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Abstract

Age-related cognitive impairments are particularly prevalent in forms of learning that require a 

functionally intact hippocampal formation, such as spatial learning and declarative memory. 

However, there is notable heterogeneity in the cognitive abilities of aged subjects. To date, few 

studies have determined whether age-related impairments on one learning task relate to 

impairments on different learning tasks that engage overlapping cognitive processes. Here, we 

hypothesized that aged animals that were impaired on one hippocampal-dependent behavioral 

procedure would be impaired on a second hippocampal-dependent procedure. Conversely, aged 

animals that were unimpaired on one hippocampal-dependent task would be unimpaired with a 

subsequent hippocampal-dependent form of learning. To test these hypotheses we trained young 

(2–3m) and aged (28–29m) F344XBN male rats with trace eyeblink conditioning, followed by the 

Morris water maze. Half of aged rats were impaired during trace conditioning. Nearly half of aged 

animals were also impaired during water maze probe testing. Performance during trace 

conditioning correlated with performance during water maze testing in aged animals. Further 

analyses revealed that, as a group, aged animals that were impaired on one hippocampal-

dependent task were impaired on both tasks. Conversely, aged animals that were unimpaired on 

one task were unimpaired on both tasks. Together, these results suggest that aged-related 

impairments on one hippocampal-dependent task predict age-related impairments on a second 

hippocampal-dependent procedure. These results have implications for assigning personalized 

therapeutics to ameliorate age-related cognitive decline.
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Introduction

Aging is associated with learning and memory impairments that span numerous cognitive 

domains. Aged human subjects display deficits in tests of working memory (Park et al., 
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1996), executive function (Buckner, 2004), processing speed (Salthouse, 1996), and spatial 

and non-spatial declarative learning and memory (Cheng, Faulkner, Disterhoft, & Desmond, 

2010; Foster, 2012; Moffat, Zonderman, & Resnick, 2001). Several animal models of 

cognitive aging have been established to better understand the neurobiological mechanisms 

underlying age-related decline. These models typically have strong face validity, as aged 

rats, rabbits, mice, and dogs display age-related learning and memory impairments (Cotman 

& Head, 2008; Kaczorowski & Disterhoft, 2009; Knuttinen et al., 2001; Pancani et al., 2013; 

Thompson et al., 1996; van Praag et al., 2005).

Many forms of learning that are impaired during aging require an intact hippocampal 

formation. For example, aged human and animal subjects are impaired during acquisition of 

the trace eyeblink response (Finkbiner & Woodruff-Pak, 1991; Knuttinen et al., 2001), and 

the hippocampus is necessary for acquisition of this temporal association (Beylin et al., 

2001; Tseng, Guan, Disterhoft, & Weiss, 2004; Weiss, Bouwmeester, Power, & Disterhoft, 

1999). Aged human and animal subjects also display spatial memory impairments (Foster, 

2012; Gallagher, Stocker, & Koh, 2011), and the hippocampus is required for many forms of 

spatial learning and memory (Morris, Garrud, Rawlins, & O’Keefe, 1982). For example, 

aged human subjects are impaired during acquisition of a computer-based virtual water 

maze procedure (Iaria, Palermo, Committeri, & Barton, 2009; Plancher, Gyselinck, Nicolas, 

& Piolino, 2010), and aged rodents are impaired during acquisition of the hippocampal-

dependent hidden platform Morris water maze task (Foster, 2012; Frick, Baxter, 

Markowska, Olton, & Price, 1995; Gallagher, Burwell, & Burchinal, 1993).

A decline in cognitive ability is often viewed as a natural part of the aging process, however 

there is a large amount of heterogeneity in the learning abilities of aged human and animal 

subjects (Thompson et al., 1996). Although many aged individuals display learning and 

memory impairments, a subset of aged subjects can acquire and remember novel 

information as well as younger adults (Ardila, 2007; Matzel, Grossman, Light, Townsend, & 

Kolata, 2008; Thompson et al., 1996). Because there is a large degree of heterogeneity in the 

cognitive abilities across aged subjects, we hypothesized that this ability would be conserved 

across tasks, i.e., aged animals that were impaired on one hippocampal-dependent task 

would also be impaired on a separate hippocampal-dependent task. Conversely, we 

predicted that aged animals that were unimpaired on one hippocampal-dependent task would 

be unimpaired on a second hippocampal-dependent task. To test these hypotheses we trained 

young and aged rats with trace eyeblink conditioning followed by the Morris water maze.

