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Supplemental Methods
Mice

The subjects were young adult (2-4 months old) or old (18-20 months old) male
C57BL/6J mice (Jackson Laboratory). Mice had free access to food and water and lights were
maintained on a 12h light/dark cycle. All behavioral testing was performed during the light
cycle. All experiments were conducted according to US National Institutes of Health guidelines
for animal care and use and were approved by the Institutional Animal Care and Use Committee

of the University of California, Irvine.

Apparatus

The OUL Updating paradigm was conducted in a set of four identical chambers (61 x 46
x 27 cm) constructed of opaque white Plexiglas. Each box had a strip of duct tape in the middle
of one panel that served as an orienting mark. Additionally, the boxes were open to the room (i.e.
not enclosed within a curtain) so that mice could use extra-maze cues for orientation. Boxes and
objects were cleaned with 70% ethanol at the end of each behavior day and 10% ethanol between
groups. All sessions were videotaped for offline analysis of object exploration. All objects used

in OUL were identical 200-mL tall-form glass beakers filled with cement.

OUL Behavioral Procedure
The Objects in Updated Locations (OUL) procedure consisted of handling, habituation,
training, updating, and testing, although the specific procedures varied slightly based on the

experiment. In all experiments, mice were handled for two minutes per day for four days
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followed by six consecutive days of habituation. During each habituation session, mice were
placed in the training context in the absence of objects and allowed to explore for five minutes.
One day after habitation, mice were trained with two identical objects in specific locations
(called A1 and A») in the habituated context. Mice were either given a single 10-minute training
session (Figures 1 and 2) or were given three consecutive days of 10-minute training sessions
(Figures 3 and 4).

24h after the final training session, mice were given a 5-minute update session in which
mice were assigned to either the No Update condition or the Update condition. For the No
Update group, mice were re-exposed to the objects in the same locations as training (A and A»).
For the Update group, one of the objects was moved to a new location (called A3z) in a
counterbalanced fashion. The update used in OUL is identical to the test session of a typical
object location memory (OLM) experiment [1-4] in which exploration of the moved object is
compared to exploration of the unmoved object to assess memory for the original training
session. As mice prefer novelty, memory for the training session is demonstrated by increased
exploration of the object in a new location. Thus, in addition to updating the original memory,
the update session allowed us to verify that animals learned the initial training information.
Preference for the novel location was expressed as a discrimination index (DI): (taz —ta1) / (taz +
ta1) x 100%, where t indicates the time spent exploring the designated object. For No Update
animals, as no novel location was presented at training, the DI was calculated comparing A and
A to ensure the animals did not prefer either familiar location.

Finally, mice were given a test session to assess memory for both the original training
information and the updated information. During the 5-minute test session, mice were exposed to

four identical objects: three objects in previously experienced locations A1, A2, Az, and a fourth
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object in a novel location, called As. Memory for the original training information was inferred
by calculating a DI to compare exploration of the novel location A4 to objects in the original
training locations A: DI = (tas-ta1) / (tasttar) x 100% and Az: DI = (tas-ta2) / (tast+taz) x 100%.
Memory for the updated information was inferred by calculating a DI to compare exploration of
the novel location A4 to the updated location Asz: DI = (tas-taz) / (tas+tas) x 100%. For No
Update animals, as both locations A3 and A4 were novel, the object in the bottom right was
considered to be location A4 for the DI calculation to ensure the animals did not preferentially
explore either novel location.

For the catFISH experiment (Fig. 3), the updating session consisted of two discrete 5-
minute events (“epochs”) separated by 20 minutes and mice were sacrificed immediately after

the second epoch.

Cannulation surgery

Chronic cannulae targeting the dorsal hippocampus were implanted as previously
described [5]. Briefly, mice were anesthetized with isoflurane (4% induction, maintained at 1.5-
2.0%) and placed in a stereotaxic apparatus. Bilateral 22 gauge guide cannulae (Plastics One)
were lowered at a rate of 0.2mm/15s to the final site (AP -1.7mm, ML £1.2mm, DV — 1.5mm
relative to bregma). Cannulae were secured to the skull with dental cement and stainless steel
dummy cannulae were placed in the cannulae to prevent occlusion. Mice were given a recovery
period of at least 7d before behavioral testing began.

