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Aging mice show impaired memory updating in the novel

OUL updating paradigm

Janine L. Kwapis'?, Yasaman Alaghband’, Ashley A. Keiser', Tri N. Dong’, Christina M. Michael', Diane Rhee', Guanhua Shu’,

Richard T. Dang’, Dina P. Matheos' and Marcelo A. Wood'

Memories do not persist in a permanent, static state but instead must be dynamically modified in response to new information.
Although new memory formation is typically studied in a laboratory setting, most real-world associations are modifications to
existing memories, particularly in the aging, experienced brain. To date, the field has lacked a simple behavioral paradigm that can
measure whether original and updated information is remembered in a single test session. To address this gap, we have developed
a novel memory updating paradigm, called the Objects in Updated Locations (OUL) task that is capable of assessing memory
updating in a non-stressful task that is appropriate for both young and old rodents. We first show that young mice successfully
remember both the original memory and the updated information in OUL. Next, we demonstrate that intrahippocampal infusion of
the protein synthesis inhibitor anisomycin disrupts both the updated information and the original memory at test, suggesting that
memory updating in OUL engages the original memory. To verify this, we used the Arc CatFISH technique to show that the OUL
update session reactivates a largely overlapping set of neurons as the original memory. Finally, using OUL, we show that memory
updating is impaired in aging, 18-m.o. mice. Together, these results demonstrate that hippocampal memory updating is impaired
with aging and establish that the OUL paradigm is an effective, sensitive method of assessing memory updating in rodents.

Neuropsychopharmacology (2020) 45:337-346; https://doi.org/10.1038/541386-019-0438-0

INTRODUCTION

Memories need to be dynamically updated to incorporate the
most relevant, recent information into storage. This ability to
integrate new information into existing memory is critical to allow
organisms to anticipate future outcomes and adapt to new
situations. Most memories are not new associations but are
alterations or additions (updates) to existing memories, particu-
larly in the aging, experienced brain. Despite its fundamental
importance, the mechanisms that support memory updating are
largely uncharacterized and even less is understood about how
dysregulation of these mechanisms might contribute to age-
related cognitive decline. Understanding how memories are
modified in response to new information is therefore an important
step toward improving memory across the lifespan.

Memories may be updated through a process termed
“reconsolidation,” in which retrieval triggers a period of lability
that could allow new information to be incorporated into an
existing, stable memory. The reconsolidation process consists of
an initial destabilization phase marked by protein degradation
followed by a restabilization phase characterized by protein
synthesis [1-9]. Recent work has demonstrated that reconsolida-
tion is only initiated when new information is presented at
retrieval; when retrieval consists of only familiar information, the
original memory remains stable and resistant to amnesic agents
like protein synthesis inhibitors [2, 10-16]. This suggests that new
information triggers memory destabilization to allow for modifica-
tion. Consistent with this, numerous studies now indicate that new

information presented during retrieval can alter the content
of memory [2, 3, 11, 17, 18], the affective component of memory
[19-22], produce persistent extinction [23-27], or even reorganize
the memory at the circuit level [11, 28].

Although it is clear that reconsolidation-based updating
procedures can modify memory content, the neural mechanisms
that support this process are not well understood. Most of the
work on reconsolidation-dependent memory updating is based
on fear memories, which are robust and persistent, acquired
rapidly, and can inform clinical treatments for anxiety disorders.
Fear memories are limited in a number of ways, however, that
make them less than ideal for studying memory updating. First,
fear associations are exceptionally strong and difficult to modify,
as observed with both boundary conditions [29-32] and their
resistance to persistent extinction [33-36]. Second, as freezing is
not a carefully timed behavior, it is difficult to determine whether
a rodent’s freezing reflects fear from the original memory or the
updated information. Updates involving a shift in timing between
a tone and shock, for example, cannot behaviorally distinguish the
original information from the updated information; both proce-
dures typically produce freezing throughout the presentation of
the conditional stimulus [10, 11]. Finally, fear conditioning is an
inherently stressful aversive learning task that does not closely
model the routine associations that reflect daily life and are
commonly affected with normal aging. Here, to address these
concerns, we aimed to develop a novel, non-stressful hippocam-
pus-dependent memory updating paradigm based on the object
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location memory task, termed the Objects in Updated Locations
(OUL) paradigm. The goals of this study were twofold. First, we
aimed to establish the OUL task as a new method for studying
hippocampus-dependent memory updating. Second, we aimed to
use this paradigm to determine whether memory updating is
impaired with age.

