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Age-related cognitive impairments are associated with differentially expressed genes (DEGs) linked to defined neural systems;
however, studies examining multiple regions of the hippocampus fail to find links between behavior and transcription in the
dentate gyrus (DG). We hypothesized that use of a task requiring intact DG function would emphasize molecular signals in
the DG associated with a decline in performance. We used a water maze beacon discrimination task to characterize young
and middle-age male F344 rats, followed by a spatial reference memory probe trial test. Middle-age rats showed increased
variability in discriminating two identical beacons. Use of an allocentric strategy and formation of a spatial reference memory
were not different between age groups; however, older animals compensated for impaired beacon discrimination through
greater reliance on spatial reference memory. mRNA sequencing of hippocampal subregions indicated DEGs in the DG of
middle-age rats, linked to synaptic function and neurogenesis, correlated with beacon discrimination performance, suggesting
that senescence of the DG underlies the impairment. Few genes correlated with spatial memory across age groups, with a
greater number in region CA1. Age-related CA1 DEGs, correlated with spatial memory, were linked to regulation of neural
activity. These results indicate that the beacon task is sensitive to impairment in middle age, and distinct gene profiles are
observed in neural circuits that underlie beacon discrimination performance and allocentric memory. The use of different
strategies in older animals and associated transcriptional profiles could provide an animal model for examining cognitive
reserve and neural compensation of aging.
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Significance Statement

Hippocampal subregions are thought to differentially contribute to memory. We took advantage of age-related variability in
performance on a water maze beacon task and next-generation sequencing to test the hypothesis that aging of the dentate
gyrus is linked to impaired beacon discrimination and compensatory use of allocentric memory. The dentate gyrus expressed
synaptic function and neurogenesis genes correlated with beacon discrimination in middle-age animals. Spatial reference
memory was associated with CA1 transcriptional correlates linked to regulation of neural activity and use of an allocentric
strategy. This is the first study examining transcriptomes of multiple hippocampal subregions to link age-related impairments
associated with discrimination of feature overlap and alternate response strategies to gene expression in specific hippocampal
subregions.

Introduction
Multiple brain regions exhibit similar transcriptional changes
related to aging (e.g., immune response and lysosomal processes
genes). In contrast, region-specific transcription is associated
with performance of cognitive tasks that depend on the corre-
sponding brain region (Prolla, 2002; Haberman et al., 2011;
Masser et al., 2014; Ianov et al., 2016, 2017). For studies that
examine the three main hippocampal subregions, impaired spa-
tial memory is associated with robust transcriptional differences
in regions CA1 and CA3 but limited differences in transcription
within the dentate gyrus (DG) (Haberman et al., 2011; Masser et
al., 2014; Ianov et al., 2017). The negligible correlation of DG
transcription with cognitive impairment is somewhat surprising,
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given marked DG changes that occur with age, including
decreased neurogenesis (Toda and Gage, 2018) and altered syn-
aptic function (Gray and Barnes, 2015). This may be because
studies exploring the relationship of transcription to cognitive
impairment have not emphasized cognitive processes that
depend on the DG (Ianov et al., 2017).

Experimental evidence supports a role for the DG in mini-
mizing interference between overlapping features, such as those
occurring in the same location or with perceptually similar
objects. Animals sustaining a DG lesion exhibit impaired per-
formance in a cheeseboard task, as demonstrated by lower accu-
racy to correctly identify a target object placed in close proximity
to a lure object (Gilbert et al., 2001). In mice, localized NMDA
receptor knock-out impairs the ability to distinguish two similar
contexts or two identical beacons on a water maze task (McHugh
et al., 2007; Bannerman et al., 2012; Taylor et al., 2013).

An age-related decline in the ability to distinguish objects as
feature overlap increases or discriminate between the locations
of two adjacent identical stimuli, often referred to a pattern sepa-
ration, has been well documented in both humans (Bakker et al.,
2008; Toner et al., 2009; Stark et al., 2010, 2013, 2015; Yassa et
al., 2011; Holden et al., 2012; Ly et al., 2013; Reagh et al., 2014,
2018; Baker et al., 2016; Clark et al., 2017; Huffman and Stark,
2017) and animal models (Burke et al., 2010, 2011; Creer et al.,
2010; Gracian et al., 2013; Wu et al., 2015; Johnson et al., 2016,
2017; Cès et al., 2018). Human functional imaging studies impli-
cate the DG/CA3 complex in the age-related decline in ability to
discriminate objects as feature overlap increases (Yassa et al.,
2011; Bakker et al., 2012; Reagh et al., 2018).

