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Rodent studies have suggested that “pattern separation,” the ability to distinguish among similar experiences, is diminished
in a subset of aged rats. We extended these findings to the human using a task designed to assess spatial pattern separation
behavior (determining at time of test whether pairs of pictures shown during the study were in the same spatial locations).
Using a standardized test of word recall to divide healthy aged adults into impaired and unimpaired groups relative to
young performance, we demonstrate that aged impaired adults are biased away from pattern separation and toward

pattern completion, consistent with the rodent studies.

Memory impairment is a common complaint among aging indi-
viduals, yet the variability within the aging population is great
in both rats (Gallagher et al. 2006; Robitsek et al. 2008) and
humans (Hilborn et al. 2009). A rodent model of aging
(Gallagher et al. 2006; Wilson et al. 2006) has demonstrated
that ~50% of healthy rats qualify as cognitively “impaired” by
scoring outside the range of the young performance in a standard
protocol (Gallagher et al. 1993). The other half, the “unimpaired”
rats, perform on par with young adults, demonstrating a natural
degree of variability in cognitive aging. In this study, we sought
to capitalize on the variability observed in the aging of both rats
and humans in a study of spatial pattern separation.

One source of variability in memory performance is
hypothesized to be tied to changes in the input to the dentate
gyrus (DG), which has been shown in the rat to be affected by
the aging process. Smith et al. (2000) reported a selective impair-
ment in layer II entorhinal input into the DG and CA3 regions of
the hippocampus in rats with cognitive impairment. Similarly,
the number of synapses in the outer receiving layer of DG was
reduced in autopsied aged brains and correlated with earlier per-
formance on a delayed recall task (Scheff et al. 2006). Finally, in
a human imaging study, Small et al. (2002) observed that 60%
of their aging sample demonstrated diminished MRI signal in
the hippocampal region (including the DG) and also had a greater
decline in memory performance. These findings support the
notion that changes in the DG associated with aging may affect
memory performance.

The DG may be particularly important for the computations
that underlie pattern separation (Treves and Rolls 1994;
McClelland et al. 1995; Norman and O’Reilly 2003). “Pattern sep-
aration” refers to the process by which similar inputs are stored as
distinct, nonoverlapping representations. In contrast, “pattern
completion” refers to the process by which an existing representa-
tion can be reinstated by the presentation of a partial or degraded
cue. Numerous studies in the rodent have identified the impor-
tance of the DG for pattern separation using electrophysiological
methods (Leutgeb et al. 2004, 2005, 2007; Leutgeb and Leutgeb
2007), immediate early gene expression (Vazdarjanova and
Guzowski 2004), lesions (Lee et al. 2005; Gilbert and Kesner
2006; Goodrich-Hunsaker et al. 2008), and even genetic manipu-

Corresponding author.
E-mail cestark@uci.edu; fax (949) 824-2447.
Article is online at http://www.learnmem.org/cgi/doi/10.1101/Im.1768110.

17:284-288 © 2010 Cold Spring Harbor Laboratory Press
ISSN 1549-5485/10; www.learnmem.org

lations (Cravens et al. 2006; Kubik et al. 2007; McHugh et al.
2008). Human neuroimaging has also recently identified activity
in the DG (and CA3 regions of the hippocampus) in an object pat-
tern separation task (Kirwan and Stark 2007; Bakker et al. 2008).

Given the importance of the DG in pattern separation and its
vulnerability to changes that occur with aging, studies have begun
to examine pattern separation in older adults. Our laboratory has
designed a task to examine object-based pattern separation per-
formance in humans (Kirwan and Stark 2007). In this task, pic-
tures of objects were presented either once or repeatedly
throughout the task. Critically, some of the items presented
were lures that were similar but not identical to previously shown
items. The overlapping features of the lures more heavily engaged
pattern separation processes. In young adults, functional mag-
netic resonance imaging (fMRI) activity in the DG was sensitive
to the lures, indicating a role in pattern separation processes in
both an explicit (Kirwan and Stark 2007) and implicit (Bakker
et al. 2008) version of this task. Toner et al. (2009) used the explicit
version of this task to demonstrate that older adults showed a
greater tendency to identify lures as “old” (repeated) relative to
young adults. These findings were also recently replicated in our
laboratory (Yassa et al., in press), with the additional demonstra-
tion that older adults exhibit greater fMRI CA3/DG activity for
the lures during both encoding and retrieval.