The OUL paradigm is novel in that it is able to assess both the
original memory and the updated information in a single test
session. Further, OUL uses incidental learning that takes advan-
tage of rodents’ innate preference for novelty, avoiding unneces-
sary stress and making it appropriate for testing age-related
deficits in memory updating. Here, we first validate the OUL task,
demonstrating that young mice show memory for both the
original training and the memory update in the OUL test session.
Next, we used two complementary methods (intra-hippocampal
anisomycin injections and Arc CatFISH) to verify that the OUL
update requires retrieval of the original memory, rather than
forming a new, independent memory. Finally, using OUL, we
demonstrate that aging mice show impairments in memory
updating, suggesting that an inability to update memories may
contribute to age-related cognitive decline. Together, these results
demonstrate that the OUL paradigm can be used to understand
the mechanisms underlying hippocampal memory updating
across the lifespan.

MATERIALS AND METHODS

Mice

The subjects were young adult (2-4-months-old) or old
(18-20 months old) male C57BL/6J mice (Jackson Laboratory).
Mice were housed, fed, and handled as described in the
Supplemental Methods. All procedures were approved by
the University of California, Irvine’s Institutional Animal Care and
Use Committee and were in compliance with the National
Institutes of Health guidelines.

OUL task

Following handling and habituation (see Supplemental Methods),
mice were trained with two identical objects in specific locations
(A; and A;) for 1 or 3d in the habituated context. Twenty four
hours later, mice were given an update session, in which they
were assigned to either the No Update condition or the Update
condition. No Update mice were re-exposed to training locations
A, and A,. For Update mice, one object was moved to a new
location (As). Finally, mice were given a retention test in which
they were exposed to the three objects in previously experienced
locations (A;, A,, As) and a fourth object in a novel location A,.
Memory for the original training formation was inferred by
comparing exploration of the novel location A, to locations A; and
A,. Memory for the update was inferred by comparing exploration
of the novel location A, to location As.

Cannulation surgery

Mice in Fig. 2 were implanted with chronic cannulae as previously
described [37] to allow for direct hippocampal infusion of
anisomycin after updating (see Supplemental Methods). Mice
recovered for at least 7d before behavioral testing began.
Immediately after the update session, mice were bilaterally
infused with anisomycin (ANI, 125/ug/uL) or vehicle (VEH) into
the dorsal hippocampus (1.0 pL/side). Cannula placements were
confirmed by staining coronal slices with cresyl violet.

CatFISH

Fluorescence in situ hybridization for CatFISH was performed as
previously described [38, 39] (see Supplement for details). The
DIG-labeled Arc antisense riboprobe was hybridized with tissue
overnight and visualized with an anti-DIG-HRP conjugate,
visualized with a Cy3 substrate kit, and counterstained with DAPI.

SPRINGERNATURE

Confocal images were collected in area CAlb of the dorsal
hippocampus and the images were scored to identify the
subcompartmental localization of Arc to calculate a similarity
score as previously described [39].

Statistical analysis

The OUL task was hand scored to measure object exploration
times as previously described for object location memory
experiments [40, 41]. Statistical analyses (see Supplement) were
performed using two-tailed Student’s t-tests, one-way ANOVAs or
two-way ANOVAs with Sidak-corrected t-tests. Mixed-model
ANOVAs were used when one variable was a repeated measure.
An a value of 0.05 was required for significance.

RESULTS

Young animals successfully show memory for both training and
updating information in OUL

We first aimed to validate the OUL task as capable of assessing
memory updating in young mice (Fig. 1a). Following habituation,
mice were first trained to learn the locations of two identical
objects in a familiar context (training session, Day 1). The following
day, during the update session (Day 2), mice were split into two
groups. The No Update group was re-exposed to the two familiar
object locations (A; and A,). The Update group was exposed to
one familiar object location (A;) and one object moved to a new
location (As). All groups were given a test session (on Day 3) to
assess the animals’ memory for both the original object locations
and the updated location. At test, mice were exposed to four
identical objects: three in previously exposed locations (A;, A,, and
Az) and one in a novel location (A,). Memory for the original
training was assessed by comparing exploration of the novel
object location (A,) to exploration of the training object locations
(A; and A,). Memory for the updated information was assessed by
comparing exploration of the novel object location (A;) to
exploration of the “updated” object location (A3). As mice prefer
novelty, memory for either the original training session or the
updated information is demonstrated by increased exploration of
the object in the novel location (A;) compared to each of the
other three objects (indicated by a higher score on the
discrimination index (DI), see methods).

During training, mice in both groups showed similar levels of
exploration of objects A; and A, resulting in a discrimination
index (DI) near zero for both groups (Fig. 1bi; two-tailed Student’s
t-test: t17 =0.086, p =0.40). Total exploration levels were also
similar between the No Update and Update groups during
training (Fig. 1bii; two-tailed Student’s t-test: t;7 = 0.035, p = 0.97,
n=109).