Impaired ability to discriminate objects as feature overlap
increases, associated with age, DG damage, or altered DG neuro-
genesis, can result in the use of different response strategies to
maximize reward. Aging canines exhibit difficulties when dis-
criminating between identical objects that are placed closer to-
gether but are still able to reach behavioral criteria (Snigdha et
al., 2017). The ability to reach behavioral criteria was related to
how quickly the animals acquired a new egocentric strategy to
compensate for the impairment. In the case of DG lesions, rats
were impaired in the ability to discriminate between adjacent
locations signaled by two identical stimuli; however, rats were
eventually able to acquire a spatial reference memory for the cor-
rect location (Gilbert et al., 2001; Morris et al., 2012). We
hypothesized that impaired ability to distinguish two identical
beacons on a water maze task will be measurable in middle-age
rats compared with young, and that worse performance at
middle-age will be associated with differential expression of
genes (DEGs) within the DG. For middle-age animals, impair-
ment was associated with age-related DEGs in the DG associated
with synaptic function and neurogenesis. In addition, use of spa-
tial reference memory in older animals, which were impaired for
beacon discrimination, was associated with CA1 genes previ-
ously linked to superior spatial memory in aged animals and the
use of an allocentric strategy.

Materials and Methods
Animals. Young (5months, n=22) and middle-age (12 months,

n=30) male Fisher 344 rats were obtained from the National Institute on
Aging via the University of Florida Animal Care and Service facility. All
rats were pair housed and maintained on a 12:12 h light cycle with ad libi-
tum food and water access. All experiments were conducted in accord-
ance with guidelines described by the US Public Health Service Policy on
Humane Care and Use of Laboratory Animals and were approved by the
University of Florida Institutional Animal Care and Use Committee.

Because of sex differences in behavioral pattern separation ability (Yagi et
al., 2016) and variability in neurogenesis, transcription, and synaptic plas-
ticity during the course of the rat estrus cycle (Crispino et al., 1999;
Foster, 2005; DiCarlo et al., 2017), the current study focused only on
male rats.

Apparatus. Behavioral experiments (Fig. 1A) were conducted in a
circular black pool ;169 cm in diameter. Water was maintained at 27°
C-29°C and a total depth of ;20 cm. The pool was located in a room
with uniform black surroundings. Spatial cues were only present during
spatial testing. The circular escape platform (;17.8 cm diameter) was
covered with a gray plastic mesh to facilitate gripping and was main-
tained 1 cm below the surface of the water. Beacons were comprised of
white polystyrene foam balls ;8 cm in diameter. The beacon above the
escape platform was positioned on a black metal rod emerging from the
center of the platform. The decoy beacon was positioned at a height
equal to that of the beacon over the platform on an identically colored
black rod that extended directly to the floor of the pool (Fig. 1B).

Cue discrimination training. Animals were allowed to habituate to
the colonies of the McKnight Brain Institute for 7 d before beginning be-
havioral experiments. First, rats underwent a series of cue trials designed
to train them to associate an escape platform with an overlying beacon
(Foster, 2012). Rats were placed in the pool to swim freely for 30 s, allow-
ing for habituation to the pool. Rats were then subjected to 5 blocks of
three trials each, with intertrial intervals of 20 s and interblock intervals
of ;15min. In each trial, rats were placed in one of four equally spaced
start positions (N, S, E, and W) and allowed up to 60 s to swim to an
escape platform with an overlying beacon. Rats were gently guided to
the platform if they were unable to find the platform within 60 s. Rats
remained on the platform for;20 s between trials. The positions of plat-
forms and start locations were different for every trial within a block and
were randomly determined in advance of the experiment. Between
blocks, animals were returned to a holding cage with a warming fan
placed near the cage.

Spatial discrimination testing. Forty-eight hours following cue test-
ing (Fig. 1), rats were behaviorally characterized on a modified version
of the beacon discrimination task as previously described (Bannerman et
al., 2012). During the 5 d of discrimination testing, rats were placed in
different positions within the perimeter of the pool containing two bea-
cons: one with an underlying platform and the other in a diametrically
opposite position of the pool with no underlying platform. Animals were
able to navigate to the correct beacon using visual spatial cues placed on
the walls around the pool. Each day of testing was comprised of two
blocks of four trials with each trial starting point occurring in a pseudo-
random sequence. Starting points occurred in one of six locations: two
equidistant between the two beacons, two adjacent to the beacon overly-
ing a platform (S1), and two adjacent to the decoy beacon with no
underlying platform. The S1 and S– start positions were 45° offset from
the equidistant points relative to the center of the pool (Fig. 1B). A
cohort of young (n=10) and middle-age (n= 14) rats were first tested on
the task with beacons separated by 73 cm. A second cohort of young
(n= 12) and middle-age (n=16) rats were tested with beacons separated
by 45 cm to allow assessments of increased task difficulty due to greater
stimulus proximity.