Methods

Subjects

Sixteen young adult (2–3 month) and thirty-six aged (28–29 month) specific pathogen free 

male F1 hybrid Fischer 344 X Brown Norway (F344XBN) rats were used for the current 

study. All animals were provided from the National Institute on Aging’s colony at Harlan 

Laboratories (Indianapolis, IN, USA). Animals were first trained with eyeblink conditioning 

followed by the Morris water maze (Fig. 1A). Previous research has revealed that training 

with eyeblink conditioning does not influence subsequent training with the Morris water 

maze (Kuo, Lee, & Disterhoft, 2006). One young and one aged rat were removed from the 
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analysis due to complications with electrodes used during eyeblink conditioning. An 

additional one young and four aged rats were removed due to poor performance during 

visible platform water maze training. Therefore, fourteen young and thirty-one aged rats 

were used in the final analysis. All animals were fed ad libitum and cared for in an 

AAALAC approved temperature-controlled clean animal care facility, with a 14:10hr light/

dark cycle. They were allowed to acclimate to Northwestern University vivarium for at least 

one week prior to the onset of the experiment. All rats were group housed to minimize 

stress. All procedures were approved by the Northwestern University Animal Care and Use 

Committee, and conformed to NIH standards.

Eyeblink conditioning

Animals were secured in a stereotaxic device for implantation of a headstage and four 

periorbital electrodes which were used during eyeblink conditioning. During surgery 

animals were anesthetized with isoflurane gas, supplemented with Buprenex (0.03mg/kg, 

subcutaneous). Two Teflon coated stainless steel wire periorbital electrodes (0.003in. 

diameter) were inserted into the right orbicularis oculi to measure blink related activity. 

Two wires were inserted into the periorbital region lateral to the eye to deliver the 

unconditioned stimulus (US), and one stainless steel ground wire (0.005in. diameter) was 

connected to two screws threaded into the skull.

After recovering from surgery animals were habituated to the conditioning chamber for 

twenty minutes, while spontaneous blink activity was recorded. Three hours after the 

habituation session animals began training with thirty trials of trace eyeblink conditioning 

per day, for five days. During training the conditioned stimulus (CS) was a 250ms 85dB 

8kHz tone (5ms rise/fall time). The CS was followed by a 500ms stimulus-free trace period, 

which was followed by a 100ms unconditioned stimulation (US) to the periorbital region (6 

pairs of biphasic 1ms pulses). The intensity of the stimulation was calibrated for each 

animal, such that the minimum amount of current necessary to elicit an unconditioned 

eyeblink reflex was used. The intertrial interval was 45±15sec. The occurrence of a 

conditioned eyeblink response was determined from integrated EMG recordings of the 

orbicularis oculi. During each trial a blink occurred when there was integrated EMG activity 

that was greater than the average EMG activity during the 250ms preCS baseline period plus 

four standard deviations, with a duration of at least 15ms. Conditioned responses (CRs) were 

blinks that were present at least 50ms after the onset of the CS, but before the onset of the 

US.

Three days after the last session of trace conditioning all rats began training with delay 

eyeblink conditioning in order to assay the functional integrity of brainstem and cerebellar 

circuitry related to eyeblink conditioning, and to ensure that there were no sensory or motor 

deficits which prevented the animal from hearing or responding to the conditioned stimulus. 

Two thirty-trial sessions of delay conditioning were performed per day. Animals were 

trained with at least two sessions of delay conditioning. Delay conditioning was conducted 

exactly as trace conditioning, except that the duration of the CS was extended so that it 

remained on for the full 750ms time window between CS and US onset.
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Morris water maze

Following eyeblink conditioning we assessed spatial learning and memory with the Morris 

water maze. Water maze training took place in a circular pool (180cm diameter) filled with 

25±1C° water. The water was made opaque with the addition of non-toxic white paint. All 

animals were first trained with the visible platform version of the task, to ensure that they 

were capable of locating, navigating, and climbing on to the escape platform. During visible 

platform training the escape platform (20.3cm×25.4cm) was placed in one of three different 

start locations, and there were no distinctive cues surrounding the pool. The platform was 

raised 2mm above the water level, and several visual cues were attached to the platform. Six 

trials of visible platform training were performed per session. After every two trials the 

escape platform was moved to a different quadrant of the pool. During each trial the animal 

was placed approximately 75mm from the edge of the pool, in the center of one of three 

quadrants that did not contain the hidden escape platform. Animals began each trial by 

facing the edge of the pool. Each animal was given 60sec to locate the visible platform. If 

the platform was not located after 60sec the animal was guided to the platform by the 

experimenter. All animals were trained with at least two, but no more than three, sessions of 

visible platform training. If an animal’s average path length during the last three trials of 

visible platform training was greater than 250cm that animal was classified as sensory/motor 

impaired and removed from the study. We chose this criterion as the vast majority of young 

and aged rats were able to locate the visible platform with an average path length of less 

than 250cm by the end of training.

Following visible platform training all animals were trained with the hidden platform 

procedure. During hidden platform training a distinctive unique cue was in place on each of 

the four walls surrounding the pool. The escape platform was placed in a novel location and 

submerged approximately 1cm below the water level. The location of the platform did not 

change during hidden platform training. Animals were trained with six trials per day for five 

days. During each trial an animal was placed in the center of one of the three quadrants that 

did not contain the hidden platform. Each animal was given 60sec to locate the hidden 

platform. If the platform was not located after 60sec the animal was guided to the platform 

by the experimenter. All animals were allowed to remain on the platform for 20sec at the 

end of each trial.