To confirm that the original object location memory was
successfully acquired, we next assessed performance during
the update session (Fig. 1c). Mice in the No Update group
showed equal preference for the re-exposed locations A; and
A,, resulting in a DI near zero (Fig. 1ci). Mice in the Update
group, on the other hand, preferentially explored the moved
object Az compared to the unmoved object A; and showed a
significantly higher DI compared to the No Update group
(Fig. 1ci, two-tailed Student’s t-test: t(7y=3.57, p=0.002).
Total exploration was also significantly higher in the Update
group compared to the No Update group during the update
session (Fig. 1cii; two-tailed Student’s t-test: t17)=3.39, p=
0.004), suggesting that mice spent more time exploring the
objects when a novel location was introduced. Together, these
results confirm that the original object locations were learned
in young mice exposed to a 10-min training session, consistent
with previous reports [41, 42].

To determine whether the original memory was modified to
include the updated object location (Asz), mice were given a test
session in which each familiar location (A;, A,, and Asz) was tested
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Fig. 1 Young mice successfully perform memory updating in the OUL task. a Experimental design. b Training session behavior. Mice show a
low DI, indicating no preference for object A, or A; (left) and have similar levels of total object exploration (right). ¢ Update session behavior.
(i) Mice in the Update condition prefer the novel location A; to the familiar location A; whereas No Update mice show similar exploration of
the familiar locations A; and A,, with a DI near zero. (ii) Update mice show significantly more total object exploration than No Update mice.
d Behavior during the test session. (i) Mice in both the Update and No Update group show intact memory for the original training object
location A,. (ii) Both groups also show memory for original training location A,. (iii) Only the Update group shows a preference for the novel
location A4 over the updated location As; No Update mice prefer objects As and A4 equally. (iv) Mice show similar levels of total object

exploration during the test session. Data are presented as mean + SEM. **p < 0.01

against a novel object location (A;) (Fig. 1d). Raw percent
exploration time for each of the four objects during the test
session is shown in Supplementary Fig. 5A. Both groups showed
intact memory for the original information, as both Update and No
Update animals similarly preferred the novel location A, over both
original locations A; (Fig. 1di; two-tailed Student's t-test: t7 =
0.31, p=0.76) and A, (Fig. 1dii; two-tailed Student’s t-test: t,7) =
1.66, p=0.12). This confirms that after updating, the original
information is retained. To test whether the updated information
was successfully learned, we also compared exploration of the
novel location A, to the updated location A; during the test
session. Mice in the No Update group showed equal preference
for objects A; and A,, resulting in a DI that was not significantly
different from zero (Fig. 1diii; one-sample t-test compared to 0:
to)=1.55, p=0.156). Mice given the update, on the other hand,
preferentially explored the novel location A; over the updated
location A3 (Fig. 1diii, one-sample t-test compared to O: tg = 3.42,
p =0.009; two-tailed Student’s t-test comparing Update to No
Update: t;7)=2.92, p=0.0096), indicating that they recall the
updated location. No differences in total exploration during the
test session were observed between groups (Fig. 1div; two-tailed
Student’s t-test: ty7 =127, p=0.22). Together, these results
confirm that young animals exhibit preference behaviors con-
sistent with successful recall of both the original information and
the updated information at test.

Post-update hippocampal protein synthesis inhibition disrupts
both the updated information and the original memory

We next tested whether the updated information learned in the
OUL task modifies the original memory or forms a new,
independent association. For the OUL task to be a useful model
of memory updating, the original memory needs to be retrieved
and altered to incorporate the new object location information
presented during the update. To test this, we used two
complementary methods to examine whether the original
memory is engaged by the OUL update session: anisomycin
infusions and catFISH analysis.

Neuropsychopharmacology (2020) 45:337 - 346

First, we tested whether anisomycin applied after the update
session would affect memory for the original training information.
Numerous studies have demonstrated that post-retrieval infusion
of the protein synthesis inhibitor anisomycin (ANI) can block
reconsolidation under certain conditions [43, 44] at least
temporarily [see 45]. Presumably, the original memory is made
labile by the new information presented during retrieval but fails
to properly restabilize in the absence of de novo protein synthesis,
leading to a disruption of the original memory [6-9]. When no
new information is presented during the retrieval trial, on the
other hand, ANI infusions have no effect, as new information is
required to initiate reconsolidation [6].

