
Research

Discrimination performance in aging is vulnerable to
interference and dissociable from spatial memory

Sarah A. Johnson,1 Patricia K. Sacks,1 Sean M. Turner,1 Leslie S. Gaynor,2

Brandi K. Ormerod,3 Andrew P. Maurer,1,3 Jennifer L. Bizon,1 and Sara N. Burke1,4

1Department of Neuroscience, Evelyn F. and William L. McKnight Brain Institute; 2Department of Clinical and Health Psychology;
3Department of Biomedical Engineering, University of Florida, Gainesville, Florida 32610, USA; 4Institute on Aging, University

of Florida, Gainesville, Florida 32610, USA

Hippocampal-dependent episodic memory and stimulus discrimination abilities are both compromised in the elderly.

The reduced capacity to discriminate between similar stimuli likely contributes to multiple aspects of age-related cognitive

impairment; however, the association of these behaviors within individuals has never been examined in an animal model. In

the present study, young and aged F344×BN F1 hybrid rats were cross-characterized on the Morris water maze test of

spatial memory and a dentate gyrus-dependent match-to-position test of spatial discrimination ability. Aged rats showed

overall impairments relative to young in spatial learning and memory on the water maze task. Although young and

aged learned to apply a match-to-position response strategy in performing easy spatial discriminations within a similar

number of trials, a majority of aged rats were impaired relative to young in performing difficult spatial discriminations

on subsequent tests. Moreover, all aged rats were susceptible to cumulative interference during spatial discrimination

tests, such that error rate increased on later trials of test sessions. These data suggest that when faced with difficult discrim-

inations, the aged rats were less able to distinguish current goal locations from those of previous trials. Increasing acetyl-

choline levels with donepezil did not improve aged rats’ abilities to accurately perform difficult spatial discriminations

or reduce their susceptibility to interference. Interestingly, better spatial memory abilities were not significantly associated

with higher performance on difficult spatial discriminations. This observation, along with the finding that aged rats made

more errors under conditions in which interference was high, suggests that match-to-position spatial discrimination perfor-

mance may rely on extra-hippocampal structures such as the prefrontal cortex, in addition to the dentate gyrus.

[Supplemental material is available for this article.]

The majority of elderly individuals will experience memory loss
that impacts daily functioning. Specifically, older adults recall
less detailed information about events due to source memory def-
icits (McIntyre and Craik 1987; Schacter et al. 1994; Cansino
2009), experience decreased sensitivity to novelty (Fandakova
et al. 2014), and show increased susceptibility to proactive inter-
ference (Hartman 1995; Pettigrew and Martin 2014; Wais and
Gazzaley 2014). Parallel observations have been made in animal
models of aging. Aged rats are impaired in spatial memory (Gal-
lagher et al. 1993; Bizon et al. 2009; McQuail and Nicolle 2015),
in discriminating between novel and familiar stimuli (Burke
et al. 2010, 2011), and in place learning when the learned target
location is in close proximity to a foil location (Gracian et al.
2013).

Age-related deficits in retrieving detailed information from
episodic memory could reflect an inability to discriminate be-
tween similar stimuli, as well as repeated similar experiences. In
support of this interpretation, discrimination abilities are im-
paired in healthy aged humans (Toner et al. 2009; Stark et al.
2010, 2013; Holden et al. 2012, 2013; Ryan et al. 2012; Reagh
et al. 2014, 2016), monkeys (Burke et al. 2011), and rats (Burke
et al. 2010, 2011). An intriguing aspect of these deficits is that
older adults who do not show episodic memory loss can be im-
paired relative to young adults at difficult discriminations be-
tween similar stimuli, but not easy discriminations between

unique stimuli (Stark et al. 2013; Reagh et al. 2014, 2016). This ob-
servation suggests that age-related discrimination deficits could
precede broader episodic memory decline.

Spatial memory deficits have been considered to parallel ep-
isodic memory or recollection deficits in humans (Robitsek et al.
2008; Tomás Pereira and Burwell 2015). Therefore, a test of wheth-
er changes in discrimination ability contribute to broader changes
in mnemonic ability across the lifespan would be to assess both
spatial memory and spatial discrimination performance in the
same cohort of aged rats. The present study examined young
and aged rats’ abilities to discriminate between target and foil lo-
cations on a hole-board maze using a spatial match-to-position
task (Gilbert et al. 1998, 2001; Kesner and Gilbert 2006). During
tests, the difficulty of each spatial discrimination trial was manip-
ulated by decreasing the physical distance between target and foil
locations. To determine whether spatial discrimination perfor-
mance is associated with hippocampal-dependent spatial memo-
ry, rats were cross-characterized on the Morris water maze task
(Gallagher et al. 1993; Bizon et al. 2009). To examine the extent
to which declines in cholinergic transmission could explain per-
formance differences between age groups, rats were injected
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with the acetylcholinesterase inhibitor donepezil and retested on
the discrimination task.

Results

Spatial memory is impaired in aged rats
To assess age-related changes in spatial learning and memory in
our experimental cohort, rats were first tested in the Morris water
maze task using the standard procedures of Gallagher et al. (1993),
which have been implemented in multiple rat strains used to
study cognitive aging (Bizon et al. 2009; McQuail and Nicolle
2015). Young and aged rats were trained to locate a hidden plat-
form over 8 d, with blocks of training trials interpolated by probe
trials taking place every 2 d. Acquisition of an effective spatial
search strategy was assessed based on cumulative integrated
path lengths (CIPL) across successive blocks of training trials
(Barnes et al. 1996; Rosenzweig et al. 1997; Burke et al. 2010).
CIPL is equivalent to the cumulative search error originally report-
ed by Gallagher et al. (1993), and reflects distance traveled in lo-
cating the platform, corrected for trial-to-trial differences in
optimal path and swim speed (see Materials and Methods).
A repeated-measures ANOVA comparing performance across
training blocks 1–4 revealed a significant main effect of block
(Fig. 1A; F(3,51) ¼ 10.9, P , 0.001). However, overall performance
and change in performance across blocks did not differ based on
age (Ps . 0.13). Within subjects simple contrasts confirmed that
CIPL values for block 1 were greater than those for all subsequent
blocks (Fs . 8.53, Ps , 0.01). Block 1 is distinct from subsequent
training blocks, as animals are at this point acquiring procedural
aspects of the task and show high levels of thigmotaxis. Thus, to
further examine whether aging influenced the refinement of a
spatial search strategy after familiarization with task procedures,
CIPL values for blocks 2, 3, and 4 were analyzed with a second
repeated-measures ANOVA. This analysis revealed a significant
main effect of block (F(2,34) ¼ 3.79, P , 0.03). Moreover, when
block 1 was excluded, aged rats also showed greater CIPL values
and thus impaired search strategy relative to young rats, based
on a significant main effect of age (F(1,17) ¼ 4.24, P , 0.05). The
interaction of block × age was not statistically significant
(F(2,34) ¼ 1.87, P ¼ 0.17).

