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Abstract

Fischer 344 x Brown Norway F1 (F344xBN-F1) hybrid rats express greater longevity with
improved health relative to aging rodents of other strains; however, few behavioral reports have
thoroughly evaluated cognition across the F344xBN-F1 lifespan. Consequently, this study
evaluated spatial reference memory in F344xBN-F1 rats at 6, 18, 24 or 28 months (mo) of age in
the Morris water maze. Reference memory decrements were observed between 6 mo and 18 mo
and between 18 mo and 24 mo. At 28 mo, spatial learning was not worse than 24 mo, but swim
speed was significantly slower. Reliable individual differences revealed that ~50% of 24-28 mo
performed similarly to 6 mo while others were spatial learning-impaired. Aged rats were impaired
at learning within daily training sessions, but not impaired at retaining information between days
of training. Aged rats were also slower to learn to escape onto the platform, regardless of strategy.
In summary, these data clarify the trajectory of cognitive decline in aging F344xBN-F1 rats and
elucidate relevant behavioral parameters.

1. Introduction

Aging is associated with decline in a number of cognitive domains; most notable is an age-
related decrement in medial temporal lobe-dependent declarative memory (reviewed in
(Mishkin et al., 1997; Squire and Zola, 1996; Milner et al., 1998). There is considerable
heterogeneity in the onset and severity of cognitive impairment in older humans. This
variability is due, in part, to differences in lifestyle and general health over the course of
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one's lifespan (Colcombe et al., 2004; Biessels et al., 2006; Kidd, 2008; Peters et al., 2008;
Ahlskog et al., 2011; Siervo et al., 2011). Consequently, well-controlled studies of aging
animal models that incorporate sensitive and reliable behavioral measures are invaluable to
the understanding of normal cognitive aging. In this context, there has been a proliferation
of aging rat models characterized for spatial reference memory using the Morris water maze,
a robust behavioral probe of the rodent medial temporal lobe system (Morris, 1981; Morris
et al., 1982; Moser et al., 1993; Steffenach et al., 2005).

The Fischer 344 x Brown Norway F1 hybrid rat (F344xBN-F1) was developed by the
National Institute on Aging (NIA) to supply a genetically defined rat model with an
improved health profile at older ages relative to the more widely used F344 strain (Sprott,
1991; Sprott and Ramirez, 1997). F344xBN-F1 rats are vigorous hybrids that exhibit
increased lifespan and delayed onset of typical age-associated pathologies (Spangler et al.,
1994; Lipman et al., 1996; Turturro et al., 1999). Although young adult F344xBN-F1 rats
outperform age-matched F344 rats on the Morris water maze (van der Staay and Blokland,
1996), the effect of advancing age on spatial reference memory in the F344xBN-F1 rat is
poorly characterized relative to the F344 model. Previous studies demonstrate that spatial
reference memory is impaired in older F344xBN-F1 rats, but the onset of this impairment is
variously reported as early as 18 months or as late as 31 months of age (Hebda-Bauer et al.,
1999; Markowska and Savonenko, 2002; Adams et al., 2008). Apart from disagreement in
the timing or trajectory of spatial reference memory decrements, there has been minimal
consideration of specific behavioral changes that could explain the nature of memory
impairments in aging F344xBN-F1 hybrids.

A survey of spatial reference memory studies using the parent F344 model reveals a variety
of explanations for age-related memory impairment. The first category of hypotheses
addresses the role of variability in aging. Whereas some report individual variability of
reference memory impairment is minimal among aged F344 rats (Lindner et al., 1992; Frick
et al., 1995) or at least not greater as a function of age (Lindner, 1997), others demonstrate
that group differences may be ascribed to robust impairment that manifests in a subset of
aged rats (Tombaugh et al., 2002; Bizon et al., 2009). An alternate explanation posits that
unreliable trial-to-trial performance by aged rats, or greater within-subject variability, is the
mediator of differences between age groups (Barnes et al., 1997; but see Bizon et al., 2009).
The second category of hypotheses proposes distinct roles for acquisition and retention in
age-related memory impairment. Spatial working memory is compromised in aged F344
rats, and an inability to rapidly acquire trial-specific information may impair the rate of
reference memory acquisition(Lindner et al., 1992; Lindner, 1997; Guidi et al., 2014 but see
Frick et al., 1995; Bizon et al., 2009). In contrast, others argue that aged rats are impaired in
retention of previously acquired spatial information over long delays (i.e. at least 24 h;
Shukitt-Hale et al., 1998; Foster et al., 2001; Foster and Kumar, 2007). Finally, the third
category of hypotheses centers on non-cognitive variables. Aged F344 rats do not swim as
quickly as young adults (Frick et al., 1995; Lindner, 1997; Bizon et al., 2009), are
susceptible to retinal degeneration (Lindner and Gribkoff, 1991), and are impaired at
acquiring navigational procedures even when spatial information is not necessary to
facilitate escape (Lindner, 1997; Burke et al., 2010; Guidi et al., 2014 but see Bizon et al.,
2009). The former two observations suggest that very old F344 rats may not readily meet
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basic sensorimotor criteria for water maze testing, whilst the latter could indicate aging
modulates fronto-striatal circuits that mediate procedural learning in spatial tasks (Whishaw
et al., 1987; Devan et al., 1996, 1999, 1999; DeCoteau and Kesner, 2000 and reviewed in
Devan et al., 2011).