To determine whether the updated information in the OUL
task engages the original memory, we infused anisomycin
immediately after the update session and assessed whether this
attenuated the original association (Fig. 2a). We infused ANI
directly into the dorsal hippocampus (DH) after the update session
(Fig. 2b, individual cannula placements shown in Supplementary
Fig. 1A), as spatial object location memories are particularly
sensitive to manipulations in this region [40, 46, 47] and this
would allow us to localize the memory update and avoid off-
target effects of global protein synthesis inhibition. Mice showed
similar exploration of objects A; and A, at training (two-way
ANOVA, no significant main effects or update x drug interaction)
and had similar levels of total exploration (two-way ANOVA, no
significant main effects or update x drug interaction) (Supple-
mentary Fig. 1B, C). During the update session, mice in the Update
condition showed a significant preference for the moved object,
and mice in the No Update condition continued to show similar
exploration of the objects in both familiar locations (Fig. 2ci; two-
way ANOVA, significant main effect of update (F; 29)=42.31, p<
0.0001), but no significant effect of drug or significant interaction,
n=6,6,12,9)). No group differences were observed between
animals destined to get anisomycin or vehicle and no difference
in total object exploration were observed during the update
(Fig. 2cii; two-way ANOVA, no significant main effects or
interaction). This suggests that before anisomycin infusion, mice
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A Training Update Test Fig. 2 Disrupting protein synthesis after memory updating impairs
Session Session Session both the original memory and the updated information in young
No Undate mice. a Experimental design. b Representative cannula placement
P targeting area CA1 of the dorsal hippocampus. ¢ Update session
A1 A2 behavior. (i) Both groups of mice in the Update condition preferred
the novel location A; over the familiar location A; whereas No
A1 A2 A1 Az l:{>VEH Update mice show a DI near zero, indicating no preference. (ii) Mice
=) Update A =p =D ANI show similar total exploration across groups. d Behavior during the
A A4 A3 test session. (i) For original training object A;, mice in the No Update
10-min L 5-min condition show intact memory regardless of drug treatment. For the
A,[oH Update condition, anisomycin-treated mice show a significantly
ST reduced DI for A; compared to vehicle controls, indicating that

anisomycin impaired memory for the original training information in
Update animals. (ii) For original training object A, no significant
effect of anisomycin was observed in either No Update or Update
animals. (iii) For the updated location As;, No Update animals
showed a low DI compared to object A4, regardless of drug infusion.
Update animals given anisomycin showed a significantly lower DI
than vehicle controls, indicating that anisomycin impaired memory
for the updated information. iv) No significant differences in total
exploration were observed at test. Data are presented as mean *
SEM. **p<0.01, ***p<0.001, ****p<0.0001. VEH, vehicle; ANI,
4Aniosmy«:in
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|

15907 VEH updated information was disrupted by anisomycin. To assess the
B ANI original memory, we compared exploration of the object in a
novel location (A;) to the objects in the training locations A; and
A, (Fig. 2di, ii). Raw percent exploration time for each of the four
objects during the test session is shown in Supplementary Fig. 5B.
For object A;, in the No Update group, mice in both drug
conditions strongly preferred the novel location A, over the
. . training location A; (Fig. 2di; two-way ANOVA, significant update
No Update Update No Update Update by drug interaction (F(;29)=4.66, p=0.039), Sidak’s post hoc
comparing No Update VEH vs ANI: p = 0.84, n = 6,6). In the Update

Test Session group, on the other hand, only vehicle animals preferred object

D A4 mice given anisomycin showed a significantly lower DI
i Original Information || Original Information compared to vehicle controls (Sidak’s post hoc comparing Update

VEH vs ANl p=0.0004, n=129) indicating they had little
preference for the object in a novel location. A similar pattern
was observed for original object A, (Fig. 2dii), although there was
no significant effect of anisomycin within either update condition
(two-way ANOVA, significant effects of drug (F;29)=5.05, p=
0.032) and update (F; 29) = 5.05, p = 0.0324), but no drug x update
interaction, Sidak’s post hocs comparing VEH vs ANI within each
update condition, p>0.05), likely because object A, was not
I - present for animals in the Update condition (see discussion).
No Update Update Together, these results suggest that anisomycin given after a
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T 60 0 S 15 novel location A, to the updated location As (Fig. 2diii). Both
= 40 ® vehicle and anisomycin mice in the No Update condition
) 20 —g_10 showed similar levels of exploration for objects As; and A,
_g_zg b reflected as a DI near zero in both groups (two-way ANOVA,
E40 . 5 significant update by drug interaction (F29)=6.17, p=0.02),
G .60 E Sidak’s post hoc comparing No Update VEH vs ANI: p=0.97).
g No Update Update No Update Update For mice given the update, on the other hand, anisomycin

impaired memory for the updated information; anisomycin
animals showed significantly less preference for the novel location
compared to vehicle animals (Sidak’s post hoc comparing
Update VEH vs ANIl: p=0.0003). All groups showed similar

successfully acquired long-term memory for the original training levels of total exploration during the test session (Fig. 2div; two-
locations. way ANOVA, no significant main effects or interaction). Together,
Immediately after the OUL update session, mice received intra- these results indicate that post-update anisomycin disrupts the

hippocampal infusions of either anisomcyin or vehicle and updated information in addition to the information learned
memory was tested the following day. We found that when new during training.

SPRINGER NATURE Neuropsychopharmacology (2020) 45:337 - 346



The OUL update activates the neuronal ensemble supporting the
original memory

To complement our anisomycin experiment, we also used the Arc
catFISH technique to determine whether the update session
reactivates the neuronal ensemble associated with the original
memory or engages a new population of neurons in the dorsal
hippocampus. CatFISH capitalizes on the temporal specificity of
Arc mRNA localization following a learning event, using the
subcellular distribution of Arc as an indication of the activity
history of individual hippocampal neurons following two discrete
events [38, 39, 48].