Spatial memory abilities were as-
sessed with probe tests on days 2, 4,
6, and 8 of the water maze paradigm
(Gallagher et al. 1993; Bizon et al. 2009;
McQuail and Nicolle 2015), in which
the platform was lowered out of reach
and rats were allowed to swim for 30
sec. Mean proximity to the learned plat-
form location during each test was calcu-
lated and used as an index of targeted
spatial search. Similar to the training tri-
als, performance improved overall across
successive probe tests (Fig. 1B), and there
was a significant main effect of testing
block (F(3,51) ¼ 7.36, P , 0.001). Within
subjects contrasts confirmed that overall,
performance improved significantly
from probe test 1 to tests 3 and 4 (Ps ,

0.008). The ANOVA also revealed a sig-
nificant main effect of age (F(1,17) ¼

5.62, P , 0.03). Spatial learning index
(SLI) values were compiled from probe
tests given on days 4, 6, and 8
(Gallagher et al. 1993). SLI values of
aged rats were significantly greater than

those of young (Fig. 1C; t(13.3) ¼ 23.09, P , 0.008; Levene’s test:
F ¼ 7.48, P , 0.01), reflecting a less targeted spatial search strategy
in the aged group.

Following training and probe tests, rats underwent a cued test
in which the escape platform remained visible above the water’s
surface, but was moved to a different location in the pool on
each of six trials. Aged rats did not show evidence of visual, motor,
or motivational deficits on these visible platform trials, as their
mean path lengths taken to locate the visible platform did not
differ from those of young rats (Fig. 1D; Mann–Whitney U ¼ 33,
P ¼ 0.33; Shapiro–Wilk test: P , 0.002).

Spatial discrimination performance depends on the

distance between target and foil locations
To assess spatial discrimination abilities, we adapted a task in
which rats distinguish between target and foil locations separated
by variable distances on a hole-board maze (Gilbert et al. 1998,
2001; Kesner and Gilbert 2006). Performance of more difficult spa-
tial discriminations on this task, when target and foil locations are
moved closer together, has been shown to require the dentate
gyrus (Gilbert et al. 2001). Rats were first trained on a match-to-
position response strategy to retrieve a food reward from beneath
one of two identical objects (Fig. 2A; Training Phase, also see
Supplemental Fig. 1). Rats completed 16 trials per day in which
objects were separated by a distance of 96 or 80 cm, with eight
trials of each spatial separation. Young rats acquired the match-
to-position strategy within 138–804 trials (range ¼ 666 trials;
10–51 d) and aged rats within 114–1068 trials (range ¼ 954 trials;
7–67 d). The number of trials required to reach criterion (≥81.3%
correct responses) was not influenced by age. Specifically, young
and aged rats did not differ in the total number of training trials
completed (Fig. 2C; Mann–Whitney U ¼ 33, P ¼ 0.33; Shapiro–
Wilk test: P , 0.01), or in the number of incorrect responses
made prior to reaching criterion (Fig. 2D; Mann–Whitney U ¼
32, P ¼ 0.29; Shapiro–Wilk test: P , 0.01). Mean percent correct
responses on the five training days prior to reaching criterion
also did not differ between age groups (Fig. 2E; t(17) ¼ 20.44,
P ¼ 0.66).

After reaching criterion, a test of spatial discrimination was
carried out over the following 5 d (Fig. 2B; Discrimination Test

Figure 1. Aged rats show impairments in spatial memory on the Morris water maze task that are not
attributable to visual, motor, or motivational deficits. (A) Cumulative integrated path length (CIPL)
values reflecting the total distance traveled (cm) prior to locating the hidden platform during water
maze training, corrected for swim speed differences. All rats learned to locate the platform more effec-
tively across training blocks 1–4 (main effect of block: P , 0.001), such that CIPL values for block 1 were
greater than those for each other block (within subjects contrasts: Ps , 0.01). The decrease in CIPL from
block 1 to block 2 likely reflects procedural learning, and did not differ based on age. However, young
rats continued to refine their swim strategy from blocks 2 through 4, while aged did not (main effect of
age: P , 0.05). (B) Mean proximity to the platform’s target location during Probe tests 1 through
4. Proximity values decreased in both groups across probe tests (main effect of test: P , 0.0001), but
were greater overall in aged rats, reflecting poor memory for the target location (main effect of age:
P , 0.03). (C) Spatial learning index (SLI) values calculated for young and aged rats. Lines indicate
group means. SLI values for aged rats were greater than those of young, reflecting spatial memory def-
icits (P , 0.008). (D) Swim path lengths (cm) of young and aged rats did not differ when the platform
location was visible (P ¼ 0.33). Graphs show mean+SEM. (∗) P , 0.05 (∗∗) P , 0.01.
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Phase). On each daily test session, the distance between target and
foil locations was varied to manipulate the difficulty of the dis-
crimination. Rats completed 18 trials per day, with objects sepa-
rated by a distance of 88, 48, or 15 cm (six trials of each). Spatial
discrimination performance decreased on the more difficult trials,
in which the target and foil locations were closer together (Fig.
2F). A repeated-measures ANOVA with distance between target
and foil as a within subjects factor and age as a between subjects
factor yielded a significant main effect of distance on percent cor-
rect responses (F(2,34) ¼ 21.4, P , 0.001). Within subjects simple
contrasts confirmed that rats made more correct responses on
88-cm trials relative to 48-cm trials (F(1,17) ¼ 7.86, P , 0.01), and
relative to 15-cm trials (F(1,17) ¼ 41.7, P , 0.001). The main effect
of age (F(1,17) ¼ 3.17, P ¼ 0.09) and distance × age interaction
(F(2,34) ¼ 0.29, P ¼ 0.75) were not statistically significant.

