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Age-related impairments of new memories reflect
failures of learning, not retention
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Learning impairments and the instability of memory are defining characteristics of cognitive aging. However, it is
unclear if deficits in the expression of new memories reflect an accelerated decay of the target memory or a consequence
of inefficient learning. Here, aged mice (19–21-mo old) exhibited acquisition deficits (relative to 3–5-mo old mice) on
three learning tasks, although these deficits were overcome with additional training. When tested after a 30-d retention
interval, the performance of aged animals was impaired if initial learning had been incomplete. However, if trained to
equivalent levels of competence, aged animals exhibited no retention deficits relative to their young counterparts. These
results suggest that age-related ‘‘memory’’ impairments can be overcome through a more effective learning regimen.

Aging is associated with broad deficits in the acquisition of new
knowledge (Matzel et al. 2008; see, for review, Gallagher and Rapp
1997; Rosenzweig and Barnes 2003), as well as impairments in
the retrieval of both old and newly acquired information. While
it is clear that old memories (i.e., ones obtained prior to age-
related cognitive declines) do in fact become less stable with age
(Gallagher 1997), it is less clear whether newly attained memories
are inherently less stable in aged animals, or whether age-related
memory deficits reflect a secondary consequence of inefficient
learning.

The majority of published data regarding cognitive aging de-
scribes impairments of animals’ learning abilities (Gage and Dunnett
1984; Markowska et al. 1994; Meliska et al. 1997; Nalbantoglu
et al. 1997; Vogel et al. 2002; Matzel et al. 2008), although a smaller
percentage of these studies also report animals’ performances after
long retention intervals. Of those studies that report retention
deficits, in most of those studies the initial learning upon which
the long-term memory was based was impaired relative to young
animals (e.g., Barnes and McNaughton 1985; Kinney et al. 2001a,b;
Gould and Feiro 2005). Interestingly, in those few studies in which
initial learning was equated across young and old animals, in-
cluding studies of spatial water maze performance and appetitive
instrumental responding, no retention deficits were observed, even
after retention intervals as long as 21 d (Soffie and Lejeune 1991;
Martinez-Serrano et al. 1996; Port et al. 1996).

Although suggestive, the above experiments were not sys-
tematically designed to assess the stability of memory in aged
animals as a function of the level of initial learning. In the present
study, young (3–5 mo) and old (19–21 mo) male Balb/C mice were
trained in three learning tasks (a spatial water maze, an egocentric
Lashley III maze, and a three-choice odor discrimination). When
trained to pre-asymptotic levels, aged animals exhibited both learn-
ing and retention deficits (assessed 30 d after initial training). How-
ever, when aged animals were trained to levels of competence com-
parable to their young counterparts, both young and old animals
exhibited statistically indistinguishable levels of retention.

Sixty Balb/C mice arrived in our laboratory at 2.5 mo (n = 30)
or 18.5 mo (n = 30) of age. Each age category was divided into two
groups of 15, one of which would receive subasymptotic training
on each of the three learning tasks, and one of which would
receive extended training on those tasks. Two aged mice became ill

during the course of testing and were excluded from all analyses.
Young mice ranged from 19.8 to 29.1 g, and aged mice from 26.2
to 37.3 g. Maintenance, food deprivation, and training conditions
were as previously described (Matzel et al. 2006, 2003). Behavioral
testing of young and aged mice was concluded at ;5 and 21 mo of
age, respectively.

All animals were tested in three independent learning tasks.
Briefly, the spatial water maze encourages mice to integrate spatial
information to efficiently escape from a pool of water. In odor
discrimination, animals must use a target odor (from a group of
three odors) to guide their search for food. In the Lashley III maze,
animals learn an egocentric sequence of turns to obtain a food
reinforcer. Training on each task required 2–10 d (depending on
the task and the level of training), and animals received four days
of rest between tasks. A retention test was administered 30 d after
the last training trial of each task.