As the F344xBN-F1 hybrid is bred for health and longevity, behavioral data accurately
depicting the trajectory of age-dependent decline of reference memory in this model could
provide important insight into the normal cognitive aging process. Accordingly, the present
study examines spatial reference memory at key aging time-points in the F344xBN-F1
lifespan. Furthermore, insight from behavioral studies of aged F344 rats was incorporated in
the design of additional analyses to test specific complementary hypotheses. First, measures
of inter- and intra-individual performance were tested to determine whether behavioral
variability increases with age in F344xBN-F1 hybrids. Second, trial-to-trial and day-to-day
differences in performance were compared to determine whether aged F344xBN-F1 rats are
slower to acquire information or impaired at retaining information across days. Third, non-
cognitive contributions to performance were considered to determine whether aged
F344xBN-F1 rats exhibit sensorimotor deficits or impaired procedural learning.

2. Materials and Methods
2.1. Subjects

Male, Fisher 344 x Brown Norway F1 (F344xBN-F1) hybrid rats were obtained from the
NIA Aging Rodent Colony (Harlan Laboratories, Indianapolis, IN, USA) and housed in a
specific, pathogen-free vivarium at Wake Forest University for one month prior to and
throughout behavioral testing. Rats were 6 (n=90), 18 (n=22), 24 (n=139) or 28 (n=27)
months (mo) of age during the time of behavioral testing. Notably, the latter three time-
points precede the ages of 95%, 90%, and 75% survival, respectively, for male rats of this
strain (Sprott and Ramirez, 1997; Turturro et al., 1999; National Institute on Aging, 2011).
Rats were tested in 10 independent cohorts from June 1 2008 to Jan 31 2012 (see
Supplemental Materials S1 and Table S1). Throughout the course of the study, rats were
regularly handled, weighed, and inspected by laboratory and animal care personnel to
identify and address any possible health concerns that could adversely affect behavioral
performance. All procedures were approved by the Institutional Animal Care and Use
Committee of Wake Forest University. Data from a subset of these animals has been
reported previously (McQuail et al., 2011, 2013).

2.2. Apparatus

The water maze was a 1.83 m diameter pool filled with water maintained at a temperature of
26+1 °C. The water was rendered opaque by the addition of white, non-toxic, tempera paint.
The pool was encircled by black curtains affixed with various unique, white geometric cues.
White noise from speakers within the testing room minimized incidental auditory cues
during behavioral testing. Activity within the pool was recorded via a CCD camera mounted
above the apparatus and connected to a DVD recorder and personal computer running
EthoVision software (Noldus, Leesburg, VA, USA).
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2.3. Place Learning Procedure

The behavioral training procedure used in this study is identical to that previously reported
in Gallagher et al. (1993) and Bizon et al. (2009). Rats received 8 days of place training,
learning to swim to a hidden, retractable platform submerged 2 cm below the water's surface
in the center of one quadrant of the pool (SE). Rats were given 3 trials per day to swim to
the hidden platform. On each trial, rats were released from one of four starting points (N, E,
S, or W) in a pseudorandom, counterbalanced order. If the rat failed to locate the platform
within 90 s, it was guided to the platform by an experimenter. The rat remained on the
platform for 30 s followed by an additional 30 s in a holding chamber before beginning the
next trial. Every sixth trial (i.e. the third trial on days 2, 4, 6 and 8) was a probe trial where
the platform was lowered, requiring the rat to swim for a fixed 30 s duration. After the
probe's conclusion, the platform was covertly raised to allow for escape, thus maintaining
normal response-reinforcement task contingency. On training trials, path length, the total
distance traveled during the trial, was used to evaluate performance. During probe trials,
average proximity to the platform was calculated by sampling the distance between the rat
and the platform location 10 times/s and averaging these values over the duration of the trial
(Gallagher et al., 1993; Maei et al., 2009). The percentage of time spent searching in the
training quadrant (“Percent Time in Quadrant™) was also recorded on each probe trial. Swim
speed was measured in all training and probe trials. Latency and cumulative search error
were not analyzed in the current study as they may be confounded by age-related differences
in swimming speed.

2.4. Cue Training Procedure

After the completion of place training, rats were trained on a cue learning task requiring
escape to a visible platform (raised ~2 cm above surface with black, high-contrast marking
around the edge of the platform), the location of which varied from trial to trial. Rats were
given one block of 6 consecutive cue trials (30 s maximum duration). On each trial rats were
released from one of eight starting points (N, NE, E, SE, S, SW, W, or NW) in a
pseudorandom, counterbalanced order. Path length and swim speed were recorded on each
cue trial. All rats used in this study could locate the platform on at least 5 out of the 6 cue
trials.

2.5. Behavioral Measures and Statistical Analyses

Data were analyzed using SPSS Statistics 21 (IBM, Armonk, NY, USA). Training, probe,
and cue trial data were tested for statistical significance by two-way mixed analysis of
variance (ANOVA) using age as a between-subject factor and training block (average of 5
training trials) or trial (probe and cue trials) as a repeated within-subject factor. Mauchly's
test of sphericity was used to detect significant departures from sphericity and the Huyhn-
Feldt correction was applied when £20.75; when £<0.75, the more conservative Greenhouse-
Geisser correction was applied. Non-normally distributed data (Shapiro-Wilk test p<0.05)
were analyzed using the non-parametric Kruskal-Wallis test. In all comparisons, p<0.05 was
considered significant; nonsignificant (n.s.) trends (tr., 0.1>p=>0.05) are reported as well.
Bonferroni (or Dunn-Bonferroni for non-parametric tests) post hoc tests were used to
specify significant differences between age groups while controlling for multiple
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comparisons. Significant interactions are explored in the Supplementary Material S2 and
Tables S2-S5.