Since object-based pattern separation appears to be modu-
lated by the DG in humans, we wondered if these findings could
be extended to spatial pattern separation. Rodent studies have
demonstrated that the DG has a particular role in spatial pattern
separation (Gilbert et al. 2001; Kesner et al. 2004). Specifically,
Hunsaker et al. (2008) placed rats with localized DG lesions in
an environment with two objects spaced 60 cm apart. When the
animals were later placed in the same environment with the
same objects now placed 40 cm apart, DG-lesioned animals
(unlike control animals) did not re-explore the objects or environ-
ment. These data suggest that the DG-lesioned rats were not able
to discriminate between the training and test environments. That
is, they were impaired in spatial pattern separation. Since converg-
ing evidence suggests that one feature of the aging process can be
characterized as a DG knockdown, we modified this task design
for humans to test spatial pattern separation performance in older
adults. While the Hunsaker et al. (2008) task emphasized the dis-
tance between the two objects as the source of interference creat-
ing a greater need for pattern separation, the paradigm presented
here moves an object in any direction, changing both the distance
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and the angle (i.e., changing more of the spatial relations). We
posit that this amount of movement (close, medium, or far)
may place similar demands on spatial pattern separation processes
as in the rodent task.

The present study included 20 young adults (mean age 19.9
yr, range 18-27 yr) and 30 aged adults (mean age 70.4 yr, range
59-80yr). Aged adults completed a battery of standardized neuro-
psychological tests, including the Mini-Mental State Exam
(Folstein et al. 1975), Rey Auditory-Verbal Learning Task
(RAVLT) (Rey 1941), Digit Span, Vocabulary, and Matrices subtests
from the Wechsler Adult Intelligence Scale III (Wechsler 1997).
The Vocabulary and Matrices scores were entered into a weighted
formula along with age, gender, and education to derive esti-
mated IQ scores (Schoenberg et al. 2003). All aged participants
scored within the normal age-adjusted ranges on these measures
and were cognitively intact. Younger adults also completed the
RAVLT and scored within the normal age-adjusted range. These
data are presented in Table 1.

The Spatial Pair Distance (SPD) task consisted of 10 study and
test blocks for a total of 100 test pairs. Participants studied 10
unique pairs of pictures per block and were then tested on
whether each of the 10 pairs was in the same or different locations
compared to the study session. During the study session, partici-
pants viewed pairs of pictures for 2 sec each and were told to
“try to remember the location of the pictures.” During the test ses-
sion, participants were told to indicate (with a key press) whether
the pictures were in the same location as before or whether one of
the pictures was in a different location. They were not told which
of the two pictures might change position and the test was self-
paced. Critically, for the different trials, only one picture of the
pair changed location. It could be moved a small amount (close;
10%-20% of the screen; 2.64°-5.72° of visual angle), a moderate
amount (medium; 25%-35% of the screen; 6.64°-9.38° of visual
angle), or a large amount (far; 40%-60% of the screen; 10.62°-
15.94° of visual angle) as shown in Figure 1. We limited the place-
ment of the pictures between 10% and 90% of the screen so that
the images were never placed along the edge of the computer
screen. For the different condition, one of the images was moved

Table 1. A summary of demographics, neuropsychological scores,
and task performance per group

Aged (AU) Aged (Al)
Young Unimpaired Impaired
Years of age 19.9 (2.4) 69.1 (5.2) 72.9 (4.1)
Years of education 14.1 (1.7)? 16.7 (1.8) 15.5(2.9)
Gender (male/female) 3M/17F 6M/14F 5M/5F
RAVLT total performance 53.5(6.7) 56.2 (6.4) 43.4 (6.1)°
RAVLT immediate 12.1 (1.9) 12.2 (1.5) 8.3(1.9)
performance
RAVLT delay 11.8 (1.4) 11.8 (1.6) 6.5 (1.7)°
performance
Estimated 1Q - 120.8 (5.5) 115 (6.7)°
Digit span performance - 18.9 (4.5) 17 (3.8)
Mini-Mental State - 28.6 (0.9) 28.3 (0.9)

examination

All data are reported as mean (SD).

#An unpaired t-test revealed higher years of education for the aged adults
(16.3, SD 2.3) than the young adults (14.1, SD 1.7), ts) = 3.7, P < 0.001.
PIn addition, unpaired t-tests showed a poorer performance for the Al group
relative to the AU group for RAVLT Total tg =5.2, P<0.0001, RAVLT
Immediate t,g = 6.3, P < 0.0001, and RAVLT Delay ts) = 8.6, P < 0.0001.
Although there is a group difference in 1Q t;e = 2.5, P<0.05, these are
largely overlapping distributions, and the Al group’s IQ scores are certainly
within normal limits. In addition, there was no relationship between 1Q
scores and performance on any of the tasks or other measures we used.
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in the x-coordinate by a percentage of the screen (i.e., 10%-20%
in the close condition) and in the y-coordinate by a percentage
of the screen (i.e., 10%-20% in the close condition), while the
other image remained in its original location.