A Lashley III maze was constructed from black Plexiglas. A 3-cm-
diameter white disk was located in the center of the goal box, and
a 45 mg Bio-Serv food pellet (dustless rodent grain) was placed at
the center of the disk and served as the reinforcer. Food-deprived
animals received a day of acclimation to the maze, followed by
either one or two days of training (four trials/day). On the day
prior to the acclimation, animals received three Bio-Serv pellets in
their home cage (thus mitigating any neophobia to the food on
subsequent exposures). On the acclimation day, each mouse was
confined in each of the first three alleys of the maze for 4 min, and
in the final alley (containing the goal box) for 6 min. On this
acclimation day, three Bio-Serv pellets were placed in the goal box.
On the subsequent training day(s), each animal was placed in the
start box and allowed to freely navigate the maze, during which
time the number of errors to reach the goal box were recorded. (An
error was constituted by a turn in the wrong direction or a retracing
of a previously completed path.) Upon consuming the food pellet,
the animal was returned to its home cage for a 25-min intertrial
interval (ITI). All animals completed four trials during the first
training day. Half of those animals then received an additional four
training trials on the following day. Twenty-nine days after the last
training trial, all animals receivedthreeBio-Servpellets in their home
cages, and on the subsequent day were again tested in the maze.

For the water maze, a round pool (140 cm diameter, 56 cm
deep) was filled to within 20 cm of the top with water that was
clouded with a water soluble black paint. A hidden 14-cm-diameter
black platform was located in a fixed position 1 cm below the
surface of the water. The pool was enclosed by a ceiling high black
curtain on which five different light patterns (which served as
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spatial cues) were fixed at various positions. These light cues
provided the only illumination of the maze, which was 60 Lux
at the water’s surface.

On the day prior to training, each animal was confined for
360 sec to the platform by a clear Plexiglas cylinder that fits
around the platform. For either one or two training days (six trials
Day 1, five trials Day 2), the animals were started from one of three
positions, such that no consecutive trials started from the same
position. After locating the platform or swimming for 90 sec, the
animals were left or placed on the platform for 10 sec, after which
they were placed in a holding box (for 12 min) before the start of
the next trial. After the sixth or 11th training trial, animals were
returned to their home cages for 3 h, and
were then administered a 30-sec ‘‘probe’’
test in which the escape platform was
removed from the maze and the time
spent searching in the target quadrant
was recorded. One hour later each ani-
mal received an additional training trial
(intended to re-establish the search strat-
egy employed by the animal prior to the
probe test). Animals were then returned to
their home cages, where a 30-d retention
interval began.

In odor discrimination, mice navi-
gate through a field using unique odors
to guide them. The animals learn to
choose the food cup that contains the
target smell when given three choices.
The food cup locations are rearranged on
each trial, but the accessible food is
always marked by the same target odor
(in this case mint). The chamber con-
sisted of a black Plexiglas 60-cm-square
field with 30-cm-high walls, which was
located in a dimly lit room with high
ventilation. A food cup was located in
three corners. The target cup had acces-
sible food (30 mg of chocolate puffed
rice), while the remaining cups contained
food that could not be accessed. A cotton
tipped swab (2-cm long) was loaded with
25 mL of lemon-, mint- (the target odor), or
almond-flavored extract and extended ver-
tically from the back corner of each cup.

Each animal had one day of accli-
mation and one day of training (consist-
ing of four training trials). (In this task,
both young and old animals reached as-
ymptotic levels of performance [near er-
rorless] within four training trials.) On
Day 1 (adaptation), each mouse was placed
in the box for 20 min with no food cups
present. On the subsequent training day,
a food cup was placed in three corners
of the field, but only the cup associated
with the mint odor contained accessible
food. Each animal received four trials in
which they were placed in the corner of
the training chamber that did not con-
tain a food cup. A trial continued until
the animal obtained the food from the
target location, at which time the animal
was returned to its home cage to begin
a 20 min ITI. At the end of each trial the
food cups were rearranged, but mint al-

ways remained as the target odor. For each trial, the number of
errors (contact with or sniffing within 2 cm of an incorrect food
cup) was recorded. After the fourth training trial, the animal was
returned to its home cage for a 30-d retention interval. On the 29th
retention day, all animals received three pieces of chocolate flavored
rice in their home cages, and on the subsequent day were again
tested as in original training.