Aged rats show significant impairment relative to young adults during early phases of
training, but may surmount this deficit with extended training. Consequently, analysis of a
single probe trial administered at the very end of training may not yield evidence of
impaired spatial search in aged rats (e.g. compare Markowska and Savonenko, 2002 and
Adams et al. 2008). Therefore, spatial learning is more accurately characterized by a
measure that reveals the rate of acquisition of a spatially directed search for the platform
location. Accordingly, data from interpolated probe trials was used to compute a “Spatial
Learning Index” for each individual rat (see Gallagher et al., 1993; Bizon et al., 2009). This
measure is the weighted sum of average proximity on probe trials 2, 3, and 4. The weighting
of probe trial performance is critical in the computation of the Index as it favors rapid
acquisition of spatial information; better performance on earlier probe trials is weighted
more favorably than similar performance on later probes. These weights were empirically
determined by dividing mean average proximity of 6 mo rats on probe trial 1 by that on
probe trials 2, 3, and 4; weights were 1.09 for probe 2, 1.30 for probe 3, and 1.41 for probe 4
(See Supplemental Materials S3 and Fig. S1-S2 for further description). As the Spatial
Learning Index is derived from the average proximity of search to the training platform
location on probes, a lower Index indicates search in closer proximity to the platform
location (i.e. comparatively better), whereas higher values reflect search further from the
platform location (i.e. comparatively worse). Spatial Learning Index was compared among
age groups via one-way ANOVA while between-subject variability was tested using
Levene's test of homogeneity of variance. Intra-individual, or probe-to-probe, variability was
evaluated by calculating the standard deviation of the average proximity on probes 2, 3, and
4 (i.e. those used in the calculation of the Spatial Learning Index) for each rat (See
Supplemental Materials S3 for further description). The Spatial Learning Index was also
used to perform bivariate correlations with other behavioral parameters; in all instances,
separate correlations were performed within each age group. Spearman's rho (o) was used in
place of Pearson's r if a covariate was not normally distributed.

Training trial performance was parsed to separately evaluate changes in performance within
daily training sessions and retention of performance between days of training. This was done
by calculating the change in path length from one training trial to the next (i.e. Trial 1 —
Trial 2, Trial 2 — Trial 3, etc). As start locations were not equidistant from the training
platform (N and W were 122 cm from platform, S and E were 72 cm from platform), the
start-to-platform distance was subtracted from path length to correct for these differences in
start location; this “Corrected Path Length” reflects error in excess of direct swim to the
platform and is suitable for direct comparison between trials, regardless of starting location.
For those trials separated by a 30 s ITI (3 instances per block), the difference scores were
averaged for each rat and block and termed “30 s Path Length Change.” For trials separated
by a 24 h ITI (1 instance per block), the difference score was termed “24 h Path Length
Change.” In follow-up comparisons, the average of each value across all blocks (“Mean 30 s
Path Length Change” and “Mean 24 h Path Length Change”) was analyzed by one-sample
T-tests to determine whether either parameter was significantly different from zero within
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each group. In addition to testing for correlation with Spatial Learning Index, Mean 30 s
Path Length Change and Mean 24 h Path Length Change were also tested for correlation
with each other.

To assess relative differences in the ability of each rat to learn procedural requirements,
namely escaping onto the training platform, performance on each training trial was
dichotomously characterized as either “Successful” (located the platform) or “Unsuccessful”
(did not locate the platform; as in Ruediger et al., 2012), and “Total Successful Trials,” the
sum of successful trials for each rat, was compared between age groups.

3.1. Place Learning

On training trials, there was a main effect of age (F 3 274)=35.026, p<0.001), a main effect of
block (F(3822)=232.851, p<0.001) and an agexblock interaction (F(g g22)= 2.148, p<0.05;
Fig. 1A) on path length. Post hoc comparisons determined that 6 mo swam a shorter path
length to the platform than 18 mo, 24 mo, and 28 mo (p<0.001 for each comparison vs. 6
mo). There was no main effect of age (F(3 274)= 1.895, p>0.1 n.s.) on swim speed, but there
was an effect of block (F (3 822)=52.667 p<0.001) and an agexblock interaction
(F(0,822)=5.530, p<0.001; Fig 1D).

On probe trials, there was an effect of age (F(3272)=61.015, p<0.001) and trial
(F(3,816)=26.267 p<0.001) on average proximity but no agexprobe trial interaction
(F(9,816)=1.365, p>0.2 n.s.; Fig. 1B). Post hoc comparisons determined that 6 mo searched
closer than 18, 24, and 28 mo (p<0.001 for each comparison vs. 6 mo) and 18 mo searched
closer than 24 mo (p<0.05). There was a main effect of age (F(3 272)=9.759, p<0.001) and
probe trial (F(3g16)=12.404, p<0.001) on swim speed but no agexprobe trial interaction
(F(9,816)=1.030, p>0.4 n.s.; Fig 1E). Post hoc comparisons revealed that 28 mo swam
significantly slower than 6 mo (p<0.001), 18 mo (p<0.01), and 24 mo (p<0.001).