Several studies have revealed that young animals with hippocampal lesions, or inactivation 

of the hippocampus, can perform various spatial tasks, including the cross maze and the 

hidden platform water maze, through the use of non-spatial search strategies (Packard & 

McGaugh, 1996; Pouzet, Zhang, Feldon, & Rawlins, 2002). However, animals with 

hippocampal lesions show no or little preference for the platform location during water maze 

probe testing, indicating impaired spatial memory in these animals (Broadbent, Squire, & 

Clark, 2006). Therefore, we used probe trials to assess hippocampal-dependent spatial 

memory during water maze training. One probe trial was conducted at the end of the third, 

fourth, and fifth days of hidden platform training. During each probe trial the escape 

platform was removed from the pool and each animal was allowed to swim for 60sec. 

Average proximity from the center of the location of the pool that previously contained the 

escape platform was used as a measure of memory for the platform location, as this measure 
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is particularly sensitive to detecting age-related spatial impairments (Gallagher et al., 1993; 

Maei, Zaslavsky, Teixeira, & Frankland, 2009). Computerized tracking software was used 

during training and subsequent offline analysis (WaterMaze, Actimetrics, Wilmette, IL).

Statistics

Performance during trace conditioning and water maze training was analyzed with repeated 

measures ANOVA, with Greenhouse-Geisser corrections applied when Mauchley’s test 

indicated that the assumption of sphericity had been violated. Levene’s test for equality of 

variance, univariate ANOVA with post-hoc Tukey comparisons, and unpaired t-tests were 

also used as appropriate. Group data are presented as cumulative distributions, and as means 

with the standard error of the mean.

Results

Half of aged rats were impaired during acquisition of trace eyeblink conditioning

Prior to trace eyeblink conditioning all rats were habituated to the conditioning chambers. 

The percent of spontaneous blinks emitted during habituation did not differ between young 

and aged rats (t(43)=0.36, p≥0.05; FIG. 1B). Across all five sessions of trace conditioning 

young animals tended to emit more CRs (58% ± 5%) than aged animals (46% ± 4%), 

however this comparison did not reach significance (F(1, 43) = 3.23, p≥0.05; FIG. 1B) 

Following trace conditioning all animals were trained with delay conditioning. The percent 

CRs emitted during delay conditioning did not differ between young (76% ± 5%) and aged 

(68% ± 4%) rats (F(1, 43) = 1.25, p≥0.05 FIG. 1B).

To quantify peak performance during training we examined the greatest %CRs emitted by 

each rat during any session of training. During trace conditioning the average greatest %CRs 

emitted by young rats (82 ± 5%) was greater than that of aged rats (66 ± 5%; t(43) = 2.04, 

p<0.05; FIG. 1C), confirming that aged rats were impaired during trace eyeblink 

conditioning. There was also a trend towards increased variance in the greatest %CRs 

emitted during any session of trace conditioning in aged rats, as compared to young rats, 

although this comparison did not reach significance (F = 3.42, p=0.07; FIG. 1C). During 

delay conditioning there was no difference in the greatest %CRs emitted by young (84 ± 

4%) and aged rats (77 ± 4%; t(43) = 1.09, p≥0.05; Fig. 1D), confirming that both groups 

could acquire the delay eyeblink response. However, there was significantly more variance 

in aged animals (F = 4.97, p<0.05; Fig. 1D). Therefore, although some aged rats performed 

poorly during eyeblink conditioning others performed at young-like levels.

Previous research has revealed that approximately 50% of aged (27–29mo) F344XBN rats 

fail to learn the trace eyeblink response (Knuttinen et al., 2001). To determine whether a 

similar proportion of aged rats were impaired with trace conditioning in the current study we 

separated aged animals into impaired or unimpaired. To do so we established a criterion, 

defined as the average of the greatest %CRs emitted by each young animal during any one 

session of trace conditioning, minus one standard deviation. This was equal to 64% CRs. 

Aged rats that never emitted at least 64% CRs during at least one session of trace 

conditioning were considered impaired (AItEBC). The remaining aged animals were 
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classified as unimpaired (AUtEBC). 52% (N=16) of aged rats failed to reach criterion, and 

were impaired during trace conditioning. The remaining 48% (N=15) of rats were 

unimpaired during trace conditioning. For comparison, fewer than 15% (N=2) of young rats 

failed to achieve criterion-level performance. As would be expected, aged rats that were 

impaired during trace conditioning emitted significantly fewer CRs than either young rats 

(F(1,28) = 26.45, p<0.05) or aged-unimpaired rats (F(1,29) = 56.73, p<0.05). Importantly, 

these aged-impaired animals displayed no increase in conditioned responding across the five 

sessions of trace conditioning, confirming that they did not acquire the trace eyeblink 

response (F(4,60) = 2.38, p≥0.05). However, there was a significant increase in conditioned 

responding in aged-impaired animals between the last session of trace conditioning (34% ± 

3%) and the first session of delay conditioning (57% ± 5%), indicating that these animals 

could process and respond to the conditioned stimuli (F(1,15) = 23.04, p<0.05; Fig. 1B). 