We first verified that the timing of our experience-induced Arc
mRNA expression matched that of previous reports, which
observed intranuclear Arc mRNA foci within a few minutes after
behavior and cytoplasmic Arc by 15-20 min after the event
[39, 48, 49]. As this timing is critical to catFISH analysis, we first
examined this expression pattern. Following a 10-min exposure to
a novel context, mice were sacrificed 5, 15, or 30 min later and
hippocampal slices were processed for Arc FISH (Supplementary
Fig. 2A). Consistent with previous reports, we observed low
background levels of Arc expression in our homecage controls
(Supplementary Fig. 2Bi). For trained animals, five minutes after
the training event, we saw predominantly punctate nuclear Arc
MRNA expression whereas by 30 min after training, the staining
was almost exclusively cytoplasmic (Supplementary Fig. 2Bii-iv).
This timecourse of Arc expression matches that of numerous
previous reports and confirms that the compartmentalization of
Arc can be used to identify the neuronal ensemble activated
during two discrete events.

Next, we used Arc catFISH to determine whether the neurons
activated by the original training information would also be
engaged by the updating event. Mice were first given three days
of training to ensure robust learning of the original training
information (Fig. 3a). Mice showed low DI scores throughout
training, as mice explored objects A; and A, approximately
equally (Supplementary Fig. 3A,Bi, two-way mixed-model ANOVA,
no significant main effect or day x update interaction, but a
significant effect of update type (F16)=4.4, p=0.02) with no
significant effect of any individual Sidak’s post hoc test comparing
updating conditions within each training day). No group
differences were observed for total object exploration during
training, although total object exploration did decrease across
training days (Supplementary Fig. 3Bii, two-way mixed-model
ANOVA, significant main effect of day (F32 = 18.32, p <0.0001),
no significant effect of day or day x update interaction). The
following day (the “Update Sessions”), mice were given two
discrete behavioral events at specific timepoints before sacrifice.
For Epoch 1, all animals (except home cage controls) were re-
exposed to the training objects A; and A,. No significant
difference was observed between groups during the first epoch,
with all groups showing approximately equal DI scores (Supple-
mentary Fig. 3Ci, left, F5 15 = 2.38, p =0.135) and similar levels of
object exploration (Supplementary Fig. 3Cii, left, F3,12)=1.10, p=
0.364). Following a 20-min rest in the colony room, mice were
then given Epoch 2, in which they were either re-exposed to the
training object locations (No Update/NU), were exposed to an
object moved to a new location (Update/U), or were trained in a
new context with new objects (New Memory/NM). During Epoch
2, mice in the Update group preferred the moved object and
showed a significantly higher DI than No Update and New
Memory Mice (Supplementary Fig. Ci, right, Fi12=8.09, p=
0.006, Sidak’s post hoc tests comparing U to NU, p = 0.006 and U
to NM, p=0.048, NU to NM, p = 0.64), demonstrating that the
Update mice successfully remembered the training locations.
The groups also showed different amounts of total object
exploration during Epoch 2, with mice in the New Memory group
showing significantly more object exploration than mice in either
the No Update or Update group (Supplementary Fig. 3Cii, right,
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Fi2,12)=35.78, p <0.0001, Sidak’s post hoc tests comparing NM to
NU, p <0.0001, NM to U, p =0.0001, NU to U, p =0.284). This is
consistent with numerous reports demonstrating that exposure to
novel information (in this case, new objects) drives exploration in
rodents [40, 50-52]. Mice were sacrificed immediately after the
second epoch and CA1 hippocampal tissue was processed for
catFISH. Cytoplasmic Arc expression was assumed to be activated
by Epoch 1, whereas nuclear Arc was presumed to be activated by
Epoch 2 (see representative images from this experiment, Fig. 3b),
allowing us to calculate the relative overlap of the neuronal
population activated by both events [39, 53].

We calculated a similarity score (see methods) for each of the
behavioral conditions to quantify the ensemble overlap between
the two epochs as previously described [39, 53]. A high similarity
score indicates that the same population of neurons was activated
by both epochs whereas a low similarity score suggests that
independent neuronal populations were activated by each event.
We found that the Update condition produced approximately the
same degree of ensemble overlap as the No Update condition
(Fig. 3¢, n=5/group; one-way ANOVA, F 1, = 18.36, p =0.0002,
Sidak’s post hoc comparing NU to U, p =0.26) whereas the New
Memory condition produced a significantly lower similarity score
(Sidak’s post hoc comparing NU to NM, p =0.0002; Sidak’s post
hoc comparing U to NM, p =0.003), suggesting significantly less
population overlap in the New Memory condition.