3.2. Cue Training

On cue trials, there was an effect of age (F(3 273)=6.529, p<0.001), trial (F(s 1365)=11.979,
p<0.001), and an agextrial interaction (F (15 1365)=5.903, p<0.001) on path length (Fig. 1C).
Post hoc comparisons determined that 6 mo swam longer path lengths than 18 (p<0.001), 24,
and 28 mo (p<0.05 for both). There was a main effect of age (F 3 273)=10.386, p<0.001),
trial (F(s,1365)=10.795, p<0.001), and an agextrial interaction (F 15 1365)=2.237, p<0.01; Fig.
1F) on swim speed. Post hoc comparisons determined that 28 mo swam slower than 6 and
24 mo (p<0.01 for both).

3.3. Individual Differences in Spatial Learning

Spatial Learning Index differed with age (F(3277)=57.132, p<0.001; Fig. 2A); post hoc
comparisons determined that Spatial Learning Index was significantly greater in 18, 24, and
28 mo relative to 6 mo (p<0.001 for all pair-wise comparisons vs. 6 mo; 18 vs. 24 mo
p<0.08 n.s. tr.). Variance of Spatial Learning Index was not significantly different between
age groups (F2,274)=1.739, p>0.1 n.s.), nor was the standard deviation of performance of
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individual rats on probe trials 2, 3, and 4, a putative measure of within-subject variability,
different between ages (H(3)=2.024, p>0.5 n.s.; Fig. 2B and also see Supplemental Materials
S3 and Fig. S3).

As spatial learning performance was found to be reliable across age groups, a follow-up
analysis was conducted to confirm whether behaviorally defined subgroups differed with
respect to escape strategies during training. First, 18, 24, and 28 mo rats were sub-grouped
relative to the normal range of 6 mo performance; Index scores within 2 standard deviations
of the mean of the 6 mo group (Spatial Learning Index of less than or equal to 221) were
categorized as “unimpaired” while greater scores were categorized as “impaired” (Gallagher
etal., 1993; Bizon et al., 2009 and discussed in Baxter and Gallagher, 1996). Next, to
equalize the consequences of reducing variance via subgrouping of aged rats across
comparisons (as variance was not different between age groups), 6 mo rats were also sub-
grouped according to whether their Spatial Learning Index was “better” or “worse” than
average in this age group (an index score of 153). Then, to reveal whether or not each sub-
group exhibited a spatial bias on any given probe trial, one-sample T-tests were used to
determine whether Percent Time in Quadrant during each probe trial exceeded chance (i.e.
25%; a(one-tailed)=0-05). The 6 mo-better (n=44) and 6 mo-worse (n=46) subgroups both
exhibited a significant bias to search in the training quadrant on all four probe trials,
(ts=3.873-28.284, p<0.001 for all probes; Fig. 2C). The 18 mo-unimpaired (n=15; 68% of
18 mo group) exhibited a significant bias for the training quadrant on each probe
(ts=2.109-7.663, ps<0.001-0.05; Fig. 2D). The 24 mo-unimpaired (n=65; 47% of 24 mo
group) showed a trend towards spatial bias for the training quadrant on the first probe
(t(64=1.481, p<0.08 n.s. tr.) and a significant bias on all subsequent probes
(ts=6.088-10.515, p<0.001 for all probes; Fig. 2E). While 28 mo-unimpaired (n=12; 44% of
28 mo group) did not show a significant bias for the training quadrant on the first probe
(t(11=0.514, p>0.3 n.s.), there was a significant bias on each subsequent probe (ts=
2.180-5.104, p<0.001-0.05; Fig. 2F). In contrast to the reliable expression of bias in aged-
matched unimpaired groups, 18 mo-impaired (n=7; 32% of 18 mo group), 24 mo-impaired
(n=74; 53% of 24 mo group), and 28 mo-impaired (n=15; 56% of 28 mo group) never
exhibited a bias for the training quadrant on any probe (ts=0.152-1.155, ps>0.1-0.4 n.s. or
ts<0, although t(12)=1.589, p<0.07 n.s. tr. for 28 mo-impaired on probe 1; Fig. 2D-F).

3.4. Changes in Performance after 30 s and 24 h Intertrial Intervals

There was an effect of age (F(3274)=5.455, p<0.01), block (F 3 g22)=10.059, p<0.001), and
an agexblock interaction (F (g 822)=3.228, p<0.05) on 30 s Path Length Change (Fig. 3B).
Post hoc comparisons determined 30 s Path Length Change was lower in 28 mo compared to
6 mo (p<0.01). One-sample T-tests revealed that Mean 30 s Path Length Change was
significantly greater than zero in 6 mo (t(gg)=10.928, p<0.001), 18 mo (t(p1)=4.232,
p<0.001), and 24 mo (t(138)=7.866, p<0.001), but not 28 mo (t(2¢)=1.083, p>0.2 n.s.; Fig
3C). However, Mean 30 s Path Length Change was not correlated with spatial learning in
any age group (rs=0.018-0.247, ps>0.2-0.8; Fig. 3D).

There was a non-significant trend towards an effect of age (F(3 271)=2.593, p<0.06 n.s. tr.)
on 24 h Path Length Change, but no effect of block (F (3 g13)=0.551, p>0.6 n.s.) or agexblock

Neurobiol Aging. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McQuail and Nicolle

Page 8

interaction (F(g 813)=0.902, p>0.5 n.s.; Fig. 3E). Mean 24 h Path Length Change was
significantly less than zero in 6 mo (t(gg)=-4.608, p<0.001) but not significantly different
from zero in 18, 24, or 28 mo (ts=-1.355-0.490, ps>0.1-0.6; Fig. 3F). Lastly, Mean 24 h Path
Length Change was not correlated with spatial learning in any age group (rs=-0.137-0.025,
ps>0.1-0.7; Fig. 3G).