Spatial discrimination performance in aged rats

is vulnerable to cumulative interference
In addition to differentiating between two cued spatial locations,
performance on the spatial discrimination task requires distinc-
tion of just-cued locations from similar, recently cued locations.
Given that one hallmark of cognitive aging is an increased sus-
ceptibility to interference (Hartman 1995; Pettigrew and Martin
2014; Wais and Gazzaley 2014), we considered the possibility
that aged rats would show decreased performance within test ses-
sions as they progress from early-to-late trials. We also hypothe-

sized that switching from presentation of only easy trials during
training to presentation of three levels of difficulty during test
sessions would increase susceptibility to interference. To address
this question, we collapsed performance across the final 5 d of
training and the 5 d of discrimination tests, and compared per-
cent correct responses during the first half of each session (early;
Training trials 1–8, Test trials 1–9) and second half of each
session (late; Training trials 9–16, Test trials 10–18) (Fig. 3A).
A repeated-measures ANOVA comparing change in performance
from early-to-late trials (% correct late 2 % correct early), with ex-
perimental phase as a within subjects factor (Training, Test) and
age as a between subjects factor showed a significant main effect
of phase (F(1,17) ¼ 5.31, P , 0.03) and a significant phase × age
interaction (F(1,17) ¼ 4.62, P , 0.05). Post hoc contrasts between
groups revealed that young and aged rats did not differ in the
percent correct responses made on early test trials (Fig. 3A;
F(1,17) ¼ 0.71, P ¼ 0.41), but that, relative to young, aged rats
made fewer correct responses on late test trials (Fig. 3A; F(1,17) ¼

6.84, P , 0.02).
To probe whether susceptibility to interference within test

sessions was compounded by trial difficulty, correct responses
for each level of difficulty were considered separately (Fig. 3B).
Change in performance from early to late trials was calculated
as described above, and these values were submitted to a
repeated-measures ANOVA with distance as a within subjects
factor (88, 48, 15 cm) and age as a between subjects factor.
Main effects of distance (P ¼ 0.93) and age (P ¼ 0.09) and the

Figure 2. Spatial discrimination performance in young and aged rats. (A) Rats first learned a match-to-position response strategy (Training Phase).
A specific food well was baited and cued with an object (Sample). After a brief delay, rats were presented with two identical copies of the same cue
object separated by a distance of 96 or 80 cm, covering the just-rewarded Target location and a Foil location (Choice). (B) Spatial discrimination perfor-
mance was assessed by systematically varying the distance between Target and Foil locations (Discrimination Test Phase). (C,D) Young and aged rats ac-
quired the match-to-position strategy within the same course of training. The two groups did not differ in their number of trials completed (C; P ¼ 0.33) or
in number of incorrect responses made (D; P ¼ 0.29) prior to achieving criterion performance of ≥81.3% correct responses on two consecutive days. (E)
Young and aged did not differ in their spatial discrimination performance across the final 5 d of training, based on the percent correct responses made
(P ¼ 0.66). (F) Spatial discrimination performance across easy (88 cm), difficult (48 cm), and very difficult (15 cm) spatial separations. Performance de-
creased significantly as a function of difficulty (main effect of distance: P , 0.001), such that performance on 88-cm trials was better than that on 48 cm or
15-cm trials across age groups (Ps , 0.01). Graphs show means+SEMs. (∗∗) P , 0.01 (∗∗∗) P , 0.001.

Discrimination and spatial memory in aging

www.learnmem.org 341 Learning & Memory



distance × age interaction (P ¼ 0.59) were not statistically signifi-
cant. Our ability to detect statistical differences between age
groups with this analysis was reduced by the small number of tri-
als compared across each distance (3 trials × 5 d ¼ 15 trials per
cell), relative to the total number of trials compared in the overall
analysis of early versus late performance on discrimination tests
(9 trials collapsed across distance × 5 d ¼ 45 trials per cell).

To further examine whether decreased performance of aged
rats in late relative to early discrimination trials could be attribut-
ed to reduced motivation, fatigue, or other factors that selectively
impact performance in the second half of test sessions, two ex-
perimental control phases were carried out. Rats first completed
2 d of discrimination tests with only 48-cm trials (Supplemental
Fig. 2A), followed by 2 d of 15-cm trials (Supplemental Fig. 2D).
Aged rats did not show overall impairments on either of these
tests based on the distance between target and foil locations.
Furthermore, rather than decreasing on late relative to early trials,
performance generally improved in both young and aged rats
(Supplemental Fig. 2C, F). These data confirm that aged rats’ de-
creased performance on late trials during discrimination tests
was unlikely to result from satiation or fatigue, and was contin-
gent on task complexity, only emerging when rats completed
multiple trial difficulties within test sessions.

Spatial memory and spatial discrimination abilities

are not correlated within individual rats
Both spatial memory and spatial discrimination require intact
hippocampal function (Schenk and Morris 1985; Xavier et al.
1999; Gilbert et al. 1998, 2001; Gilbert and Kesner 2006; Morris
et al. 2012), and age-related differences in hippocampal-depen-
dent memory function have recently been linked to differences
in discrimination abilities in humans (Stark et al. 2013; Reagh
et al. 2014, 2016), as well as in rats (LaSarge et al. 2007). We there-
fore sought to determine whether spatial memory performance
on the water maze task was correlated with spatial discrimination
performance across our cohort of young and aged rats. Variables of

interest were normalized and correlational analyses were carried
out on the resulting Z-scores. In the young group, young rats
with better spatial memory (i.e., lower SLI values) tended to
have poor spatial discrimination abilities (i.e., fewer correct re-
sponses on 48-cm trials), although this correlation did not reach
statistical significance (Fig. 4A; R ¼ 0.613, P ¼ 0.06). In the aged
group, SLI values and discrimination performance on 48-cm trials
were not significantly correlated (Fig. 4B; R ¼ 20.305, P ¼ 0.43).
SLI values were also not correlated with discrimination perfor-
mance during the training phase or performance on 88-cm trials
during the test phase, across groups or when young and aged
were considered separately (Ps . 0.11). Plotting the performance
of individual rats on 48 cm discrimination trials (Fig. 4C) revealed
that two of the nine aged rats showed particularly superior abili-
ties (73.3% correct responses), such that their performance on
these trials fell above the normative range of both the young
and aged groups (young Mean ¼ 64.2%, SD ¼ 8.1, Mean + 1
SD ¼ 72.3%; aged Mean ¼ 55.8%, SD ¼ 12.1, Mean + 1 SD ¼
67.9%). Exclusion of these two high-performing rats from the
aged group revealed a significant impairment in discrimination
abilities relative to young in the remaining seven aged rats
(t(15) ¼ 3.36, P , 0.004), but did not reveal a correlation between
SLI values and performance on 48 cm discrimination trials in
this subset of aged animals (R ¼ 0.023, P ¼ 0.96). Taken together,
these analyses indicate that with the experimental procedures
used, individual rats’ spatial memory abilities do not predict their
spatial discrimination abilities. The lack of correlation between
these two variables suggests our implementations of the water
maze and hole-board discrimination task may tax distinct neural
circuits, both in young and aged rats.

