009; Talpos et al., 2010; Oomen et al., 2015).

Considered together, this growing body of data supports hippocampal involvement in 

stimulus discrimination across modalities. However, it is critical to note that the streams of 

information that support hippocampal computations for stimulus discrimination (i.e., the 

lateral entorhinal/perirhinal cortical circuit versus the medial entorhinal/parahippocampal 

cortical circuit) are not equally vulnerable to old age. Studies comparing multiple domains 

of discrimination and memory indicate that the discrimination of similar object features is 

more sensitive to aging than discrimination of similar spatial locations (Reagh et al., 2016). 

Furthermore, a recent study reported that performance on neuropsychological tests for early 

cognitive decline was predictive of memory for objects, but not memory of scenes (Fidalgo 

et al., 2016). Cross-domain discrimination behavior has not yet been assessed within 

individual animal subjects, to our knowledge. Nonetheless, it is interesting to note that age-

related object discrimination impairments observed in the current experiments are more 

profound than age-related spatial discrimination impairments using the same F344 x BN 

hybrid rat model of cognitive aging (Johnson et al., 2016). Specifically, effect sizes for age 

differences in incorrect trials required to learn similar object discriminations in Experiment 1 

(Cohen’s d = 1.34, 95% confidence interval (CI) = −22–20) and performance on Lure 2 (d = 

2.30, CI = −0.56–5.16) and Lure 3 trials (d = 1.98, CI = −0.79–4.75) in Experiment 2 are 

greater than that observed for the age difference in performance on high-similarity spatial 

discriminations in our previously published study (d = 0.99, CI = 0.95–1.03) (Johnson et al., 

2016). Critically, these findings are consistent with knowledge that lateral entorhinal and 

perirhinal cortices, which are more likely to contribute to visual and object discriminations, 

show earlier evidence of neuropathology with advanced age and progression to Alzheimer’s 

disease (Braak and Braak, 1991; Braak et al., 1993; Khan et al., 2014; Hirni et al., 2016; 

Krumm et al., 2016). With this highly sensitive behavioral index of aging and cognitive 

decline now identified in humans and animal models, future experiments focused on 

perirhinal and lateral entorhinal cortical inputs to the hippocampus will likely begin to 

clarify sensitivity of this circuit to aging.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Apparatus used in object discrimination training (Experiment 1) and mnemonic similarity 

tests (Experiment 2). (A) L-shaped maze bounded by start area and choice platform. (B, C, 
D) Object pairs used in Experiment 1. (B) shows standard object pairs used for initial 

training, (C) shows the distinct LEGO® object pair that shared 60% volume and 38% visible 

features, (D) shows the similar LEGO® pair that shared 87% volume and 63% visible 

features. (E, F) Target and lure objects used in Experiment 2. (E) Shows the target (S+) 

object used throughout the mnemonic similarity pre-training and tests, paired with a distinct 

object that shared 65% volume and 38% visible features. Rats were trained to associate the 

target with a food reward before moving on to discrimination tests. (F) Shows the familiar 

target object paired with each of 4 lure objects in order of increasing similarity: a distinct 

lure object (‘Frog’), Lure 1 that shared 89% volume and 50% visible features with the target, 

Lure 2 with 92% shared volume and 71% shared visible features, and Lure 3 with 95% 

shared volume and 90% shared visible features.
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Figure 2. 
Results of object discrimination training in Experiment 1. (A) Cumulative frequency plots 

show the percentage of young (n = 20) and aged (n = 10) rats that achieved the required 

criterion of ≥81.3% correct responses across training sessions with standard object pairs. (B) 

Cumulative frequency plots show the percent of all young and aged rats that reached 

criterion across training sessions with the distinct and similar LEGO® object pairs. (C) 

Mean (±SEM) number of incorrect responses made by young and aged rats prior to 

achieving criterion performance on standard and LEGO® object discriminations, collapsed 

across all training days. Both age groups completed more incorrect trials in learning the 

similar pair than in learning the distinct pair (p’s < 0.001). Aged rats were no different than 

young in number of trials to learn the distinct discrimination (p = 0.23), but required a 

greater number of trials than young to reach criterion on the similar pair (p < 0.002). ** p < 