In a final set of correlations, Mean 30 s and Mean 24 h Path Length Change were tested for

association, revealing that these two measures were inversely related in ages all groups (6
mo: r=-0.691, p<0.001; 18 mo: r=-0.734, p<0.05; 24 mo: r=-0.747, p<0.001; 28 mo:
=-0.779, p<0.001; Fig. 3H-K and see Supplemental Materials S4, Fig S4 and Table S6).

3.5. Procedural Learning

The fraction of successful trials was observed to increase with training until all age groups
were eventually escaping onto the training platform with high rates of success; however, the
performance slope of 18, 24, and 28 mo was not as steep as 6 mo (Fig 3A). Accordingly,
Total Successful Trials was different between age groups (H3)=84.496, p<0.001; Fig 4B).
Post hoc comparisons determined that Total Successful Trials was lower in 18, 24, and 28
mo vs. 6 mo (p<0.001 for each pairwise comparison). Total Successful Trials was
significantly correlated with Spatial Learning Index in 6 mo (0=-0.291, p<0.01) and 24 mo
(0=-0.412, p<0.001), with similar trends in 18 mo (p=-0.397, p<0.07 n.s. tr.) and 28 mo
(p=-0.338, p<0.09 n.s. tr); fewer successful trials was associated with worse performance
(Fig 4C-F).

4. Discussion

F344xBN-F1 hybrid rats express a longer lifespan and improved health at advanced ages
relative to other rat strains; therefore, these rats provide a robust model to evaluate age-
related cognitive dysfunction without the confounds of neural pathology and environmental
differences that complicate the interpretation of human cognitive aging data. The present
study analyzed spatial reference memory in 6, 18, 24 and 28 month-old hybrid rats and
revealed memory decrements between 6 and 18 months and 18 and 24 months of age. Using
an individualized, graded summary of measure of spatial learning, it was determined that
individual aged rats may be classified as unimpaired or impaired relative to young adults.
Furthermore, aging was observed to impair learning over the short delays between trials
within a day but retention between days was not significantly different between age groups.
Finally, it was also determined that aging impairs procedural learning and is related to
spatial learning.

4.1. Spatial reference memory in aging F344xBN-F1 rats and comparison to other strains

Only a handful of studies have examined spatial reference memory across the F344xBN-F1
lifespan. Prior studies variously depict the onset and trajectory of decline as delayed until
greater than 30 months (Hebda-Bauer et al., 1999), progressively declining from 18 months
until at least 30 months of age (Markowska and Savonenko, 2002), or declining until 18-20
months then plateauing through 29-32 months (Adams et al., 2008). The present findings are
intermediate to the staging proposed in these latter studies (i.e. Markowska and Savonenko,
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2002 and Adams et al., 2008); decrements in reference memory occur between 6 months and
18 months and between 18 months and 24 months, but not between 24 and 28 months. The
distribution of individual differences in spatial learning at 24 and 28 months was such that
rats are near-equally divided into unimpaired (within the range of young and showing
evidence of a spatially guided search for the platform) and impaired subgroups (outside of
the range of young and not showing significant spatial bias during the testing period). This
distribution is similar to that reported for aged Long-Evans (LE; Gallagher et al., 1993) and
F344 (Bizon et al., 2009) rats characterized using an identical training procedure. These
aged subgroups are associated with reliable differences in performance across multiple
probe trials, not inconsistent probe trial performance among older individuals (see Barnes et
al., 1997 and Bizon et al., 2009).

It is notable that the prominent spatial learning deficit in 24 month-old F344xBN-F1 rats
precedes the age of 90% survival of this strain (25 months; National Institute on Aging,
2011). In contrast, qualitatively similar impairments emerge at the age of 75% survival in
male F344 rats (22 months; Bizon et al., 2009; National Institute on Aging, 2011) and
75-80% survival in male LE rats (24 months; Holloszy and Schechtman, 1991; Gallagher et
al., 1993). While 24 and 28 month-old F344xBN-F1 rats were similarly impaired at spatial
learning relative to 6 month-old controls, the average swim speed of 28 month-old rats was
slower than 6 and 24 month-old rats during place and cue training. Slower swimming speed
in this oldest group most likely reflects reduced physical function. Carter and colleagues
reported age-related decrements in grip strength and open field locomotion of F344xBN-F1
rats; grip strength was significantly weaker by 12-15 months, and open field movement was
significantly reduced by 25-27 months compared to 8 month-old controls (Carter et al.,
2009). Furthermore, lower baseline physical function predicted reduced longevity of
F344xBN-F1 rats in a longitudinal study between 24 and 30 months (Carter et al., 2002).
Consistent with these observations, the mortality rate of male F344xBN-F1 rats sharply
increases at 26 months of age while average body weight begins to decline precipitously
(Sprott and Ramirez, 1997). Therefore, merely selecting performance measures that are less
sensitive to slower swim speed of aged rats does not obviate the underlying fact that rats of
advanced age are experiencing diverse and distributed effects of senescence that could
confound the interpretation of either behavioral or biological data. Consequently, the
manifestation of spatial learning impairments in 24 month-old F344xBN-F1 rats prior to a
decrement in physical function suggests this rat is a robust model for the examination of
mechanisms of cognitive change with age.