Spatial discrimination performance after systemic

donepezil injections
Cholinergic neurotransmission is critical to attention and memo-
ry (Hasselmo 2006), and can influence abilities to discriminate be-
tween similar stimuli in other sensory domains (Devore et al.
2014). To determine whether increasing acetylcholine levels
would alter spatial discrimination performance, rats received in-
traperitoneal injections of the acetylcholinesterase inhibitor
donepezil (1 and 3 mg/kg) or vehicle prior to discrimination tests.
Performance was initially compared across all injection condi-
tions, but revealed no significant effect of the higher donepezil
dose. Considering systemic treatment with cholinergic agonists
at high doses can be associated with peripheral side effects
(Jackson et al. 2004), and that we occasionally observed behavio-
ral signs of malaise in both young and aged rats following high
dose injections, we excluded these data from subsequent analyses.

To determine whether donepezil improved spatial discrimi-
nation performance, change in percent correct responses based
on injection condition was calculated for each individual rat for
88- and 48-cm trials (% correct after donepezil 1 mg/kg 2 % cor-
rect after vehicle). Data from 15-cm trials were excluded from
analyses because young and aged groups continued to perform
at chance across injection conditions. Donepezil’s effects on per-
formance were examined with a repeated-measures ANOVA, with
distance between target and foil locations (88, 48 cm) as a within-
subjects factor and age as a between subjects factor. Donepezil in-
jections appeared to differentially affect performance in young
and aged rats; however, the main effect of age (Fig. 5A; F(1,15) ¼

3.11, P ¼ 0.09) and distance × age interaction (F(1,15) ¼ 3.46, P ¼
0.08) were not statistically significant. Post hoc contrasts revealed
no difference between age groups in donepezil’s effects on 88-cm
trials (F(1,15) ¼ 0.24, P ¼ 0.63), as both young and aged showed
slight improvement from vehicle to donepezil conditions (young
Mean ¼ +3.9%, SD ¼ 6.98; aged Mean ¼ +6.75%, SD ¼ 16.5).

Figure 3. Aged rats showed a decrease in performance attributable to
cumulative interference when task demand was highest, based on dis-
crimination difficulty and the number of trial types presented. Trials
were separated based on whether they took place in the first half (early)
or second half (late) of training and test sessions. (A) Performance on
early versus late trials collapsed across the last 5 d of the training phase
(Training; 96/80 cm separations) and all 5 d of the discrimination test
phase (Test; 88/48/15 cm separations). Change in performance from
early to late trials differed from training to testing (main effect of phase:
P , 0.03), and was particularly apparent in aged rats during discrimina-
tion tests (phase × age interaction: P , 0.05). On discrimination tests,
young and aged rats did not differ in percent correct responses made
on early trials (P ¼ 0.41). However, aged rats were more prone to errors
on late trials, showing significantly reduced performance relative to
young (P , 0.02). (B) To determine whether aged rats’ susceptibility to in-
terference during late trials was modulated by trial difficulty, performance
across early versus late trials was compared for each spatial separation.
Repeated-measures ANOVA revealed a trend toward a significant main
effect of age (P ¼ 0.09). Graphs show means+SEMs. (∗) P , 0.05.
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Donepezil differentially influenced performance on 48-cm trials
in young and aged rats (F(1,15) ¼ 4.87, P , 0.04). Aged rats showed
improvement following donepezil relative to vehicle injections
(Mean ¼ +9.14%, SD ¼ 13.5), while young rats showed decreased
performance attributable to donepezil (Mean ¼ 28.04%, SD ¼
17.2). Comparison of individual rats’ performance on 48-cm trials
revealed that a subset of young rats showed a decline in percent
correct responses after donepezil relative to vehicle injections
(Supplemental Fig. 3A), while aged rats were more likely to show
greater percent correct responses on these trials after donepezil
relative to vehicle (Supplemental Fig. 3B).

To determine whether donepezil reduced the effects of cu-
mulative interference in aged rats, performance on early and
late trials were entered into two repeated-measures ANOVAs
with drug condition as a within-subjects factor (vehicle, donepezil
1 mg/kg) and age as a between subjects factor. These analyses did
not reveal significant main effects of drug or drug × age interac-
tions (Fig. 5B; Ps . 0.20). However, there were significant main
effects of age on early trials (F(1,15) ¼ 4.49, P , 0.05) and late trials

(F(1,15) ¼ 7.13, P , 0.02). Post hoc con-
trasts revealed aged rats were impaired
relative to young after vehicle, both on
early (F(1,16) ¼ 6.33, P , 0.02) and late tri-
als (F(1,16) ¼ 11.3, P , 0.004); however,
no difference between young and aged
performance was apparent after donepe-
zil injections on either early or late trials
(Ps . 0.21).

Based on analyses by trial type and
early versus late trials, donepezil ap-
peared to improve overall discrimination
performance in aged rats. To determine
whether this was the case, percent cor-
rect responses after vehicle or donepezil
injections were collapsed across 88- and
48-cm trials and change in performance
based on donepezil treatment was com-
puted, as above. Overall, mean change
in performance following donepezil
treatment was 22.1% (SD ¼ 9.5) in
young rats, and +7.9% (SD ¼ 14) in
aged rats (Fig. 5C). Individual rats’ perfor-
mance on 88 and 48-cm trials followed a
similar pattern (Supplemental Fig. 3).

However, a t-test comparing overall change in performance after
donepezil in young versus aged animals was not statistically sig-
nificant (Fig. 5C; t(13) ¼ 21.77, P ¼ 0.09).