We also assessed the percent of cells expressing Arc in the
cytoplasm, nucleus, or both across the behavioral conditions
(Fig. 3d). The home cage group showed the lowest number of Arc
positive cells at each of the subcellular distributions (cytoplasmic
only, nuclear only, or both) (two-way ANOVA, significant update
by compartment interaction (Fe32 =26.32, p<0.0001), Sidak’s
post hocs comparing homecage to other behavioral conditions:
cytoplasm-only, p < 0.001, nuclear-only, p < 0.05, both, p < 0.0001,
n = 5/group), establishing that we had low background staining of
Arc. Consistent with the similarity score, we saw no significant
difference between the No Update and the Update groups in the
number of cells positive for both cytoplasmic and nuclear Arc
staining (“Both”; Sidak’s post hoc, p =0.69), suggesting that an
approximately equivalent number of the “original memory” cells
were reactivated during the OUL update session. In comparison,
the New Memory group had significantly fewer cells positive for
both cytoplasmic and nuclear Arc (Sidak’s post hocs, both NU vs.
NM, p =0.0002, both U vs. NM, p = 0.006), suggesting that more
cells were uniquely activated by epochs 1 or 2. Notably, the New
Memory condition showed significantly more nucleus-only Arc
staining compared to the No Update condition (Sidak’s post hoc,
nuclear-only NU vs NM, p=0.021) suggesting that novel
information presented during epoch 2 might activate additional
neurons. Overall, the proportion of CA1 cells expressing Arc in the
current study was similar to that reported in previous studies
[48, 53]. Importantly, there was no difference in the total number
of cells counted between the four behavioral conditions (Fig. 3e,
one-way ANOVA, F316 =0.72, p=0.55). Together, these data
suggest that the OUL update session reactivates a largely
overlapping set of neurons that were engaged during original
object location memory formation in area CA1 of the dorsal
hippocampus. Together with the results of the anisomycin
experiment, these data suggest that the OUL update session
reactivates the original memory, rather than being encoded as a
separate association.

Memory updating is impaired in aging mice

Finally, we used the OUL task to determine whether memory
updating is impaired in aging mice. We trained young and old
animals with three successive days of 10-min training to ensure
successful acquisition of the original information (Fig. 4a), as we
have previously shown that old (18-months-old) mice show
deficits in long-term object location memory using a single 10 min
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Fig. 3 The memory update activates the same degree of ensemble overlap in CA1 as re-exposure to the original training information.
a Experimental design. On day 4 (Update Sessions), mice either remained in their homecages (HC) or were exposed to two discrete behavioral
events (epochs 1 and 2) separated by 20 minutes. Mice were sacrificed immediately after Epoch 2. b Examples of hippocampal cells from
animals in a that were counted as having (i) no Arc staining, (i) nuclear Arc only (green arrow), (iii) cytoplasmic Arc only (yellow arrow), or (iv)
both nuclear and cytoplasmic Arc (white arrow). Arc mRNA is red, DAPI nuclear counterstain is blue. c Ensemble overlap in the three behavioral
conditions. There was no difference in the similarity scores between the No Update (NU) and the Update (U) groups whereas the New Memory
(NM) group showed a significantly lower similarity score, indicating less ensemble overlap between epochs 1 and 2 than the other groups.
d The percent of cells expressing Arc in each subcellular category. Homecage animals consistently showed less Arc expression than all other
behavioral conditions. e A similar number of total cells were counted in each group. Data are presented as mean + SEM. *p < 0.05, **p < 0.01,

**%p < 0.001, **%p < 0.0001

training period [41]. Mice were then given a standard 5-min
update session on day 4 followed by the test session on day 5.
Low DI scores were observed for both young and old mice
throughout training, as mice explored objects A; and A,
approximately equally (Supplementary Fig. 4, Bi, Bii, two-way
mixed-model ANOVA, no significant main effects or day x update
interaction for young (i) or old (ii)). Similarly, no group differences
for either young or old mice were observed for total object
exploration across the three days of training, although total object
exploration time did decrease across training days (Supplemen-
tary Fig. 4, iii, iv; two-way mixed-model ANOVA, significant main
effect of day (Young: F(528) = 17.87, p < 0.0001; Old: F56 = 10.51,
p=0.0005), no significant effect of update or day x update
interaction). To determine whether young and old mice success-
fully acquired memory following the three-day training protocol,
we measured performance during the update session (day 4).
Both young and old mice given the update showed intact
memory for training, with both Update groups (i.e. groups
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exposed to the updated object location Az) showing a significant
preference for the moved object. No Update controls (i.e. mice re-
exposed to object locations A; and A,) showed approximately
equal preference for the two familiar locations (Fig. 4bi; two-way
ANOVA comparing Dls, main effect of update (F(; 29y =51.08, p <
0.0001), but no significant effect of age or age x update
interaction, Sidak's post hoc tests comparing No Update vs
Update, young: p <0.0001, old: p <0.0001, n=9, 9, 7, 8). Young
animals given the update showed significantly more object
exploration than their No Update controls (Fig. 4bii; two-way
ANOVA, significant age or age X update interaction (F(; 29y = 5.39,
p = 0.028), Sidak’s post hoc test comparing Young No Update vs
Update, p <0.0001) whereas old animals showed similar total
exploration time regardless of whether they were given the
update (Sidak’s post hoc test comparing Old No Update vs
Update, p=0.33). This suggests that exposure to the novel
location information drove increased exploration only in the
young mice, possibly because aging reduces movement in general
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[e.g. 54]. Both young and old mice are therefore able to acquire
the original object location memory with three successive days of
10-min training sessions.