Together, these results confirm that half of the aged rats were impaired during acquisition of 

trace eyeblink conditioning.

Half of aged animals possessed impaired spatial memory

Animals were first trained with the visible platform procedure, to ensure that they could 

locate and navigate to the escape platform. Since young rats (31 ± 2cm/sec) swam 

significantly faster than aged rats (36 ± 1cm/sec; t(50) = 6.59, p<0.01) we used path length to 

the escape platform as our index of performance during training. A significant decline in 

path length during trials 1–12 indicated that both young (F(2.47,32.13) = 6.96, p<0.05) and 

aged (F(5.82, 174.49) = 7.14, p<0.05) animals acquired the location of the visible platform 

(Fig. 2A inset). There was no decline in path length during the last three trials of visible 

platform training for young (F(2, 26) = 1.28, p≥0.05) or aged (F(2,60) = 0.29, p≥0.05) rats, and 

path length during the last three trials did not differ between these groups (F(1,43) = 0.04, 

p≥0.05; Fig. 2A inset), indicating that both young and aged rats attained comparable plateau 

performance by the end of visible platform training.

All rats were then trained with five daily sessions of the hidden platform procedure. Both 

young (F(2.08, 26.98) = 57.73, p<0.05) and aged (F(2.99, 89.77) = 97.70, p<0.05) animals 

decreased their path length across the five sessions. However, aged animals consistently had 

longer path lengths (F(1,43) = 20.99, p<0.05 ; Fig. 2A). Analysis of the last three sessions 

revealed that path length was larger in aged animals (t(43) = 4.47, p<0.05; Fig. 2A, B), 

confirming that aged rats were impaired during hidden platform training. Although there 

was increased variance in aged animals during eyeblink conditioning we observed no 

difference in variance of path length between young and aged rats during hidden platform 

training (F = 1.55, p≥0.05; Fig. 2B). A probe trial was conducted after the third, fourth, and 

fifth sessions of hidden platform training. Average proximity from the region of the pool 

that previously contained the escape platform was used as a measure of spatial memory. To 

ensure that we used a reliable measure of spatial memory we computed the mean average 

proximity score for each animal across all three probe tests. Aged rats had greater average 

proximity (45 ± 2cm) than young rats (38 ± 2cm), revealing that, as a group, aged rats had 

impaired memory for the platform location (t(43) = 2.54, p<0.05; Fig. 2C, 2D).
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To characterize aged rats as impaired or unimpaired during probe testing we established a 

criterion based on performance of the young animals. This criterion was equal to the average 

proximity of young rats across the three probe tests, plus one standard deviation of the mean. 

This was equal to 46cm. Aged rats with average proximity across the three probe tests of 

greater than 46cm were classified as spatially impaired. Those with proximities equal to or 

less than 46cm were classified as unimpaired. 45% of aged rats were impaired with the 

water maze (AIMWM; N=14), whereas 55% were unimpaired (AUMWM; N=17). Only 7% of 

young rats failed to reach this criterion (N=1). Path length during the last three trials of 

visible platform training did not differ between aged animals that were impaired (125 ± 

12cm) or unimpaired (104 ± 11cm) during probe testing (t(29) = 1.28, ≥0.05). Univariate 

ANOVA revealed that average proximity across the three probe trials differed between 

young, AUMWM, and AIMWM rats (F(2,42) = 28.89, p<0.05). As expected, AIMWM rats had 

greater proximity measures (53 ± 2cm) than young (38 ± 2cm) and AUMWM animals (38 

±1cm; p’s<0.05). Proximity scores were not different between young and AUMWM rats 

(p≥0.05), confirming that the aged-unimpaired animals were able to perform this procedure 

at a young-like level. Together, these results confirm that approximately half of aged 

animals were impaired during water maze probe testing.

Aged-related spatial memory impairments correlated with impairments during trace 
conditioning

To determine whether age-related impairments during eyeblink conditioning were related to 

age-related impairments during water maze testing we examined correlations between 

hippocampal-dependent and independent measures of performance during training with 

these two tasks. Hippocampal-dependent measures included the greatest %CRs emitted 

during any session of trace conditioning, and average proximity during the three water maze 

probe tests. Measures of hippocampal-independent function included the greatest %CRs 

emitted during any one session of delay conditioning, path length during the last three trials 

of cued platform training, path length during the last three sessions of hidden platform 

training, and swim speed (Table 1). We included path length during hidden-platform 

training as a hippocampal-independent measure since young animals with hippocampal 

lesions can learn the location of the hidden platform through the use of non-spatial search 

strategies (Pouzet et al., 2002). In young rats few significant correlations were observed. 