The final three days of habituation were used to acclimate animals to the injection
procedure. Following each round of habituation, the mice were removed from boxes and

transported to the injection room. The infusion pump was activated to allow mice to habituate to
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its noise. During this time, each mouse was gently scruffed and the obdurators were removed

from the cannulae and cleaned as necessary.

Drug preparation and infusion

All mice in Fig.2 received bilateral infusions of anisomycin (ANI) or vehicle (VEH) into
the dorsal hippocampus (1.0uL/side) immediately after the update session. ANI (Tocris #1290)
was dissolved in equimolar HCL (~36ul) and diluted with artificial cerebrospinal fluid (ACSF,
Tocris #3525) to the final concentration of 125ug/uL. The pH was tested with litmus paper and
adjusted as necessary with a small amount of NaOH to match the ACSF vehicle. This
preparation has reliably been shown to produce a reduction of ~60% in protein synthesis without
lesions [6].

Following the update session, mice were transported to the injection room, gently
scruffed, and the dummy cannulae were removed. The injectors, which extended ~0.5mm
beyond the cannulae, were inserted into the guide cannulae and 1.0uLL of ANI or VEH was
infused into each hemisphere at a rate of 0.5uL per minute. Previous work with these parameters
indicates that an injection of this volume produces bilateral coverage of the dorsal hippocampus
in areas CA1-CA3 and the upper blade of the dentate gyrus [1,6-8]. Injectors remained in place
for 90s after infusion to allow for diffusion before the injectors were removed, dummy cannulae

were replaced, and mice were returned to their homecages.

Cannula placement histology
To confirm cannulae placements, histology was performed as described previously

[5,7,9]. Briefly, following behavioral testing, animals were killed with an overdose of sodium



Kwapis et al.

pentobarbital and transcardially perfused with PBS followed by 4% paraformaldehyde using a
peristaltic perfusion pump. Brains were removed, post-fixed overnight at 4°C and transferred to
30% sucrose-PBS until they sunk for cryoprotection. Frozen 40um sections from the dorsal
hippocampus were mounted on slides, stained with cresyl violet, and cannulae placements were
confirmed. Animals with injection sites outside of the dorsal hippocampus were excluded from

analyses.

Fluorescence in situ hybridization for catFISH

For the catFISH experiments (Fig. 3 and Supplementary Fig. 2), mice were euthanized
with cervical dislocation and brains were removed and flash-frozen in isopentane over dry ice.
Mice were euthanized immediately after Epoch 2 (Fig. 3), at the designated timepoint after
training (Supplementary Fig. 2), or served as home cage controls. Home cage controls were
handled, habituated, and trained identically to the experimental groups (or just handled and
habituated for Fig. 2) but received no behavioral experience on the sacrifice day. Home cage
groups were sacrificed directly from their home cages between behavioral groups to establish a
baseline level of IEG expression for comparison. 20um coronal slices were collected throughout
the dorsal hippocampus in a grouped manner so that each slide contained an approximately
anatomically matched hippocampal section from one brain in each of the four experimental
groups. Slides were stored at -80°C.

Fluorescence in situ hybridization (FISH) for Arc was conducted as previously described
[10,11]. We amplified the full-length Arc from mouse hippocampal cDNA and cloned the
product into the pGEM-9Zf plasmid (Promega). Digoxigenin (DIG)-labeled Arc antisense and

sense riboprobes were generated from this plasmid using a commercial transcription kit
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(MaxiScript kit, ThermoFisher Scientific) and a premixed RNA labeling nucleotide mix
containing DIG-labeled UTP (Roche). The DIG-labeled Arc antisense probe was hybridized with
the tissue overnight (at least one slide was hybridized with a DIG-labeled Arc sense probe each
round as a control). The following day, the probe was visualized with an anti-DIG-HRP
conjugate (Sigma) and visualized with a Cy3 substrate kit (TSA Cy3 Kit, PerkinElmer). Nuclei

were counterstained with DAPI to allow nuclear Arc to be differentiated from cytoplasmic 4rc.

CatFISH image acquisition and analysis

Area CA1b of the dorsal hippocampus, an area known to be critical for object location
memories [12], was imaged and analyzed in the current study using a Zeiss LSM700 confocal
microscope with a 40X oil objective. The pinhole, gain, and exposure remained constant for all
images collected for each slide, in which each of the four groups was represented. The settings
were optimized for detecting both intranuclear Arc puncta and diffuse cytoplasmic Arc staining.
Confocal z-stacks were collected from three slides per animal and the cells in dorsal
hippocampus CA1b were counted bilaterally.