Discussion

In these experiments we document several novel observations re-
garding the impact of aging on spatial discrimination, as well as
the relationship between spatial discrimination and spatial mem-
ory abilities as tested on the Morris water maze task. First, a major-
ity of aged rats were impaired on spatial discriminations in which
the distance between target and foil locations was ,88 cm. These
data support an emerging consensus in the field of cognitive aging
that age-associated discrimination deficits in humans and animal
models are observed when the test stimuli are similar or share com-
mon features (Stark et al. 2010, 2013; Burke et al. 2011; Yassa et al.
2011a,b; Ryan et al. 2012; Holden et al. 2013; Reagh et al. 2014,
2016). Moreover, the observation that a subset of aged rats were

Figure 5. Spatial discrimination performance after systemic donepezil injections. (A) No age difference was present in the effect of donepezil injections
on 88-cm trials (P ¼ 0.63); however, donepezil differentially influenced performance of young and aged rats on 48-cm trials (P , 0.04). Aged rats showed
improvement with donepezil (mean change from vehicle ¼ +9.14%, SD ¼ 13.5), while young rats showed decreased performance (mean change from
vehicle ¼ 28.04%, SD ¼ 17.2). Data from 15-cm trials were excluded from analyses because performance remained consistently at chance across all ex-
perimental conditions. (B) Performance on easy versus late discrimination trials after vehicle or donepezil injections. Donepezil improved performance
across both early and late phases in aged rats such that significant impairments observed after vehicle injections (Ps , 0.02) were alleviated (Ps .

0.21). (C) To test whether donepezil had a more general cognitive-enhancing effect, percent correct responses were collapsed across 88-cm and
48-cm trials. Individual performance is shown for young rats (left; black markers) and aged rats (right; gray markers); horizontal lines indicate group
means. A statistical trend indicated that, overall, aged rats tended to benefit from donepezil treatment (mean change from vehicle ¼ +7.9%, SD ¼
14) while young rats did not (mean change from vehicle ¼ 22.1%, SD ¼ 9.5; P ¼ 0.09). Graphs show means+SEMs. (∗) P , 0.05 (∗∗) P , 0.01.

Figure 4. Better spatial memory is not associated with better spatial discrimination abilities in young
or aged rats. SLI values and percent correct responses on 48-cm trials were normalized and correlations
were computed separately for young and aged groups. (A) In the young group, a statistical trend
toward a positive correlation indicated young rats with better spatial memory (i.e., lower SLI values)
were more likely to have poor spatial discrimination abilities (i.e., fewer correct responses on 48-cm
trials) (R ¼ 0.613, P ¼ 0.06). (B) In the aged group, SLI values and discrimination performance on
48-cm trials were not significantly correlated (R ¼ 20.305, P ¼ 0.43). (C) Individual rats’ performance
on 48-cm trials during tests for spatial discrimination abilities. Horizontal bars indicate group means.
Two of the nine aged rats showed superior discrimination abilities on these trials (i.e., 73.3% correct
responses). Performance of these two rats was above the normative range of both young and aged
groups (young Mean ¼ 64.2%, SD ¼ 8.1, Mean + 1SD ¼ 72.3%; aged Mean ¼ 55.8%, SD ¼ 12.1,
Mean + 1SD ¼ 67.9%). Scatterplots show best fit line+95% confidence intervals.
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unimpaired in performing difficult spatial discriminations paral-
lels recent data from aged humans, showing spatial discrimina-
tion abilities are less prone to decline with aging than visual
object discrimination abilities (Reagh et al. 2016). Future experi-
ments will need to cross-characterize animals on object and spa-
tial discrimination problems and directly measure the extent to
which these modalities are differentially vulnerable in aged rats.

The current experiments also show that aged rats’ perfor-
mance on late relative to early discrimination trials was prone to
interference. To our knowledge, this is the first report of a suscept-
ibility to cumulative interference in aged rats. This result suggests
that, when faced with difficult discriminations after an increasing
number of trials, aged rats default to previously stored representa-
tions. Perhaps counterintuitively, our results also revealed that
spatial memory performance on the Morris water maze, in which
effects of age are well-documented, does not predict spatial dis-
crimination performance. This may be a factor of strain differenc-
es in water maze performance in both young and aged rats, which
is discussed in more detail below. Furthermore, treatment with
the acetylcholinesterase inhibitor donepezil was generally with-
out effect on spatial discrimination abilities, yet improved perfor-
mance in a subset of aged rats across all trials without selectively
ameliorating difficulty- or interference-dependent deficits.

Spatial memory and spatial discrimination abilities:

implications for the neural substrates of discrimination
In the current study, the majority of aged rats tested were impaired
on difficult spatial discriminations (Fig. 4C). Our results build on a
similar finding that aged rats made more errors in a radial arm
maze test of spatial working memory when there was a high de-
gree of overlap among environmental cues associated with target
and foil arms (Gracian et al. 2013). The discrimination task we
used has been previously shown to rely on hippocampal function
(Gilbert et al. 1998), and more specifically on the dentate gyrus
(Gilbert et al. 2001). Furthermore, dentate gyrus lesions in young
rats impair performance on spatial working memory tests (Xavier
et al. 1999; Morris et al. 2012). Thus, lesion studies in rats suggest
that age-related deficits in discriminating between spatial stimuli
could be linked to age-related changes in hippocampal function,
and particularly to the dentate gyrus.

In the present study, however, no relationship was detected
between spatial discrimination and water maze performance.
Despite evidence that both tasks require hippocampal function,
there are a number of potential reasons for this lack of correlation.
First, the distribution of SLI values for our young and aged groups
differed from that typically observed in young and aged Long-
Evans (Gallagher et al. 1993) or Fischer 344 rats (LaSarge et al.
2007; Bizon et al. 2009). This is not necessarily surprising, as the
F344×BN hybrid rats have been found to show differences in
behavioral variables across multiple cognitive tasks, including
the water maze and other tests of spatial and contextual memory
(Spangler et al. 1994; van der Staay and Blokland 1996). Neverthe-
less, a subset of our young rats showed relatively poor spatial
memory based on SLI values, while none of our aged rats had rel-
atively good spatial memory based on SLI values (cf. McQuail and
Nicolle 2015). This underscores the fact that SLI values from one
laboratory are not necessarily comparable to those from another,
even when the rat strain, water maze apparatus, and experimental
protocol used are identical (McQuail and Nicolle 2015). It is pos-
sible that subtle variations in the experimental setup, including
the prominence and distribution of extra-maze cues, biased rats
toward using a less spatial and more response-based strategy dur-
ing probe trials (Tomás Pereira et al. 2015).