Path length during hidden platform training correlated with average proximity during probe 

tests (r = 0.76, p<0.05), and swim speed correlated with %CRs during delay conditioning (r 

= −0.59, p<0.05). However, these were the only significant correlations observed in young 

animals, likely because the majority of young rats mastered both the trace conditioning and 

water maze procedures.

In aged animals path length during hidden platform training correlated with proximity 

during probe trials (r = 0.52, p<0.05), and performance during trace conditioning correlated 

with performance during delay conditioning (r = 0.50, p≥0.05). These within task 

correlations were likely the result of transfer effects. Importantly, performance during trace 

conditioning also correlated with average proximity during water maze probe testing, i.e. 

aged rats that emitted more conditioned responses during trace conditioning also did well 

during water maze testing, having the smallest average proximities during probe tests (r = 
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−0.41, p<0.05; Fig. 3). This relationship between spatial memory and trace conditioning was 

unique to measures of hippocampal-dependent function, as no other correlations were 

observed between performance during eyeblink conditioning and water maze training in 

aged animals. For example, swim speed did not correlate with %CRs during trace 

conditioning (r = 0.10, p≥0.05), nor did path length during visible platform training (r = 

−0.07, p≥0.05). Likewise, the greatest %CRs emitted during delay conditioning did not 

correlate with average proximity during probe trials (r = −0.27, p≥0.05; Table 1). Together, 

these results reveal that aged animals that were impaired on one-hippocampal-dependent 

task were likely to be impaired on both hippocampal-dependent procedures.

Performance during trace conditioning predicted performance during water maze testing 
in aged animals

To determine whether age-related impairments during trace conditioning were predictive of 

impairments during water maze testing we separated aged rats into those that were 

unimpaired and those that were impaired during trace conditioning. We then determined 

how well those groups performed during water maze training. Swim speed was comparable 

between aged animals that were unimpaired (AUtEBC) and those that were impaired during 

trace conditioning (AItEBC; t(29) = 0.57, p≥0.05). Likewise, path length during the last three 

trials of visible platform training was not different between young, AUtEBC, and AItEBC rats 

(F(2,45) = 0.10, p≥0.05; Fig. 4A inset). Therefore, aged animals that were impaired or 

unimpaired with trace conditioning could acquire the visible platform procedure.

Across the five sessions of hidden platform training path length decreased for both aged 

animals that were unimpaired during trace conditioning (F(2.50, 35.05) = 68.80, p<0.05) and 

those that were impaired during trace conditioning (F(4,60) = 37.32, p<0.05; Fig. 4A). 

However, average path length during the last three sessions of hidden platform training 

differed between young, AUtEBC and AItEBC rats (F(2,45) = 9.76 p<0.05; Fig. 4B). Post-hoc 

Tukey comparisons revealed that young rats had shorter path lengths than AUtEBC and 

AItEBC animals (all p values <0.05). Path length during hidden platform training did not 

differ between aged rats that were unimpaired or impaired with trace conditioning (p≥0.05). 

Average proximity during the three probe tests differed between young, AUtEBC, and 

AItEBC animals (F(2,42) = 5.66, p<0.05). Post-hoc comparisons revealed that aged rats that 

were impaired during trace conditioning had proximity scores that were significantly greater 

than those of young rats (p<0.05; Fig. 4C, 4D). However, proximity scores from aged rats 

that were unimpaired during trace conditioning were comparable to those of young animals 

(p≥0.05; Fig. 4C, 4D). Together, these results reveal that aged animals that were impaired 

during trace conditioning were also impaired during probe trial memory tests. Likewise, 

those that were unimpaired during trace conditioning were unimpaired during water maze 

probe testing.

Aged rats with impaired spatial memory were also impaired during trace conditioning

To determine whether aged animals that performed poorly during water maze testing also 

performed poorly during eyeblink conditioning we separated aged rats into those that were 

impaired (AIMWM) or unimpaired (AUMWM) during water maze probe testing, and 

examined their performance during eyeblink conditioning. During habituation young, 
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AUMWM, and AIMWM animals emitted a comparable percentage of spontaneous blinks 

(F(2,42) = 0.69, p≥0.05). Repeated measures ANOVA of %CRs emitted across the five 

sessions of trace conditioning, with session as the repeated measure, revealed a significant 

increase in conditioned responding in young (F(4,52) = 5.19, p<0.05) and aged rats that were 

unimpaired during water maze testing (F(2.24, 35.77) = 14.74, p<0.05). However, aged rats 

that were impaired during water maze testing displayed no increase in %CRs during trace 

conditioning (F(4, 52) = 1.05, p≥0.05; Fig. 5A). Moreover, these AIMWM rats emitted 

significantly fewer conditioned responses than young rats (F(1,26) = 5.23, p<0.05; Fig. 5A). 