Finally, we administered a retention test to determine whether
the memory was successfully updated. Raw percent exploration
time for each of the four objects during the test session is shown
in Supplementary Fig. 5C. All animals showed intact memory for
the original information, as young and old mice in both the
Update and No Update conditions preferred the novel location A,
over the original location A; (Fig. 4ci; two-way ANOVA, no
significant main effects or age x update interaction). Young mice
also showed intact memory for the original object A, regardless of
whether they received an update (Fig. 4cii; two-way ANOVA,
significant age x update interaction (F29)=7.61, p=0.01),
Sidak’s post hoc test comparing Young No Update vs. Update,
p = 0.56). In contrast, old mice given the update session showed a
significantly lower DI for original object A, (Sidak's post hoc
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Fig. 4 Aging mice show impairments in memory updating.
a Experimental design. Young (3-months-old) and old (18-months-
old) mice were given three successive days of training before the
day four update session. b Update session behavior. (i) Both young
and old mice in the Update condition prefer the novel (updated)
location A3z over familiar location A;. Mice in the No Update group
show a low DI, indicating no preference for familiar locations A; or
A;. (i) Young mice given the update show significantly more total
exploration than young No Update mice. Old mice show similar
exploration in the Update and No Update conditions. ¢ Test session
behavior. (i) All animals show intact memory for original training
object A,. (ii) For original training object A, young mice showed
similar memory performance regardless of whether they were given
the update. Old mice, in comparison, showed significantly lower Dls
for object A, in the Update condition compared to the No Update
condition. (iii) Young, but not old mice show intact memory for the
updated location Asz. Young mice in the Update condition show a
significantly higher DI (As-A,) compared to No Update controls. For
old mice, both the No Update and Update groups show Dls near
zero, indicating no preference for the novel location A, over the
updated location As, even after updating. (iv) Total exploration was
significantly lower in old animals compared to young, but no group
differences were observed between Update and No Update groups.
Data are presented as mean + SEM. *p < 0.05, ****p < 0.0001

comparing Old No Update vs. Update, p = 0.016). This may reflect
a weaker, less persistent memory for the original training
information in aging mice, as object A, was not present during
the update session for animals in the Update condition (see
discussion).

To determine whether young and old mice successfully learned
the memory update, we compared exploration of the updated
location As to the novel location A,. Young mice given the update
showed a significantly higher DI compared to their No Update
controls (Fig. 4ciii; two-way ANOVA, significant age x update
interaction (F; 29) = 8.70, p = 0.006), Sidak’s post hoc test comparing
Young No Update vs. Update, p < 0.0001) indicating intact memory
for the updated object As. In contrast, old mice showed little
preference for the novel object regardless of whether they received
the update session, with no significant difference in DI between old
No Update and old Update mice (Sidak’s post hoc test comparing
Old No Update vs. Update, p = 0.16). Thus, although the 18-months-
old mice were able to acquire the original memory, they showed an
impaired ability to update this memory with the new object
location. Overall, old mice explored less than young mice during the
test session (Fig. 4civ; two-way ANOVA, significant effect of age
(Fa,2090=21.72, p <0.0001), but no significant main effect of update
or age X update interaction) although there were no differences
between the Update and No Update group within each age
condition. Correlating the amount of exploration during the training,
updating, or test session with the test Dls for each object revealed
no significant, meaningful relationship between total exploration
time and test performance for either young or old animals,
suggesting that reduced exploration in the aging mice cannot
alone account for memory update performance. Thus, mice show
age-related impairments in their ability to update a memory with
new information in the OUL task.

DISCUSSION

Here, we developed and validated a novel OUL memory updating
task, which can be used to understand the mechanisms
supporting memory updating in young and old rodents. We show
that young mice successfully perform OUL and show memory for
both the original information and the updated information in a
single test session. Next, using complementary approaches
(catFISH and anisomycin application) we found that OUL updating
engages the original memory, rather than driving the formation of
an independent association. Finally, we used OUL to demonstrate
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that aging mice show deficits in memory updating. Together,
these data indicate that age-related deficits in memory updating
might contribute to age-related cognitive impairments. The OUL
task is therefore a promising new tool to examine memory
formation and updating considering its simplicity and reduced
stress compared to water- and shock-based tasks. Most impor-
tantly, it allows for long-term memory and updated information to
be discriminated within a single test session.