The probability to respond “different” for the SAME and
three DIFFERENT (close, medium, and far) conditions for young
and aged adults is shown in Figure 2A. A 2 x 4 analysis of variance
(ANOVA) with group (young and aged adults) as a between-group
factor and condition (same, close, medium, far) as a within-group
factor revealed a main effect of condition, F3 192 = 35.62, P <
0.0001. A post-hoc trend analysis revealed a positive linear trend
across the four conditions, > = 0.62, P < 0.0001. There was no
effect of group or an interaction, indicating no overall difference
in spatial pattern separation ability between young and aged
adults.

Since we were interested in the variability associated with
healthy aging, we explored the aged group further. While rats
are typically divided into impaired and unimpaired groups
based on their performance in the Morris water maze (Gallagher
et al. 1993), we divided the aged group into aged unimpaired
(AU) and aged impaired (AI) based on their RAVLT delayed
word learning performance. Importantly, the aged impaired
individuals scored within the normal range for their own age
group (ages 60-80). Aged unimpaired participants scored within
the normal range for young individuals (ages 20-29) on the
delayed test of the RAVLT (mean words recalled 11.8, range 9-
15), whereas aged impaired individuals scored more than 1 stan-
dard deviation below these norms (mean words recalled 6.5, range
5-8). Thus, the aged impaired group was not clinically impaired
and only mildly impaired relative to the young. While the aged
unimpaired (69.1 yr, range 59-78) group is marginally different
from the aged impaired (72.9 yr, range 67-80) group, tog) =
2.02, P=0.053, there was not a significant correlation (r2:
0.06, ns) between performance on the DIFFERENT conditions
and age as might be expected if age alone were responsible for
the pattern separation impairments reported here. These data
are presented in Figure 2B.

We entered the aged unimpaired and impaired groups into a
3 x 4 ANOVA with Group (Young, Al, and AU) and Condition as
factors. We found a main effect of Condition as before, F(3,155) =
29.1, P <0.0001. Critically, we also found an effect of Group,
F188)=4.7, P<0.05, such that the aged impaired group per-
formed worse on the DIFFERENT conditions. We then calculated
a separation bias score by averaging the three DIFFERENT condi-
tions together (Fig. 2C) and analyzed these scores with a 2 x 2
ANOVA with Group and Condition as factors. Again, there was
a main effect of Group F 94 = 4.7, P <0.05; a main effect of
Condition, F,04) = 500.8, P <0.0001; and an interaction,
Fp,04=4.7, P <0.05. Bonferroni-corrected post-tests identified
that the Al group was significantly impaired on the DIFFERENT
trials compared to the AU group, to4) =4.1, P <0.001; and
the Young group, fo4) = 1.9, P < 0.05. These analyses all empha-
size the same finding, namely, that Al individuals are impaired
on the conditions taxing spatial pattern separation (i.e.,
DIFFERENT), but are not impaired on the condition that does
not tax separation per se (i.e., SAME).

Using the RAVLT delayed recall performance to divide the
aged group into Al and AU was an effective way to capture some
of the individual variability in memory performance exhibited
in the aged group. Indeed, there was a strong correlation between
the aged impaired RAVLT scores and their performance on the
DIFFERENT trials. We entered the RAVLT delayed recall scores
into a linear regression with their performance on the average of
the DIFFERENT trials and found a positive linear correlation
such that as RAVLT delayed recall scores increased, performance
on the different trials increased, r>=0.28, P < 0.01 (Fig. 3A).
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Same Origin Position
No Movement

Close Distance from Origin

Movement 10-20% of screen

predict object pattern separation per-
formance. Twenty-eight of the aged
adults also participated in the object pat-

tern separation paradigm as detailed by
Yassa et al. (in press). Briefly, participants
encoded everyday objects by simply
making an indoor/outdoor judgment.
During the test session, they viewed the
same object (REPEATS), similar objects
(LURES), and new objects (FOILS). They
were required to make an “old,” “simi-
lar,” or “new” judgment for each item.
We then computed a separation bias
score by subtracting the probability
of making “similar” responses to the
FOILS from the probability of making
“similar” responses to LURES, that is,

Medium Distance from Origin

Movement 25-35% of screen

Far Distance from Origin
Movement 40-60% of screen

p(“similar”) | LURE — p(“similar”) | FOIL.
As reported by Yassa et al. (in press) the
separation bias in the aging group

[ i |

Figure 1.

second picture, but was not shown to the participants.

When the Al and AU groups were split, we observed that the Al
group’s correlation remained reliable, > =0.40, P < 0.05, while
the AU group no longer exhibited a significant correlation, % =
0.03, ns. These data support the notion that spatial pattern
separation performance may be a sensitive index of memory
variability in aging.

Since we collected additional behavioral measures on the
same sample, we sought to determine if spatial pattern separation
performance and RAVLT delayed recall performance might

SAME and DIFFERENT (separated into close, medium, and far amounts of movement) con-
ditions for the Spatial Paired Distance task. The dashed-line box demonstrates the original location of the

was reduced relative to young adults,
consistent with the Toner et al. (2009)
findings.