The greatest %CRs emitted during any session of trace conditioning also differed among 

these three groups (F(2,42) = 4.99, p<0.05). Post-hoc comparisons revealed that aged rats that 

were impaired during water maze testing emitted significantly fewer CRs than young rats 

(p<0.05; Fig. 5B), whereas the greatest %CRs emitted by aged animals that were unimpaired 

during water maze testing was comparable to that of young animals (p≥0.05; Fig. 5B).

Repeated measures ANOVA of performance during delay conditioning revealed that the 

average %CRs emitted during delay conditioning did not differ among young (72% ± 5%), 

AUMWM (65% ± 6%) and AIMWM (65% ± 6%) rats (F(1,42)=0.12, p 0.05). Likewise, the 

greatest %CRs emitted during any one session of delay conditioning did not differ among 

these groups (F(2,42) = 0.81, p≥0.05; Fig. 5C). Importantly, a significant increase in 

conditioned responding was observed between the fifth session of trace conditioning and the 

first session of delay conditioning in aged animals that were impaired during water maze 

testing (F(1,13) = 14.36, p<0.05), confirming that these animals were able to process and 

respond to the conditioned stimuli. Together, these results reveal that the aged animals that 

were impaired during water maze testing were also impaired during trace eyeblink 

conditioning, whereas aged animals that were unimpaired during water maze testing were 

able to acquire the trace eyeblink response at a “young-like” level. All groups, whether 

impaired or unimpaired on the hippocampal-dependent components of the two tasks, were 

able to learn the non-hippocampal aspects of both tasks equally well.

Discussion

The present results confirm that a subset of aged F344XBN rats are impaired during 

acquisition of the hippocampal-dependent trace eyeblink conditioning and Morris water 

maze procedures (Foster, 2012; Gallagher, Burwell, & Burchinal, 1993; Knuttinen et al., 

2001; Thompson et al., 1996). However, not every aged animal was impaired. 

Approximately half of aged rats were impaired during acquisition of the trace eyeblink 

response, whereas the remaining aged animals performed trace conditioning at “young-like” 

levels. Furthermore, only half of aged rats possessed impaired spatial memory, as assessed 

with water maze probe trials. The age-related impairments during trace conditioning were 

likely not the result of impaired cerebellar/brainstem circuitry, or sensory processing, as 

both aged-unimpaired and aged-impaired animals were able to acquire the hippocampal-

independent delay eyeblink response. Likewise, the age-related impairments during water 

maze testing were not likely the result of overall sensory or motor impairments, as young, 

aged-unimpaired, and aged-impaired animals performed similarly at the end of visible 

platform training (prior to the hidden platform training). Although several studies have 

revealed that training with one behavioral task can influence acquisition of a subsequent 
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behavioral procedure (Curlik & Shors, 2013; Nokia, Sisti, Choksi, & Shors, 2012), previous 

findings have revealed that training with eyeblink conditioning does not influence water 

maze performance when the two procedures are performed consecutively in young adult rats 

(Kuo, Lee, & Disterhoft, 2006). Therefore, it is highly likely that eyeblink conditioning did 

not influence spatial learning or memory in our current study. Overall these findings confirm 

that there are robust learning and memory impairments in aged F344xBN rats. However, 

like aged human subjects, aged rats exhibited heterogeneous performance on tests of 

learning and memory.

To determine whether age-related impairments with one hippocampal-dependent procedure 

were related to impairments on a second hippocampal-dependent procedure we correlated 

performance during eyeblink conditioning and water maze training. In young rats few 

significant correlations were observed, and performance during eyeblink conditioning was 

not a reliable predictor of performance during water maze probe testing, likely due to a 

ceiling effect in young animals. However, in aged animals performance during trace 

eyeblink conditioning significantly correlated with performance during water maze probe 

testing, such that aged rats that were impaired during trace conditioning were likely to be 

impaired during water maze testing, and vice versa. Importantly, we did not observe 

correlations between measures of hippocampal-independent function during eyeblink 

conditioning and water maze training in aged rats. For example, swim speed and path length 

during visible platform training did not significantly correlate with performance during trace 

conditioning. Likewise, performance of the hippocampal-independent delay eyeblink 

response did not correlate with average proximity during water maze probe tests.

As a group, aged animals that failed to reach criterion on one task were impaired during the 

second task, and vice versa. These results are consistent with previous findings revealing 

that age-related impairments during acquisition of the MWM procedure correlate with 

acquisition impairments when animals are retrained with a novel platform location (Guidi, 

Kumar, Rani, & Foster, 2014). They are also consistent with results revealing that age-

related spatial learning impairments correlate with age-related impairments during an odor 

discrimination task (LaSarge et al., 2007), and those demonstrating that age-related 

impairments during water maze testing correlate with recollection deficits during an 

olfactory discrimination task (Robitsek, Fortin, Koh, Gallagher, & Eichenbaum, 2008). 