Lashley III maze
Errors to reach the goal box are depicted in Figure 1. The top panel
of Figure 1 illustrates the acquisition of animals trained with four

Figure 1. (Top) Errors to locate food in the Lashley III maze across four training trials and after 30 d of
retention in both young and old mice. A significant deficit in 30-d retention was observed in old, relative
to young, mice after four training trials. Brackets indicate standard errors. (Middle) Errors to locate food
in the Lashley III maze across eight training trials and after 30 d of retention in both young and old mice.
Both young and old animals exhibited comparable retention. Brackets indicate standard errors.
(Bottom) Errors to locate food in the odor discrimination task. Both young and old animals exhibited
comparable performance after four training trials, and no differences in retention between young and
old animals were observed after 30 d. Brackets indicate standard errors.
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trials, F(3,78) = 64, P < 0.0001. Aged animals were impaired relative
to their young counterparts, as indicated by a trial 3 group
interaction, F(3,78) = 4.77, P < 0.01, and were still significantly
impaired on the fourth training trial, F(1,26) = 5.95, P < 0.05. When
performance was assessed 30 d after four training trials, aged
animals exhibited a significant retention deficit, F(1,26) = 17.37, P <

0.001. The middle panel of Figure 1 illustrates acquisition during
eight training trials, F(7,196) = 88, P < 0.0001. However, by the
eighth trial, the performance of young and old animals did not
differ, F(1,28) = 0.01, ns. When retention was assessed 30 d later, no
difference between young and old animals was detected, F(1,28) =

1.6, ns. These results indicate that the memory deficits exhib-
ited by aged animals in the Lashley III maze can be mitigated if
young and old animals are initially trained to equivalent levels of
competence.

Odor discrimination
The bottom panel of Figure 1 illustrates the mean errors to locate
the target food cup for young and old animals. All animals exhib-
ited rapid acquisition across four trials, although aged animals
reached asymptotic levels more slowly, as indicated by a trial 3

group interaction, F(3,168) = 8.99, P < 0.001. Nevertheless, both
young and aged animals reached an equivalent level of perfor-
mance by the fourth training trial F(1,28) = 0.55, ns. Given the
comparable level of performance by the end of the first training
session, no additional training was administered, and animals
were again tested after a 30-d retention interval (bottom panel of

Fig. 1), where young and old animals exhibited comparable levels
of performance, F(1,56) = 1.54, ns. These results indicate that no
retention deficits in odor discrimination arise if young and old
animals are initially trained to equivalent levels of competence.

Spatial water maze
Figure 2 (top left panel) illustrates the latency to locate the hidden
platform recorded across six training trials, F(5,130) = 32, P < 0.0001.
Inspection of the acquisition curves indicates that aged animals
were impaired relative to their young counterparts, as indicated by
a planned comparison of the groups’ performances on the sixth
trial, F(1,26) = 11.95, P < 0.01. This deficit in latencies was con-
firmed by the groups’ performances on a probe test (of search
patterns) administered 3 h after the last trial (Fig. 2, top right
panel), F(1,26) = 6.32, P < 0.05. When tested 30 d later, aged animals
exhibited a significant retention deficit, F(1,26) = 11.82, P < 0.01.
When trained with 11 trials, aged animals ultimately reached
a level of performance comparable to their young counterparts, as
latencies to locate the platform did not differ on Trial 11, F(1,28) =

1.51, ns. This was confirmed by the lack of a difference in probe
trial performance 3 h after the completion of the 11th trial, F(1,28) =

1.65, ns. When retention was assessed 30 d later, no differences
were observed between the young and old animals, F(1,28) =

2.51, ns. These results indicate that the memory deficits exhib-
ited by aged animals in the water maze can be mitigated if
young and old animals are initially trained to equivalent levels
of competence.

Figure 2. (Top left) Latency to locate hidden platform in the spatial water maze across six training trials and 30 d of retention. A significant impairment
in acquisition was observed among aged animals (an effect also seen in the search strategy exhibited during a short-term probe test, top right). A
significant deficit in 30-d retention was observed in old relative to young mice after six training trials. Brackets indicate standard errors. (Bottom left)
Latency to locate hidden platform in the spatial water maze across 11 training trials and 30 d of retention. Both young and old animals exhibited
comparable performance after 11 trials (a pattern also seen in the search strategy exhibited during a short-term probe test, bottom right). After 11 training
trials, no differences in retention between young and old animals were observed after 30 d. Brackets indicate standard errors.
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Analysis of retention deficits
In the two cases above where different levels of training were
administered (the Lashley III maze and water maze), aged animals