Despite pronounced change in mean performance in each of the aged groups in this study,
individual differences in spatial learning are not more variable among older F344xBN-F1
rats compared to young adults. This finding agrees with that of Frick and colleagues who
reported similar variance of spatial reference memory between 4, 11, 17, and 24 month-old
F344 rats (Frick et al., 1995). Likewise, Lindner reported that individual differences
accounted for a larger proportion of variance in spatial reference memory than chronological
age in a sample of F344 rats spanning 6 weeks to 27 months of age (Lindner, 1997). With
this in mind, it is probable that inter-individual variability is less pronounced in aging inbred
and hybrid rats relative to aged outbred rats where variance is reportedly greater (Gallagher
et al., 1993). While genetically identical, F1 hybrids are heterozygous which in turn reduces
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biological variability compared to inbred, homozygous parental strains (Phelan and Austad,
1994). Thus, the F344xBN-F1 hybrid provides behavioral neuroscientists an opportunity to
characterize the effects of normal, healthy aging on cognition independent of variable
interactions with genetic or biological factors present in other commonly used outbred and
inbred models of aging.

4.2. Aging impairs learning within daily training sessions but not retention between days

of training

While learning and memory are presumed to integrate seamlessly in optimally performing
young adults, it is important to consider whether these processes are differentially affected
by age. Therefore, changes in performance between adjacent trials within a day (30 s inter-
trial interval; ITI) or between days (24 h ITI) of training were parsed for discrete analysis.
This approach revealed that older rats do not improve to the same extent as young adults
within daily training sessions. In contrast, retention of information between days was
comparable among all age groups. Although neither within-day nor between-day changes
were reliably associated with Spatial Learning Index, these two parameters were inversely
correlated in each age group. This latter observation was unexpected but provides novel
evidence that different forms of learning and memory interact in a manner that varies
between individual rats, regardless of age.

Although aging selectively impaired learning within daily training sessions, individual
decrements to this parameter did not correlate with Spatial Learning Index, suggesting that
learning within a day relates to a cognitive process other than reference memory. Working
memory is differentiated from reference memory by emphasis on retention of trial-specific
information generally on the order of seconds to minutes, but sometimes hours, in the rat
(reviewed in Bizon et al., 2012). Spatial working memory is impaired in 12-14 and 20-24
month-old F344 rats but generally not correlated with spatial reference memory (Frick et al.
1995; Bizon et al., 2009; Guidi et al., 2014). While it remains to be definitively proven, it is
plausible that the trial-to-trial changes in performance examined in the present study are
supported, in part, by spatial working memory, particularly early in training when the age-
effect was most prominent. Even if this is not the case, it is significant that the present study
localized age-related impairments within, not between, daily training sessions. However,
future studies are necessary to determine the relationship, if any, between short-term or
working memory and other forms of cognition that decline with age or enable acquisition of
spatial reference memory.

A recent review hypothesized that aged rats can acquire a spatial reference memory via an
incremental, extrahippocampal learning process and, accordingly, this strategy would
produce prominent deficits between days (i.e. >24 h) due to impaired retention (Foster,
2012). Indeed, when spatial training trials are massed into a single day, a subset of 18-24 mo
F344 show impaired retention on a probe trial administered 24 hours post-training (Foster et
al., 2001; Foster and Kumar, 2007). However, when training trials are distributed across
several days, evidence for impaired retention in aging F344 rats is equivocal. Shukitt-Hale
and colleagues found that when 22 mo F344 rats received 4 trials/day for 4 days, aged rats
exhibited both within and between-day performance decrements relative to 6 mo controls
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(Shukitt-Hale et al., 1998). Conversely, in a 5-day, 2 trials/day reference memory protocol,
Lindner reported 24 mo F344 rats exhibited a within-day, but no between-day, performance
decrement relative to 2-2.5 mo controls (Lindner et al., 1992). Lastly, trial-specific data have
been described for 30 mo F344xBN-F1 rats tested in a 5-day reference memory protocol
(Markowska and Savonenko, 2002). Although within and between-day decrements were not
discretely analyzed in that study, between-day changes in performance of ad libitum fed 30
mo rats (the experimental group was age matched, dietary restricted rats) are modest or
absent, as in the current study. As they are, the present data counter the hypothesis that older
rats incrementally acquire a reference memory using non-hippocampal-dependent
mechanisms (Foster, 2012) as between-day retention was neither worse in aged rats nor
associated with Spatial Learning Index. However, it is important to acknowledge that
variations in training schedule may alter the propensity to observe specific decrements in
aging rats as interpolated probe trials are a sensitive means to evaluate spatial learning
compared to an analysis of a single probe trial (Markowska et al., 1993) and distributed
training schedules enhance retention relative to massed training (Spreng et al., 2002).