However, our results are the first to reveal that age-related impairments on the water maze 

procedure correlate with impairments during trace eyeblink conditioning, a commonly used 

and well understood test of hippocampal-dependent learning in human subjects and 

laboratory animals. Together, these results suggest that a decline in hippocampal function in 

a subset of aged animals results in cognitive deficits that can be observed across multiple 

tests of hippocampal function.

Many experiments examining therapeutics for age-related cognitive decline are designed so 

that the therapeutic is administered prior to any behavioral characterization. In these cases, 

the large amount of variance in the cognitive abilities of aged subjects indicates that these 

treatments will be administered to both aged-impaired and unimpaired subjects. Our 

experiments revealed that approximately half of aged rats are impaired during trace 

conditioning and/or water maze testing. Therefore, treatments designed at ameliorating age-
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related impairments in trace eyeblink conditioning and/or the water maze will likely have 

no, or minimal, effect in at least one half of aged F344XBN rats, as these animals already 

perform at “young-like” levels. Because therapeutics designed at ameliorating age-related 

learning and memory impairments will likely have no, or little, benefit on the cognitive 

abilities of aged-unimpaired subjects, combining the data from aged-impaired and 

unimpaired populations will likely result in increased variance, and a decreased signal-to-

noise ratio. Separating aged animals into those that are cognitively impaired or unimpaired 

prior to the administration of experimental therapeutics should decrease this variance. 

Furthermore, by characterizing aged animals as impaired or unimpaired prior to 

administration of experimental therapeutics, one can determine the differential effects of 

those therapeutics on the aged-impaired and unimpaired populations (Haberman, 

Colantuoni, Koh, & Gallagher, 2013). Our current results provide one method by which age-

related learning and memory impairments can be characterized, by training aged animals 

with one hippocampal-dependent learning procedure, and separating those animals into 

impaired or unimpaired groups based on their performance. Those groups can then receive 

experimental treatments before being trained with a second behavioral procedure that relies 

on overlapping regions of the brain.

We chose trace eyeblink conditioning and the Morris water maze as acquisition of both of 

these procedures requires several overlapping brain regions, including the hippocampus and 

cerebellum (Beylin et al., 2001; Lalonde, 1994; Morris et al., 1982; Thompson & Steinmetz, 

2009; Weiss et al., 1999). Although age-related impairments have been reported during the 

initial sessions of delay EBC (Weiss & Thompson, 1992) in otherwise naïve F1 hybrid rats, 

that result may be due more to their advanced age (i.e., 36 months old) and age-related 

degeneration of cerebellar Purkinje neurons (Woodruff-Pak, Cronholm, & Sheffield, 1990) 

than to deficits in hippocampal mechanisms. Although the exact mechanisms underlying 

age-related associative and spatial learning and memory impairments are unknown, there are 

numerous age-related changes that occur to the hippocampal formation which may 

contribute to these impairments. For example, the “calcium hypothesis of aging”, predicts 

that a disruption of calcium homeostasis underlies age-related cognitive impairments 

(Disterhoft, Moyer, & Thompson, 1994; Gibson & Peterson, 1987; Landfield, 1987, Oh, 

Oliveira, Waters, & Disterhoft, 2013). Others have hypothesized that age-related spatial 

memory impairments result from an increase in the strength of the auto-associative network 

of area CA3 (Wilson, Gallagher, Eichenbaum, & Tanila, 2006; Wilson, Ikonen, Gallagher, 

Eichenbaum, & Tanila, 2005). Of course, myriad changes occur to the brain with aging, 

including morphological changes, synaptic changes, metabolic changes, and connectivity 

changes that are not discussed here (Nicholson, Yoshida, Berry, Gallagher, & Geinisman, 

2004). It is highly unlikely that any one change, or changes to any one structure, are solely 

responsible for the age-related cognitive impairments observed in the current study. 

However, the tasks we chose to examine are highly dependent on hippocampal function, and 

it is likely that age-related changes to the hippocampus are at least partially responsible for 

the age-related cognitive impairments we observed.

Approximately 12% percent of the world’s population is over the age of 60. This percentage 

is expected to almost double, with 21% of the world’s population over age 60 by 2050 

(World Population Ageing 2013). This increased longevity presents several potential social 
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and medical issues, and it has led to a plethora of research investigating methods of 

preventing, or reversing, age-related cognitive decline. One key challenge of studying age-

related cognitive impairments is the large amount of heterogeneity that exists in cognitive 

performance of aged subjects. Although some aged subjects display cognitive impairments, 

others do not (Matzel et al., 2008; Rogalski et al., 2013). When developing treatments for 

age-related learning and memory impairments researchers will benefit from the ability to 

these predict these impairments prior to the administration of experimental treatments 

designed at reversing them. Our current findings provide one method by which investigators 

can characterize age-related cognitive impairments before administration of experimental 

therapeutics. Although we only examined learning and memory during normal aging, it is 

possible that these findings will also translate to learning impairments observed in disease 

states such as Alzheimer’s Disease.
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Figure 1. 
A) Experimental design. All animals were trained with trace eyeblink conditioning followed 

by delay conditioning. They were then trained with the visible platform version of the 