Using our newly established OUL paradigm, we found that aging,
18-month-old mice have difficulty updating existing memories,
suggesting that memory becomes less flexible in old age. Age-
related memory deficits are well-documented across species
[41, 55, 56] and impairments in reversal learning [57, 58] and
behavioral flexibility [59] are common in old age. In humans,
hippocampus-dependent episodic memories are particularly sensi-
tive to aging [60, 61], which may reflect either a reduced response to
novelty in old age or an increased susceptibility to interference
[60, 62]. Here, we believe it is more likely that our 18-month-old mice
show deficient hippocampal memory updating due to proactive
interference, rather than an inability to detect the moved object as
novel. The old mice show a clear preference for the object in a new
location during the update session (Fig. 4b), demonstrating that they
recognize the new location as novel. This information does not seem
to be incorporated into the long-term memory, however, as they fail
to show memory for the updated location the following day
(Fig. 4ciii). This failure to learn the update may be due to proactive
interference, in which the stored original memory obstructs the
incorporation (or retrieval) of the new information presented during
the update session. Indeed, it is common for aging individuals to
have difficulty forgetting stored information even when it is no
longer relevant [62]. Here, it seems that the original information
persists in its original state in aging mice despite its reduced
relevance in the face of the updated information.

Although reconsolidation has been studied consistently since its
renewed interest in 2000 [8], only recently has it been appreciated
as a process essential for memory updating. This study, with other
recent work [2, 3, 10, 11, 14, 15, 17, 32, 63, 64], shows that new
information must be presented during the retrieval session to
trigger the reconsolidation process; when no new information was
presented during the update session, memory was not affected by
anisomycin (Fig. 2di, No Update group). Presumably, when only
familiar information is presented during retrieval, destabilization
mechanisms are not engaged and the original memory persists,
stable even in the presence of protein synthesis inhibition [3, 17].
Interestingly, using an object recognition task, Rossato and
colleagues [64] have demonstrated that anisomycin infusions do
not affect the original memory after a pseudo-reactivation trial in
which two novel objects are presented without either of the
original training objects. With the results of the current study, this
suggests that the original memory is only made labile when one
of the original training objects is present during the update
session along with some new information about the other object’s
location or identity. It is likely that when only unfamiliar
information is presented during the pseudo-retrieval session, a
new memory is formed without the need to destabilize the
original memory, which again persists in its original state. Thus,
the reconsolidation process appears to allow existing memories to
update in response to new information.

One interesting finding in the current study was that both
young and old animals in the Update condition showed reduced
memory for object location A; at test compared to animals in the
No Update condition (e.g. Fig. 1dii). As Update animals were not
exposed to A, during the update session (they only received
locations A; and A3), this increased preference for A; is likely due
to the longer retention period (48 h) between training and testing
for this location. Indeed, previous studies have also observed
increased exploration of an object presented less recently
compared to one presented more recently [65] suggesting that
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length of time between exposure and testing can affect an
object’s subjective novelty or the strength of the animal’s memory
for that object. No Update animals, in comparison, received object
location A, during the update session and therefore only had a 24
h retention period for A,. For our old mice, we found that memory
for object A, was significantly reduced in Update animals
compared to No Update animals (Fig. 4cii), suggesting that even
with three successive days of training, the original memory begins
to degrade by 48 h in the aging brain. Young animals showed
robust memory for object A, even 48 h after exposure. Measuring
animals’ preference for location A, may therefore provide
additional information about the persistence of the original
memory in comparison to the more recently experienced location
A;. As OUL also has a temporal component, in which the animals
learn that object A; is presented after objects A; and A,
exploration of location A, might provide some information about
the temporal aspect of memory updating. Understanding how
time plays into memory updating is an important consideration
that should be the focus of future work.

As most memories are modifications, rather than completely de
novo memories, it is critical to understand how existing memories
are modified at a molecular level. Although numerous studies have
investigated the mechanisms supporting memory reconsolidation,
much of this work is unable to distinguish between mechanisms
supporting the original memory versus those that support the
updated information. Our OUL updating paradigm is well-
positioned to identify mechanisms involved in memory updating,
as it is able to assess both the original memory and the updated
information in a single test session. Future work should determine
whether key mechanisms, such as AMPA receptor subunit
exchange [26, 27], protein degradation [4, 66, 67], and synthesis
of key proteins such as zif268 and BDNF [17] are required for
memory updating and whether these mechanisms are impaired in
the aging hippocampus. Likewise, it will be interesting to
determine whether information interference produces an oppos-
ing effect on neuronal ensembles and molecular events.

In conclusion, we found that the OUL paradigm is a sensitive,
hippocampus-dependent task capable of assessing both an
original memory and updated information in a single test session.
We also demonstrate that aging mice show deficits in memory
updating, suggesting that an inability to update existing
memories may contribute to age-related cognitive decline. The
OUL task is therefore a powerful tool that can be used to
understand the neural mechanisms that support memory updat-
ing in the young brain and to determine how these mechanisms
are impaired in old age.
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