CatFISH was scored as previously described [10,11,13] by an experimenter blind to the
behavioral conditions. Each image was displayed on a computer with the FIJI image processing
package for ImageJ and the image was overlayed with a transparency. Each cell was circled and
non-neuronal cells (small cells ~5um in diameter with bright and uniform staining) were
excluded from analysis [11,14,15]. Only neurons present in the middle ~20% of the stack were
included in analyses and no partial cells were included. The neurons were then classified as
either negative for Arc, positive for cytoplasmic Arc only, positive for nuclear Arc only, or

positive for both cytoplasmic and nuclear Arc. As Arc expression is expressed in nuclear puncta
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within a few minutes of an event and expressed in the cytoplasm by ~20-30 minutes after an
event, cytoplasmic Arc indicated the neuron was active during epoch 1 and nuclear 4rc indicated
the neuron was active during epoch 2, with both nuclear and cytoplasmic Arc expression
indicating that the cell was active during both epochs.

CatFISH similarity scores were calculated as described in detail previously [11]. A
perfect score of 1 indicates that an identical population of neurons was activated by both epochs.
A score of 0 would indicate that an independent population of neurons was activated by each

epoch.

Statistical analysis

Videos were manually scored offline to determine exploration time for the objects present
during training, updating, or testing. All experimenters were blind to the group assignments
when scoring. Behavior was scored as exploration when the animal’s head was oriented toward
the object within ~1cm or with the nose touching the object. Mice that showed a preference for
one object on all days of training (DI > £20) were excluded from further analysis. Additionally,
any mouse that explored the objects for less than 2s during the test session was removed.

Statistical analyses were performed using either two-tailed Student’s ¢-tests, one-way
ANOVAs or two-way ANOVAs followed by Sidak-corrected #-tests to compare individual
groups. Mixed-model ANOV As were used in instances in which one variable was a repeated
measure (e.g. Fig. 3D, when comparing the subcompartmental distribution of Arc for each
group). All statistics were performed with Graphpad Prism 7 software. Our analytic approaches
are based on previously published work[1,4,8,16,17]. No statistical methods were used to

predetermine sample sizes, but our sample sizes are similar to those generally used in the field,
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including those reported in previous publications[1,4,5,8,16]. Data distribution was assumed to
be normal, with similar variance observed among groups, but this was not formally tested. Main
effects and interactions for all ANOVAs are described in the text along with the specific number
of animals used in each individual experiment. All analyses were two-tailed and required an o
value of 0.05 for significance. Data are all shown as mean £SEM. For all experiments, values

+2SD from the group mean were considered outliers and were removed from analyses.

Data availability
The data supporting the findings of this study are available from the corresponding author

upon reasonable request.
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Supplementary Figure 1. Mice in Figure 2 do not prefer either object during training.
A) Cannulae placements for all mice in Figure 2. Data are presented as mean =SEM. B)
Experimental design. C) Training behavior. i) DIs were similar for locations A1 and A2
during training. ii) Mice showed similar total exploration across groups.
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Supplementary Figure 2. Arc mRNA (red) is expressed in nuclear puncta five minutes
after training and as cytoplasmic staining by 30 minutes after training. A) Experimental
design. B) Example images from homecage mice (i) and mice sacrificed five minutes (ii),
15 minutes (iii), and 30 minutes (iv) after training. Green arrows: punctate nuclear stain-
ing. Yellow arrows: cytoplasmic staining. Nuclei are counterstained with DAPI (blue).
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Supplementary Figure 3. Behavior for mice used in Figure 3 for CatFISH analysis. A) Experi-
mental design. B) Training behavior. 1) DIs were similar for locations A1 and A2 during train-
ing. 11) All groups showed similar levels of total exploration within each day of training. C)
Behavior during the update session epochs. 1) DIs were similar during Epoch 1, when all groups
were exposed to the training locations. During Epoch 2, mice given the update (U) preferred
the novel object location A, over the familiar location A, whereas No Update (NU) and New
Memory (NM) mice show a DI near zero, indicating no preference. ii) Total exploration was
similar for all groups during Epoch 1. During Epoch 2, mice in the New Memory group
(exposed to a new context and novel objects) showed significantly more exploration than mice
in the No Update or Update groups. Data are presented as mean SEM. *p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001.
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