0.01, *** p < 0.001.
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Figure 3. 
Results of mnemonic similarity task pre-training and tests in Experiment 2. (A) Cumulative 

frequency plot showing the percentage of young (n = 10) and aged (n = 10) rats that 

achieved criterion of ≥81.3% correct responses across pre-training sessions with the target 

object and a distinct object. (B) Mean (±SEM) percent correct responses for each trial type 

presented on mnemonic similarity tests. Values are collapsed across four tests given over a 

period of 12 days, to a total of 40 trials with each lure object (distinct ‘Frog’ object, Lure 

objects 1–3, or an identical pair of copies of the target object). Both age groups showed poor 

performance on the high-similarity discriminations between the target and Lure 3 (L3), 

relative to lower-similarity discriminations with Lure 1 (L1) or Lure 2 (L2) (main effect of 

similarity: p < 0.001). Relative to young, aged rats showed impaired performance on Lure 2 

and Lure 3 trials (p < 0.001). (C) Mean (±SEM) percent correct responses for each trial type 

plotted for each of the four test sessions. Performance did not improve significantly in young 

or aged rats across test days, for any trial type (p’s > 0.16). However, aged rats showed 

performance deficits on Lure 2 and Lure 3 trials across test days (p’s < 0.001). *** p < 

0.001.
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Figure 4. 
Results of behavioral analyses for mnemonic similarity tests in Experiment 2. (A) Schematic 

shows the distinction between a behavioral response to the rat’s inherently biased side, 

without checking, and to the non-biased side, with checking. (B) Mean (±SEM) percent of 

correct responses made across four test sessions in which young and aged rats showed 

checking behavior. Values are shown for each of the three Lure objects (L1, L2, L3). (C) 

Mean (±SEM) side bias index of young and aged rats across test sessions. A side bias index 

of 1 reflects complete bias to select the object presented on either the left or right side of the 

choice platform, while a side bias of 0 reflects no side bias and an equal number of 

responses made to the left and right sides. (D) Scatter plots show relationships between 

normalized mean side bias index values and normalized mean percent of correct trials with 

checking behavior, for Lure 1, Lure 2, and Lure 3 discriminations. Spearman’s rho 
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correlation coefficients and p values are shown for each plot, inset. (E) Mean (±SEM) 

reaction time values for correct discrimination responses made by young and aged rats on 

mnemonic similarity tests. Values are collapsed for each trial type but considered separately 

based on whether rats selected the object presented on their inherently biased or non-biased 

side.
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Figure 5. 
Analyses of relationships between individual rats’ abilities on object discrimination training 

in Experiment 1 and mnemonic discrimination tests in Experiment 2. (A) Scatter plots and 

results of correlation between number of incorrect (INC) responses made in reaching 

criterion on the similar LEGO® object pair in Experiment 1 and normalized % correct 

discrimination responses on Lure 1 trials (L1) in Experiment 2 for young (left panel) and 

aged (right panel) rats, considered separately. A significant inverse relationship was detected 

between the two variables for aged rats only (p < 0.02). (B) Mean (±SEM) number of 

incorrect responses made during similar object discrimination training in Experiment 1. 

Values are plotted for individual young (Y) rats, and individual aged rats segregated into 

unimpaired (AU) and impaired (AI) groups based on training required for similar object 

discriminations. Relative to AU, AI required a significantly greater number of incorrect trials 

to reach criterion on the similar pair (p < 0.008). (C,D) Mean (±SEM) percent correct 

discrimination responses on Experiment 2, for individual Y, AU, and AI rats. Separate plots 

are shown for the Distinct Lure object used in pre-training (C) and for each lure object used 

in tests (D). Relative to AU, AI showed impairments on Lure 1 trials (p < 0.05). * p < 0.05, 

** p < 0.01.
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Figure 6. 
Assessment of spatial learning and memory abilities on the water maze task, and 

relationship of spatial abilities to object discrimination training in Experiment 1. (A) 

Cumulative integrated path length (CIPL) values reflecting the total distance traveled (cm) 

prior to locating the hidden platform during spatial training, corrected for swim speed 

differences. All rats learned to locate the platform more effectively across training blocks 

(B1–B4; main effect of block: p < 0.001), but there was no difference in rate of acquisition 

between young and aged rats (p = 0.46). (B) Mean proximity (cm) to the platform’s target 

location during four probe tests of spatial reference memory (P1–P4). Proximity values 

decreased in both age groups across probe tests, reflecting an improvement in memory for 

the hidden platform’s location over time (main effect of test: p < 0.001); however, no 

difference was detected in spatial memory between young and aged (p = 0.27). (C) Swim 

path lengths (cm) of young and aged rats did not differ on cued navigation trials (p = 0.95). 

Graphs show means ± SEM. (D. E) Scatter plots show normalized number of incorrect 

responses required to learn to discriminate between the similar object pair in Experiment 1 

and normalized measures of (D) spatial learning (block 3 CIPL values) and (E) spatial 

memory (spatial learning index; SLI). No relationship was detected between discrimination 

and spatial abilities in young or aged rats. (F, G) When aged rats were segregated into 

unimpaired (AU) and impaired (AI) groups based on similar object discrimination training 

required in Experiment 1, no differences between the two groups or with respect to young 

(Y) rats were observed in (F) block 3 CIPL values or (G) SLI values.
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