4.3. Procedural learning is impaired in aged rats and related to spatial learning

Aged F344 rats are impaired in acquisition of cue learning (Lindner, 1997; Burke et al.,
2010; Guidi et al., 2014 but see Bizon et al., 2009), a navigational task that does not require
cognitive mapping. While decreased visual acuity could impair performance on such visible
platform trials, this is an insufficient explanation as aged performance improves with
continued training (Burke et al., 2010; Guidi et al., 2014) and visual acuity does not
necessarily predict spatial learning in this strain (Lindner and Gribkoff, 1991). Therefore, it
is plausible that impaired cue learning of aged rats reflects an inability to acquire
navigational procedures, although this perspective is not well-investigated at present. In the
current study, aged F344xBN-F1 rats were not impaired at swimming to the visible
platform. In fact, 6 month-old rats were not as efficient as the older groups at swimming to
the new, visible platform location as aged rats. This is likely due to the bias of young rats to
utilize spatial strategies, whereas aged rats preferentially employ response strategies (Barnes
et al., 1980). Consequently, it is possible that memory for procedures acquired during hidden
platform training subsequently facilitated performance during cue training. In support of this
view, the cue training deficit commonly observed in aged F344 prior to place learning is not
observed when cue training is conducted after place training (Bizon et al., 2009). As the rats
trained in the current study were experimentally naive as of the start of hidden platform
testing, it was hypothesized that impaired procedural learning would manifest as impaired
acquisition of any effective (i.e. “successful”) escape strategy (Ruediger et al., 2012).
Indeed, although non-spatial strategies could enable effective escape, older rats were less
successful at escaping to the platform within the allotted trial duration during the first half of
the training procedure (Blocks 1&2). However, during the second half of training (Blocks
3&4), the vast majority of aged rats were escaping as effectively as young. It is notable that
the onset of stable, highly effective escape coincides with the first probe trial used in the
computation of the Spatial Learning Index (Probe Trial 1 was excluded per (Gallagher et al.,
1993; Bizon et al., 2009). This suggests that the summary measures of spatial and procedural
learning used in this study (Spatial Learning Index and Total Successful Trials) are not
grossly conflated for technical reasons. Therefore, the significant correlation between
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procedural learning and spatial learning in aged F344xBN-F1 rats may relate to genuine
changes to information processing or neural circuitry common to both forms of memory.

Procedural memory encompasses non-cognitive, or implicit, acquisition of skills and habits
according to principles of stimulus-response learning (reviewed in Mishkin et al., 1997;
Squire and Zola, 1996; Milner et al., 1998; Devan et al., 2011). In contrast to cognitive-
spatial learning mediated by the hippocampus, the procedural memory system is centered on
the striatum. Indeed, rats with striatal lesions are impaired in both place learning and cue
learning, consistent with the hypothesis that these are rats slower to acquire procedural
information that enables effective escape even when spatial strategies are not necessary
(Whishaw et al., 1987; Devan and White, 1999). Qualitatively, rats that are impaired at
procedural learning fail to explore the expanse of the maze in a manner that is necessary for
spatial learning and less frequently encounter the training platform (Sutherland et al., 1987;
Devan et al., 1992; Devan and White, 1999; Leggio et al., 2006). On hidden platform trials,
the cognitive-spatial strategy will optimize escape, but rodents progress to this tactic after
trial-and-error with less efficient strategies (Ruediger et al., 2012). Alternatively, young rats
may utilize purely procedural memory to escape the maze when spatial information is
unreliable (Devan et al., 1992).

The role of procedural learning in the Morris water maze is understudied relative to
cognitive-spatial learning, although logically the two should be interlinked under normal
circumstances. A parsimonious explanation of the relationship between spatial learning and
procedural learning in aged rats could be that cognitive-spatial impaired rats revert to less
efficient, striatal-dependent processes that require more trials for learning relative to the
hippocampus (Barnes et al., 1980). Similarly, rats with cognitive-spatial impairment may
lack even modest localization capabilities necessary to escape to the platform within the
allotted trial duration (90 s). However, the actual data are not consistent with this simplistic
explanation. Within the 24 month-old group, individual rats that escaped as effectively as
young adults (i.e. >17 successful escapes from 20 training trials) span the full range of
unimpaired and impaired cognitive-spatial performance. This pattern reveals that even aged
rats with cognitive-spatial learning impairment can show acquisition of task procedures and
escape just as effectively as young adults and age-matched cognitive-spatial unimpaired
individuals. Furthermore, the data indicate more than 50% of 24 month-old rats were
impaired in using a spatial strategy as late as the final probe trial, whereas 96% of rats in this
age group were able to escape onto the platform on at least 4 out of 5 trials in the last block
of training (versus 99% for 6 month-old). Therefore, nearly all rats exhibited evidence of
procedural learning during the training paradigm, but acquisition of procedural knowledge
did not necessarily facilitate a cognitive-spatial strategy in an identical proportion of aged
rats.

4.4. Conclusions

The present data reveal that reference memory declines in F344xBN-F1 hybrid rats as early
as 18 months with maximal impairment evident by 24 months, an earlier time-point than
typically examined in aging studies that utilize this strain. Analysis of performance at 28
months did not reveal evidence for more pervasive reference memory impairment, although
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physical function had deteriorated relative to other age groups. These cross-sectional
differences in spatial learning are not associated with greater variability. Consequently,
reliable individual differences may be leveraged to identify factors that covary with spatial
learning. Specifically, older rats were impaired at improving performance within daily
training sessions, not at retaining information between days of training. Although neither
parameter predicted individual differences in spatial learning in any age group, within-day
and between-day changes in performance were inversely related in every age group.
However, spatial learning was related to procedural learning in aged rats. These latter two
observations are original and interesting, but future work is necessary to clarify these novel
inter-relationships. Collectively, these data describe normative parameters of cognitive and
non-cognitive function in this important, healthful aging rat model that may be used to better
elucidate behavioral and neural correlates of normal brain aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Spatial reference memory and swim speed of aging F344xBN-F1 rats
A: Path length (y-axis) decrearsed across all blocks of training trials (x-axis) but 18, 24, and