If spatial pattern separation as asses-
sed by the SPD task is engaging an under-
lying process similar to that engaged in
object pattern separation, we would pre-
dict a positive relationship between SPD
and object mnemonic similarity (OMS)
task performance. We computed average
performance on the DIFFERENT con-
ditions (close, medium, and far) and
entered it into a linear regression with
the OMS separation score for each indi-
vidual in the aged group. We observed
a positive relationship, r*=0.26, P <
0.01, as shown in Figure 3B. Likewise,
we hypothesized a positive relationship
between the OMS separation score and
RAVLT delay performance, since we
observed such a relationship with SPD performance. We entered
these data into a linear regression and again observed a positive
relationship, r*=0.22, P < 0.05 (with one OMS outlier greater
than two SDs removed), as shown in Figure 3C. We also examined
the relationship between SPD performance and Digit Span per-
formance and estimated IQ in the aged group, but we did not
find any significant correlations. These data indicate that these
measures of both object and spatial pattern separation are
behavioral manifestations of a similar underlying process that
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Figure 2. (A) The mean proportion correct for each of the four conditions. There is a main effect of Condition, with a linear trend of increasing
DIFFERENT responses across the conditions, but no difference between the younger adults and aged adults. (B) When the aged adults are separated
according to their RAVLT Delay performance into impaired (Al) and unimpaired (AU), the Al adults perform significantly worse than both the young
and the AU adults on the three DIFFERENT conditions. (C) Averaging the groups’ performance on the DIFFERENT trials emphasizes the finding that Al
performance is matched on the SAME condition and is selectively impaired on the DIFFERENT conditions that tax spatial pattern separation.
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Figure 3.

MS Separation Score

For the aged group, there is a positive relationship between SPD different trial performance and RAVLT delay performance (A), SPD different

trial performance and MS separation score performance (B), and MS separation score performance and RAVLT delay performance (C). These positive
relationships indicate some shared underlying process that may be captured by individual differences in memory performance during the course of aging.

may also be somewhat accounted for by RAVLT delay recall
performance.

One pertinent question is whether RAVLT performance
would predict SPD performance in the Young group, making it a
sensitive measure regardless of aging per se. When we examined
this question by entering SPD performance on the average of
the DIFFERENT conditions and RAVLT delay performance into a
linear regression (two SPD outliers greater than two SDs removed),
we found no evidence for this hypothesis (r*=0.02, ns). Likewise,
it might appear circular to define the Al group based on their
poorer RAVLT memory performance and then identify poorer
performance on the SPD task. However, the Al versus AU differ-
ence is selective for the DIFFERENT condition, yet performance
is matched for the SAME condition. One would expect both the
SAME and DIFFERENT conditions to be similarly adversely
affected if a general memory impairment could account for the
poorer Al performance.

We suggest that these data support the notion of an impair-
ment in spatial pattern separation processing in Al individuals.
Ideally, we would have predicted a gradient of this effect, with
more severe impairments in performance in the Close condition
and matched performance in the Far condition. Unfortunately,
the performance in the Close condition is near the floor, with
all groups hovering around chance performance (50%). This
potential floor effect may be obscuring a greater deficit in the
Close condition for the Al group. On the other end, performance
on the Far condition may be suffering a bit from a ceiling effect.
Performance in the Far condition is not much better than the
same condition in any group, and that same performance is
only ~74% for each group. Therefore, the difficulty associated
with this task may be such that we cannot create an “easy” enough
Far condition to increase the percentage correct. Indeed, pilot
testing on manipulations of this task (moving both items at test
instead of just one, for example) did not result in greater accuracy
performance for older or younger adults. While these data are
not able to speak to a gradient of spatial pattern separation, we
would argue that the selective impairments for the AI group for
the DIFFERENT condition still reflect a deficit in spatial pattern
separation processes.

The Spatial Paired Distance task presented here appears to be
a measure that is sensitive to individual variations in memory per-
formance associated with aging. The dentate gyrus seems a likely
candidate for the source of this variability given its involvement
in rodent (Small et al. 2004) and human aging studies (Small
et al. 2002). Future research quantifying the structural and func-
tional integrity of the dentate gyrus and other medial temporal
lobe structures may elucidate those relationships with this task.
Whether the variability associated with this task is a source of
natural variation in the aged population or a precursor to mild
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cognitive impairment and possibly Alzheimer disease (AD) is
also not clear. Longitudinal assessment of these or other individ-
uals would be required to determine whether those in the Al
group were more likely to develop AD. If such is the case, then
the SPD and object mnemonic similarity tasks may be particularly
useful for early detection and diagnosis of pathological changes
associated with dementia. Similarly, these tasks may be advanta-
geous for use as outcome measures in clinical trials of new
medications aimed at addressing these changes.
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