Another potential explanation for the lack of relationship be-
tween water maze performance and spatial discrimination is that

these tasks may rely on distinct extra-hippocampal structures. For
example, frontal and parietal cortical regions are required for suc-
cessful water maze performance (DiMattia and Kesner 1988; de
Bruin et al. 1994; Vafaei and Rashidy-Pour 2004). It is therefore
possible that age-related deficits in spatial memory arise not
only from well-documented hippocampal dysfunction (Burke
and Barnes 2006; Gray and Barnes 2015), but also in part from
changes in frontal cortical regions or hippocampal-frontal con-
nectivity. Nonetheless, one notable difference between the spatial
discrimination task and the water maze task as implemented in
the present study is that the goal location in the water maze re-
mains fixed across all training and test trials, while the target loca-
tion in the spatial discrimination task changes from trial to trial.
This requirement of rats to maintain a location in memory for a
brief period and then update that location across trials likely en-
gages prefrontal cortical circuits (Sloan et al. 2006). Because pre-
frontal cortical function is also vulnerable to the effects of
advanced age (Morrison and Baxter 2012; Beas et al. 2013, 2016;
Bañuelos et al. 2014), deficits in spatial discrimination perfor-
mance could potentially emerge from dysfunction of this brain
area or its ability to interact with medial temporal lobe structures.

In contrast to animal studies, the majority of discrimination
studies in humans have used pictures of common objects as stim-
uli (Toner et al. 2009; Yassa et al. 2011a,b; Holden et al. 2013; Stark
et al. 2013; Reagh et al. 2014, 2016). Performing these tasks there-
fore presumably draws on brain networks required for object pro-
cessing, such as the perirhinal cortex. Of note, human studies that
have assessed spatial discrimination have also used screen-based
presentation of stimuli, requiring subjects to gauge the position
of shapes or pictures of objects on the screen (Stark et al. 2010;
Holden et al. 2012; Reagh et al. 2014, 2016), which is quite differ-
ent from using real world spatial representations and/or path in-
tegration to guide discrimination. Nonetheless, studies using
this type of stimulus presentation have found age-associated dis-
crimination deficits to be correlated with altered CA3 and dentate
gyrus activity (Yassa et al. 2011a,b; Bakker et al. 2012), and more
specifically with loss of integrity of perforant path inputs from
the entorhinal cortex to the hippocampus and dentate gyrus
(Bennett et al. 2015; Bennett and Stark 2016). The extent to which
prefrontal cortical input is also necessary and engaged by these be-
haviors in humans will need to be explored.

A question that remains open is whether brain systems re-
quired for object processing are also necessary for discrimination
of spatial information, and by consequence, whether age-related
dysfunction of these systems (Burke et al. 2012, 2014; Ryan
et al. 2012) contributes to memory loss that is often solely attrib-
uted to the hippocampus. Along these lines, age-related deficits
on object-based discrimination tasks (Toner et al. 2009; Yassa
et al. 2011a,b; Stark et al. 2013; Reagh et al. 2016) are reminiscent
of the reduced ability of rats (Bartko et al. 2007a,b) and monkeys
(Bussey et al. 2002, 2003) to discriminate between similar stimuli
following perirhinal cortical lesions. In fact, one study to date in
humans has linked age-related impairments in difficult object dis-
criminations with perirhinal cortex activity (Ryan et al. 2012).
Although perirhinal cortical lesions can lead to deficits in spatial
working memory (Wiig and Burwell 1998), the contribution of
cortical-hippocampal connectivity to age-related deficits in spa-
tial discrimination ability has not been directly tested and should
be the focus of future studies in both human subjects and animal
models.

The role of interference in spatial discrimination deficits
The current study also revealed that age-related deficits on spatial
discrimination tests were primarily due to aged rats’ declining per-
formance on late relative to early trials. We attribute decrements
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in performance on late trials to a greater potential for cumulative
interference as trials pass and representations of previous goal
locations accumulate. This interpretation is consistent with re-
cent data showing older adults are impaired in recalling stimulus
locations when similar or identical stimuli were recently pre-
sented (Sapkota et al. 2014). Our finding also suggests the spatial
discrimination test used in the current study taxes executive
functions by requiring rats to store information regarding spatial
locations for a single trial and then update that information across
trials. Consistent with this observation, both working memory
(Moss et al. 2007; Beas et al. 2013; Bañuelos et al. 2014) and
set-shifting (Moore et al. 2003, 2006; Beas et al. 2013, 2016;
Bañuelos et al. 2014) are impaired by aging.

The possibility that working memory is increasingly required
in aged individuals when stimuli share overlapping features is
supported by several lines of evidence from studies in humans.
Relative to young adults, older subjects are particularly susceptible
to proactive interference on working memory tests when similar
stimuli are presented (Lustig and Hasher 2001; Rowe et al.
2010). Older adults also show a reduced ability to suppress irrele-
vant information and are more likely to take this information into
account when selecting responses, an effect that is prominent
when stimuli were experienced in temporal proximity or within
the same sensory modality (Gazzaley et al. 2005; Campbell et al.
2014). Given that the match-to-position task implemented in
the current study requires resolution of similar visuospatial stim-
uli and active suppression of irrelevant information, since goal
locations from previous trials are no longer useful for present tri-
als, it is probable that working memory abilities contribute to suc-
cessful performance. By consequence, the spatial discrimination
task likely relies on both the hippocampus and prefrontal cortex
and in particular on the connectivity between these structures.
While the effects of aging on prefrontal cortical functions have
been well-characterized in the context of both episodic and work-
ing memory (Rajah and D’Esposito 2005; Morrison and Baxter
2012), contributions of the prefrontal cortex to discrimination
ability have not yet been examined.

Cholinergic function and spatial discrimination
We found that increasing acetylcholine levels did not selectively
reverse the difficulty- or interference-dependent effects of aging
on spatial discrimination performance. This suggests that donepe-
zil acted on a more general cognitive process that lent itself to im-
proving overall performance, but did not target neurobiological
substrates specifically underlying spatial discrimination abilities.
Furthermore, the heterogeneity of donepezil’s effects across indi-
vidual rats (Fig. 4C; Supplemental Fig. 3) supports the interpreta-
tion that differences in baseline cholinergic function influenced
the relative effects of the drug on cognitive function in both
young and aged groups. In line with this conclusion, we found
that a subset of young rats showed decreased performance on
48-cm trials after receiving donepezil injections (see Supplemen-
tal Fig. 3A). Given that peripheral side effects of donepezil have
been documented in clinical populations (Jackson et al. 2004),
it is possible that young rats with higher endogenous levels of ace-
tylcholine were negatively affected by the drug.