28 mo are impaired relative to 6 mo. B: Average distance from former the platform location
(y-axis) was also greater in older rats across all probe trials (x-axis). C: Path length (y-axis)
of 18, 24, and 28 mo was shorter than 6 mo on cue training trials (x-axis). D: Swim speed
(y-axis) of 24 and 28 mo was slower than 6 mo only during the first block training trials (x-
axis). E: Swim speed of 28 mo was slower than 6, 18, and 24 mo across all probe trials (x-
axis). F: Swim speed of 28 mo was slower than 6 mo and 24 mo during cue training trials

(x-axis).
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Fig. 2. Individual differences in spatial learning in aging F344xBN-F1 rats
A: Spatial Learning Index was significantly greater in 18, 24, and 28 mo compared to 6 mo,

but variance of this measure was not different among age groups (horizontal dashed line
denotes criterion distinguishing impaired from unimpaired performance according to the 6
mo reference group). Solid lines and ***p<0.001; dashed line and 10.1>p>0.05 between
ages indicated. B: The standard deviation of performance on probe trials 2-4 was not
different among age groups. C: Percent Time in Quadrant (y-axis) was significantly greater
than chance (dashed line) in 6 month-better performers and 6 month-worse performers on all
probe trials (x-axis). D: Percent Time in Quadrant (y-axis) was significantly greater than
chance in 18 mo-unimpaired on all probe trials (x-axis), while 18 mo-impaired never
exceeded chance. E and F: Percent Time in Quadrant (y-axis) was significantly greater than
chance in 24 mo- and 28 mo-unimpaired on probe trials 2-4 (but not probe trial 1; x-axis),
while 24 mo- and 28 mo-impaired rats never exceeded chance. C-F *p<0.05, **p<0.01,
***p<(.001 and 10.1>p>0.05 vs. 25%.
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Fig 3. Changes in performance over 30 s and 24 h ITls in aging F344xBN-F1 rats
A: Corrected path length (y-axis) plotted as a function training trial (x-axis, “T” denotes
training trial identified as “block#.trial#” and “P” denotes probe trial), day (separated by

Page 20

vertical solid and dashed lines) and block (separate panels). Training trials are separated by
either 30 s intertrial interval (ITI; gray text/arrows) or 24 h ITI (black text/arrows). B:
Relative to 6 mo, 30 s Path Length Change (y-axis) was lower in 28 mo (x-axis is training
block). C: Mean 30 s Path Length Change was significantly greater than zero in 6, 18, and
24 mo (***p<0.001 vs zero), but not 28 mo. D: Mean acquisition (y-axis) was not reliably
associated with Spatial Learning Index (x-axis) at any age. E: There was no effect of age on
24 h Path Length Change (y-axis) in any training block (x-axis). F: Mean 24 h Path Length
Change was significantly less than zero in 6 mo (***p<0.001 vs zero) but not different from
zero in 18, 24, or 28 mo. G: Mean 24 h Path Length Change (y-axis) was not reliably
associated with Spatial Learning Index (x-axis) at any age. H-K: Mean 24 h Path Length
Change (y-axis) and Mean 30 s Path Length Change (x-axis) were inversely correlated at all
ages. Solid lines denote significant correlation. Inset: Pearson's r and p values.

Neurobiol Aging. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

McQuail and Nicolle

Page 21

i
1
e
g

100+ 20
2 £
@
£5 ™ Fgts g
20
8§ eof 'ﬁ = 603
) g:0 )
82 40 © 6mo | 832 40§
82 © 18mo | @ & 8
@ 204 o 24mo|E " ¥ 208
- 28mo | 2 B
0 T T T T T T T T T T T T 0=y T T —-0
R B RO A kG A0 m kG 6 18 24 28
RRR R  GIRE GNR Age (mo)
Block 1 Block 2 Block 2 Block 4
c amnom D o Exn ®ooe Fau
2 X o @© o ° oo . e
3 18 2 18{ “~0D ® 18 [T
= E oo~ © :0. ey
£ 1 - 16 [ T N L= 16 "oy
£ oo = Ly ) LT N
i 2 1 o © comam N .
@ § 18 ma: 24 mo: ome 28 mo: e
gﬂ @ 12 =037 o =0412 @ eee o 12{~0338 .
[ pe0.07 ns. tr p<0.001 L] p<0.08 ns. ree

T w77 W W
50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350 S50 100 150 200 250 300 350
Spatial Learning Index Spatial Learning Index Spatial Learning Index Spatial Learning Index

Fig. 4. Procedural learning in aging F344xBN-F1 rats
A: The fraction of successful trials (i.e. those rats where the rat escaped onto the training

platform; y-axis) increased as a function of training trial (x-axis, “T” denotes training trial
identified as “block#.trial#” and “P” denotes probe trial). B: Total number of successful
trials per animal (y-axis-left; expressed as fraction of total trials on y-axis-right) was
significantly lower in 18, 24, and 28 mo compared to 6 mo. ***p<0.001 for indicated
comparisons. C-F: Total Successful Trials (y-axis) correlated with Spatial Learning Index
(x-axis) in 6 mo and 24 mo with similar trends evident in 18 mo and 28 mo. Solid lines
denote significant correlation and dashed lines indicated non-significant trend. Inset:
Spearman's p and p values.
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