Morris water maze, followed by the hidden platform version of the maze. Probe trials were 

conducted following the third, fourth, and fifth sessions of hidden platform training. B) 

Young (N=14) and aged (N=31) animals acquired the trace and then delay eyeblink 

responses. C) Cumulative distributions of the greatest %CRs emitted by each young and 

aged rat during any one session of trace conditioning. D) Cumulative distributions of the 

greatest %CRs emitted during any one session of delay conditioning. Vertical dashed line 

indicates transition from trace to delay conditioning. Horizontal dotted lines indicate median 

of cumulative distributions. Error bars represent standard error of the mean.

Curlik et al. Page 16

Behav Neurosci. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. 
A) Both young and aged rats decreased their path length over the course of hidden platform 

training. However, young rats consistently had shorter path lengths than aged rats. Inset: 

Young and aged animals had comparable path lengths during visible platform training. B) 

Cumulative distributions of mean path length during the last three sessions of hidden 

platform training. C) A probe trial was conducted at the end of the third, fourth, and fifth 

session of hidden platform training. Aged animals consistently had larger average 

proximities than young animals, indicating that aged rats possessed impaired spatial memory 

for the platform location. D) Distributions of the average proximity across the three probe 

sessions. Asterisks (*) indicate significantly different from young (p<0.05). Dotted lines 

indicate median of cumulative distributions. Error bars represent standard error of the mean.
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Figure 3. 
Performance during trace conditioning correlated with spatial memory in aged, but not 

young, rats. In young rats the greatest percentage of conditioned responses (CRs) emitted by 

each animal during any session of trace conditioning did not significantly correlate with that 

animal’s average proximity across the three probe tests (r = −0.33, p≥0.05). However, 

performance during trace conditioning and water maze testing did significantly correlate in 

aged animals (r = −0.41, p<0.05). Vertical dashed line indicates criterion for trace 

conditioning. Horizontal dashed line indicates criterion for water maze testing. Black circles 

indicate young rats that achieved criterion on both tasks, whereas white circles indicate 

young rats that achieved criterion on only one task. Diamonds indicate aged rats that 

achieved criterion on both tasks, triangles indicate aged rats that achieved criterion on only 

one task, and squares indicate aged rats that failed to achieve criterion on both tasks. A 

much greater degree of behavioral heterogeneity was observed in aged animals. Asterisk (*) 

indicates p<0.05.
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Figure 4. 
Aged rats were separated into those that were unimpaired (AUtEBC; N=15) or impaired 

during trace conditioning (AItEBC; N=16). A) Both AUtEBC and AItEBC animals decreased 

their path length across the five sessions of hidden platform training, whereas young rats 

consistently had shorter path lengths than either of these groups. Inset: All three groups 

displayed comparable path lengths during visible platform training. B) Cumulative 

distributions of average path length during the last three sessions of hidden platform 

training. C) Average proximity across the three probe tests. There was no difference in 

average proximity between aged rats that were unimpaired during trace conditioning and 

young rats. However, aged rats that were impaired during trace conditioning had greater 

proximity measures than young animals, confirming that these rats were also impaired 

during water maze probe testing. D) Cumulative distributions of average proximity across 

the three probe tests. Together, these results reveal that aged rats that were impaired during 

trace conditioning were also impaired during water maze probe testing. Aged animals that 

were unimpaired during trace conditioning were unimpaired during probe testing. Dotted 

lines indicate median of cumulative distributions. Error bars represent standard error of the 

mean.
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Figure 5. 
Aged rats were separated into those that were unimpaired (AUMWM; N=17) or impaired 

(AIMWM; N=14) during water maze probe testing. A) Young rats and aged rats that were 

unimpaired during probe testing increased the percent of CRs emitted across the five 

sessions of trace conditioning. Aged rats that were impaired during water maze testing did 

not increase the percent of CRs emitted during trace conditioning. All three groups emitted a 

similar percent of CRs during delay conditioning. B) Cumulative distributions of the greatest 

percent CRs emitted during any session of trace conditioning. The greatest percent CRs 

emitted by AUMWM rats was comparable to that of young rats. However, AIMWM rats 

emitted significantly fewer CRs than young animals during trace conditioning. C) 

Cumulative distributions of the greatest percent CRs emitted during any session of delay 
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conditioning. The greatest percent CRs emitted during delay conditioning did not differ 

among young, AUMWM, and AIMWM rats. Vertical dashed line indicates transition from 

trace to delay conditioning. Horizontal dotted lines indicate median of cumulative 

distributions. Error bars represent standard error of the mean.
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