Another factor that may have limited our ability to detect a
pro-cognitive effect of donepezil in the present study is the fact
that aged rats showed a drop in performance from the initial dis-
crimination test phase to the pharmacology test phase (see Figs.
2F, 5A). This decrease likely arose from the duration of intervening
control experiments (as documented in Supplemental Fig. 2), and
from the reduced practice available when rats were tested every 3 d
rather than every day to allow for the within-subjects design of the
pharmacology study. Given the aged group began the study at 24

m of age, it is also conceivable that additional cognitive decline
took place prior to completing the pharmacology experiment
and then over the course of the pharmacology experiment. It is
possible that pharmacological intervention earlier in the lifespan,
or with a more consistent daily discrimination test regimen,
would have been more effective in enhancing difficult discrimi-
nation abilities or reducing the potential for cumulative interfer-
ence. Nevertheless, it is worth noting that donepezil substantially
improved performance in a subset of the aged rats despite these
factors.

Prior studies in aged rats have found that chronic treatment
with donepezil did not affect spatial working memory (Barnes
et al. 2000), but improved spatial reference memory (Hernandez
et al. 2006). Similarly, older adults diagnosed with mild cognitive
impairment who were treated with galantamine showed improve-
ments in delayed recall, but not measures of attention, working
memory, or susceptibility to interference (Grön et al. 2006).
While these findings may be inconsistent with the established
role of cholinergic function in sustained attention and working
memory (Sarter and Bruno 1997), it is possible that with the doses
and time courses used, including those of the present experi-
ments, cholinesterase inhibitors lack the neurobiological specific-
ity to improve attentional and working memory performance in
aged individuals.

Conclusions
The results of this study demonstrate for the first time that aged
rats can be impaired in spatial discrimination relative to young
adult rats. Our finding closely parallels results from human studies
(Stark et al. 2013; Reagh et al. 2014, 2016), and adds to a growing
body of data that indicates discrimination of complex stimuli can
be a sensitive behavioral index of cognitive aging, perhaps even
more so than standard neuropsychological measures assessing
delay-dependent memory. We describe this cognitive ability and
behavioral measure as “discrimination” to avoid confusion with
“pattern separation”. Though in recent years the latter term has
been adopted by many, including us (Burke et al. 2010, 2011),
to refer to behavioral discrimination performance, it is impor-
tant in moving forward to disambiguate behavioral measures
of discrimination from the computational process of pattern
separation, as described by Marr, Rolls, and others (Marr 1971;
McNaughton and Morris 1987; Treves and Rolls 1992; O’Reilly
and Norman 2002; Rolls and Kesner 2006; Santoro 2013; Kesner
and Rolls 2015). With this distinction in mind, continued imple-
mentation and refinement of difficulty-dependent discrimination
tasks in rodents may shed light on the effects of aging on these
measures as well as lend itself to empirical studies testing the neu-
robiological bases of pattern separation in terms of computational
processes across hippocampal and cortical circuits.

Materials and Methods

Animals
A total of 11 young adult (4 m) and 12 aged (24 m) male Fischer
344×Brown Norway F1 hybrid rats from the NIA colony
(Taconic) were used in the present study. Of the 12 aged rats,
one died of natural causes and two were killed after developing
complications associated with aging during spatial discrimination
training. Further, one young rat showed aberrant performance on
cued water maze trials relative to the young group in the present
experimental cohort and the overall population of young rats
screened using the same protocol in our laboratory (N ¼ 40
rats). As a result, 10 young and nine aged rats were compared in
analyses of spatial memory and discrimination abilities. Two addi-
tional aged rats were removed for health reasons prior to begin-
ning the pharmacology study; 11 young and seven aged rats
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were included in these analyses. Rats were housed individually in
standard Plexiglas cages and maintained on a 12-h reversed light–
dark cycle (lights off at 8:00 a.m.). All behavioral manipulations
were performed during the dark phase of the cycle. Following
assessment of spatial memory on the water maze, food access
was restricted and rats were maintained at 85% of their initial free-
feeding weights. Moist chow (Teklad LM-485, Harlan Labs) was
provided once daily and access to water was provided ad libitum.
All procedures were performed in accordance with National Insti-
tutes of Health guidelines and were approved by the Institutional
Animal Care and Use Committee at the University of Florida.

Water maze task
Rats were tested on a spatial memory version of the Morris water
maze task following the procedure of Bizon and colleagues
(Gallagher et al. 1993; LaSarge et al. 2007; Bizon et al. 2009;
McQuail and Nicolle 2015). The water maze consisted of a circular
pool (1.83-m diameter, 58-cm height) surrounded by black cur-
tains to which visible landmark cues were attached. A hydraulic
submersible platform (12-cm diameter; HVS Image) was posi-
tioned in one quadrant and remained in this fixed location. The
pool was filled with water (�25˚C) to a depth of 2-cm above the
platform, and white nontoxic tempera paint was added to obscure
the platform’s location. Position within the maze, path length,
and swim speed were monitored and then computed across trials
with a video-tracking system (Water 2100, HVS Image). Rats were
acclimated to experimental handling and the water maze room
prior to beginning the task. Three swim trials were administered
each day for eight consecutive days, with probe tests conducted
on the third swim trial of days 2, 4, 6, and 8. For each swim trial,
rats were placed in the water facing the wall of the pool at one of
four start positions, which were varied in a pseudorandom fashion
such that all rats were required to locate the platform from each of
the locations the same number of times. Rats were allowed a max-
imum of 90 sec to locate the platform, after which the experi-
menter would guide the rat to the platform. Mean cumulative
integrated path length (CIPL) values were calculated across each
block of five training trials to provide an index of spatial learning.
The CIPL is equivalent to the cumulative search error originally re-
ported by Gallagher et al. (1993). These values reflect the total dis-
tance traveled in locating the platform on each training trial,
corrected for the distance from each trial’s drop-off point at the
perimeter of the pool to the platform’s target location (i.e., opti-
mal path) and for each individual rat’s swim speed. For probe tests,
the platform was lowered 20-cm below the water’s surface for the
first 30 sec and performance was quantified by measuring the
proximity of each rat’s swim path to the target location during
the 30-sec probe test. Proximity values were corrected for swim
speed and optimal swim path from drop-off point to the target lo-
cation, as previously reported (Gallagher et al. 1993; LaSarge et al.
2007; Bizon et al. 2009; McQuail and Nicolle 2015). The spatial
learning index (SLI) was computed from proximity values for
probe tests administered on days 4, 6, and 8 of the water maze par-
adigm, as previously reported (Gallagher et al. 1993). Proximity
values for the first probe test administered on day 2 of the water
maze paradigm did not differ between young and aged groups
(see Fig. 1B). The SLI is the weighted sum of proximity values
from probe tests 2, 3, and 4, with weightings derived based on
the improvement in search strategy observed in a population of
young adult animals across successive tests. For the present study,
weightings were derived from a population of N ¼ 40 young adult
F344×BN hybrid rats that have now been characterized using the
same protocol in our laboratory. Each weighting corresponds to
the ratio of young rats’ mean performance on probe tests 2, 3, or
4 (P2, P3, P4), relative to performance on probe test 1 (P1). For ex-
ample, the weighting for P2 would be calculated as the ratio of
mean proximity of young rats on P2 (Mean ¼ 71.6 cm) and
mean proximity of young rats on P1 (Mean ¼ 81.8; Weight for
P2 ¼ 81.8/71.6 ¼ 1.14). With these calculations based on our
population of young adult rats, SLI values were calculated as fol-
lows: SLI ¼ P2 × 1.14 + P3 × 1.25 + P4 × 1.33. These weightings
were comparable to those previously derived for the F344×BN

strain (McQuail and Nicolle 2015). Greater SLI values reflect great-
er search error, and thus worse performance.