exhibited ‘‘retention’’ deficits relative to young animals if initial

training was subasymptotic. That is, performance after 30 d of

retention was deficient in old, relative to young, animals. It is

reasonable to ask whether this deficit reflected differential decay of
the memory per se, or simply reflected differences of a magnitude

similar to that which existed at the end of training. To address this

question, performance on the last day of subasymptotic training

was compared to that observed at the time of the 30-d retention

test. An interaction of performance at these two time points with
the age of the subjects would reflect differential decay of the

memory in aged animals. In the Lashley III maze, performance of

young and old animals differed at the time of retention testing

relative to the performance during the fourth (subasymptotic)

training trial, F(1,26) = 85.3, P < 0.0001, indicative of a decay in
performance across the 30-d retention interval. Furthermore, age

interacted with performance across the last trial of training and

retention testing, F(1,26) = 13.9, P < 0.01, suggesting that in this

task, the memory of aged animals decayed at an accelerated rate.

The same was not true of performance in the water maze. In this
task, performance of young and old animals again differed at the

time of retention testing relative to the performance during the

sixth (subasymptotic) training trial, F(1,27) = 172.9, P < 0.0001,

indicative of a decay in performance across the 30-d retention

interval. However, age did not interact with performance across
the last trial of training and retention testing, F(1,27) = 0.4, ns,

suggesting that memory in young and old animals decayed at

a similar rate. Based on these combined results, one could con-

clude that ‘‘retention’’ deficits in aged animals can reflect im-

paired learning and/or differential decay of a weak (subasymptotic)
memory. It is notable that regardless of the source of the reten-

tion deficit, these deficits can be overcome with sufficient initial

training.
The present results again indicate that aged mice exhibit both

learning and retention deficits relative to their young counter-
parts. However, we find that memory deficits in aged animals were

absent if the animals were initially trained to a level of competence

comparable to young animals. These results suggest that much of

the deficit in retention of new information that accompanies

aging reflects deficient learning, not a failure of the memory per se.
The experiments described here were intended to address the

nature of memory failures that accompany cognitive aging by

equating the efficacy of learning in young and old animals. A

similar approach has previously been taken to assess the basis for
memory failure at very young ages (i.e., ‘‘infantile amnesia’’). It is

commonly observed that memories acquired during early post-

natal stages of development are rapidly ‘‘lost.’’ However, early

work in this field failed to recognize the degree to which the

learning upon which memories were based differed in young and
mature animals (Campbell 1967). Using procedures that equated

initial learning, it has since been determined that even under

conditions in which immature animals exhibit better learning

than their adult counterparts, immature animals continue to

express a relatively rapid decline of long-term retention. Unlike
the nominal results presented here, the results of memory tests of

infant animals suggest that their memory failures may reflect real

deficits that are independent of variations in learning (although it

is noted that the memory ‘‘failure’’ exhibited by young animals

may severely underestimate their actual capacity for memory; e.g.,

Campbell and Jaynes [1966]; Galluccio and Rovee-Collier [2005];
Hsu and Rovee-Collier [2006]). It has thus been argued that

infantile amnesia reflects (at least in part) the consequences of

the immaturity of the nervous system at the time of learning

(Campbell and Spear 1972). Similar classes of influences are sure
to impact memory storage in aged subjects, and it is certainly
the case that not all memory deficits in aged animals simply
reflect an impairment of initial learning. For instance, Barnes and
McNaughton (1985) trained young and old animals to similar
levels of performance in a spatial maze task (although it is noted
that on select measures of performance, levels of acquisition dif-
fered across the ages). Despite similar levels of acquisition, Barnes
and McNaughton (1985) observed more rapid and extensive re-
tention deficits in their aged sample. Thus, while it is reasonable
to assume that real deficits in the storage of new memories can
accompany cognitive aging, the present results indicate that mem-
ory failures in aged animals are not a necessary consequence of
aging and can, under certain circumstances, be overcome with more
effective training. Although often ignored, this issue represents
a recurring problem in studies of both human and animal memory
and memory failure (see, for critical discussion, Underwood 1964).
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