On the day after completing the spatial memory task, rats
were given a cued test as a control for visual impairment, sensor-
imotor impairment, or poor motivation that could influence per-
formance. The water level was lowered to 2-cm below the platform
and a black ring was placed on the top of the platform to increase
its visibility. The platform was moved to a different quadrant of
the maze for each trial in a standard pattern, such that all rats
were required to swim to the same platform locations from the
same start positions. As for previous trials, rats were given 90 sec
to reach the platform and were allowed to remain there briefly be-
fore a 30-sec intertrial interval. Mean path length values across the
cued trials were calculated as an index of swimming ability.

Spatial discrimination training and testing
After completing the water maze task, rats were placed on a re-
stricted feeding regimen and began shaping for the spatial dis-
crimination task, which is based on a task previously developed
by Gilbert et al. (1998, 2001). Training and testing were carried
out on a black circular hole-board maze (1.22-m diameter). A start
box (30 cm length × 20 cm width × 28 cm height) was located on
the south end of the maze and prominent visual cues were affixed
to the walls (see Supplemental Fig. 1A for additional detail on ap-
paratus and shaping procedure). Rats were initially trained on a
match-to-position response strategy with easy spatial discrimina-
tions. Training trials consisted of two phases: Sample and Choice
(Fig. 2A). During the Sample phase, a food well was baited with
a small piece of Froot Loop cereal (Kellogg’s) and a cue object dis-
tinct from that used during shaping was placed covering the food
well (Supplemental Fig. 1C). Food wells baited for training and
testing were always located within a designated row on the cheese-
board maze (Supplemental Fig. 1D). To initiate the Sample phase
in each trial, rats were placed on the maze facing toward the start
box. Rats were then allowed to freely explore the maze to locate
and displace the cue object. Once they had retrieved the Froot
Loop, rats were allowed a few seconds to consume the food reward
in the Sample location. The experimenter then returned the rat
to the start box for a brief 10–15-sec intratrial delay and quickly
rebaited the same food well, covering this well (Target) and a sec-
ond well (Foil) with identical copies of the cue object (Fig. 2A;
Supplemental Fig. 1C). To initiate the Choice phase of the trial,
rats were placed on the maze facing away from the start box.
Rats were again allowed to freely explore and choose between dis-
placing the object covering the Target or Foil location. Once the
rat displaced one of the objects, the experimenter returned
the rat to the start box for a 45–60-sec intertrial delay. During
training, Target and Foil locations were always separated by a dis-
tance of 96 or 80 cm to minimize overlap between environmental
cues guiding response during the Choice phase (Fig. 2A). Each
day, rats completed 16 trials, with 8 trials of each spatial separa-
tion. Rewarded side (L versus R) and spatial separation were pseu-
dorandomly distributed and counterbalanced within training
sessions and across training days. Discrimination testing began
once rats reached criterion of 13 or more correct responses
(≥81.3%) on two consecutive days.

Discrimination testing took place over five consecutive days.
Each day, rats were required to complete 18 trials using the
match-to-position response strategy. To parametrically vary the
difficulty of the spatial discrimination trials, Target and Foil loca-
tions during the Choice phase were now separated by a distance of
88, 48, or 15 cm (Fig. 2B). Six trials of each spatial separation were
pseudorandomly distributed within each test day, counterbalanc-
ing the side of the rewarded food well (L versus R) and the spatial
position of the objects within the designated row (i.e., both to-
ward L, centered, or both toward R). To determine whether per-
formance on the more difficult spatial discriminations would
improve with practice, and to verify whether decreased perfor-
mance of aged rats across trials might be the result of declines in
motivation or fatigue, controls were then carried out in which
rats completed 2 d of only 48 cm spatial separations (18 trials/
day) and 2 d of primarily 15-cm separations (14 trials per day
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with 2 trials each of 48 and 88 cm separations randomly inter-
leaved). Results of these experimental control phases are shown
in Supplemental Figure 2.

Effect of donepezil on spatial discrimination performance
To determine whether enhancing cholinergic neurotransmission
would improve spatial discrimination performance, rats were in-
jected systemically with donepezil HCl (1 mg/kg or 3 mg/kg
i.p.; USP) or vehicle (0.9% physiological saline, 1 mL/kg i.p.) 30
min prior to completing spatial discrimination tests described
above. Injections and testing were carried out within subjects
over three blocks, in which each rat received injections of vehicle,
donepezil 1 mg/kg, and donepezil 3 mg/kg on different days.
Each injection per test day was followed by a 72-h wash out peri-
od, such that a full block would span 9 d. The order in which ve-
hicle and drug doses were administered was randomized within
and across blocks for each rat. The number of correct responses
made on test days under each dose were then collapsed and ana-
lyzed based on spatial separation (88, 48, or 15 cm).

Statistical analyses
Data are presented as mean values+ SEMs. Analyses were per-
formed with the Statistical Package for the Social Sciences (SPSS)
v23 for Mac OS X. Behavioral variables were compared with
repeated-measures ANOVAs, t-tests, or nonparametric Mann–
Whitney U-tests, with experimental phase, spatial separation, or
injection condition as within subjects factors and age as a between
subjects factor. Choice of statistical test was dictated by assump-
tions of normality, assessed with Shapiro–Wilk tests, and homo-
geneity of variances, assessed with Levene’s tests. Results of
these tests are stated where applicable. Post hoc analyses were per-
formed with simple contrasts where appropriate, with a Bonfer-
roni correction applied. Relationships between spatial memory
and discrimination abilities were determined with Pearson’s cor-
relations on normalized variables. P-values ,0.05 were consid-
ered statistically significant.
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