One day after the last beacon discrimination test, animals were
placed at a single equidistant start point in the pool and allowed to swim
freely for 60 s with both beacons and the platform removed, but with all
spatial cues unchanged, to determine whether animals had formed a spa-
tial reference memory of the platform location (Fig. 1).

Statistical analysis of behavioral data. Statistics were computed using
SPSS Statistics, version 26.0 (IBM). Data describing performance by day,
start point, or block (in the case of cue trials) were analyzed by mixed
ANOVA with within-subjects factors of day or start position and with
between-subjects factors of age or beacon separation where applicable.
Data from the first day of behavioral testing were excluded from analysis
to correct for the time required to train rats to adapt to a second beacon.
All post hoc tests were conducted with independent samples t tests with
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Bonferroni correction. For measures of spatial reference
memory, a discrimination index (DI) score was calcu-
lated for the probe trial using the formula: (time in goal
zone – time in decoy zone)/(time in goal zone1 time in
decoy zone). The goal and decoy zones were defined as
the circular areas within an 18 cm radius of the center of
the goal and decoy zones, respectively. For instances in
which Mauchly’s test of sphericity was significant,
Greenhouse-Geisser estimates of sphericity were used to
correct degrees of freedom. Significant statistical effects
and correlations were defined as those with p, 0.05.

Tissue collection. Four to five days following the con-
clusion of spatial testing, rats were run on an abridged
version of the discrimination task in which the positions
of the beacon and platform were shifted 90° from their
position during beacon discrimination testing (Fig. 1).
For these trials, each rat was placed at each equidistant
start point (relative to the new beacon positions) twice
for a total of four trials. Spatial cues for these tests
remained in the positions used in initial beacon discrimi-
nation testing. These trials were done to stimulate hippo-
campal transcription of genes relevant to performance of
the behavioral task. Approximately 1 h after concluding
the fourth trial, rats were briefly anesthetized with iso-
flurane (Patterson Veterinary) and swiftly decapitated.
The brains were then rapidly removed, and the hippocampi were dis-
sected according to previously described methods (Lein et al., 2004;
Zeier et al., 2011). The hippocampal regions DG, CA1, and CA3 were
separated, placed in plastic tubes, and flash-frozen in liquid nitrogen. All
samples were stored at�80°C until processed. Precision of the dissection
technique was verified by comparison of genes highly expressed in each
tissue of the present study to genes expected to be highly expressed in
each tissue based on data from the Allen Brain Atlas (Lein et al., 2007)
(Extended Data Figs. 1-1, 1-2, and 1-3).

RNA isolation. RNA isolation was performed according to methods pre-
viously described (Ianov et al., 2016; Barter et al., 2019) from subregions of a
hippocampus from a single hemisphere of each animal. Briefly, RNAwas iso-
lated using the RNeasy Lipid Tissue Mini kit (QIAGEN, catalog #74804).
Total RNA was treated with DNase using the RNase-Free DNase Set
(QIAGEN, catalog #79254). Concentration of total RNA was assessed using
the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, catalog
#ND-2000), and the RNA integrity number was quantified using the Agilent
2200 Tapestation system with High Sensitivity RNA Screen Tape (Agilent
Technologies). Mean RNA integrity number across all samples was 9.05
(SEM6 0.02) with values ranging from 8.2-9.3. Poly-A-selection for mRNA
was performed using 250ng of isolated total RNA in the Dynabeads mRNA
DIRECTMicro kit (Thermo Fisher Scientific, catalog #61021). External RNA
Controls Consortium (ERCC) RNA Spike-In Control Mixes were included
in all isolated mRNA samples (Thermo Fisher Scientific, catalog #4456740).

RNA sequencing. Library preparation was performed using the Ion
Total RNA-seq Kit version 2 (Thermo Fisher Scientific, catalog
#4475936). Ion Xpress barcodes (Thermo Fisher Scientific, catalog
#4475485) were included with libraries for multiplex sequencing. In sum-
mary, isolated mRNA was fragmented with RNase III then ligated to the
Ion Adapter Mix version 2. RNA samples were then reverse-transcribed.
cDNA from each biological replicate was uniquely barcoded and amplified
with 16 PCR cycles. Library concentration from each sample was quanti-
fied using the Qubit dsDNA HS Assay (Thermo Fisher Scientific, catalog
#Q32851). DNA fragment size distribution was subsequently evaluated
using High Sensitivity D1000 ScreenTape in the 2200 Tapestation system
(Agilent Technologies).

Templates were prepared using the Ion Chef system (Thermo Fisher
Scientific, catalog #4484177), and sequencing was performed using the
Ion Proton system (Thermo Fisher Scientific, catalog #4476610) or Ion
GeneStudio S5 system (Thermo Fisher Scientific, catalog #A38194). A
principle component analysis performed in the Partek Flow servers
(Partek), comparing counts normalized by the trimmed mean of M-

values method of all samples run on the Ion Proton System (n=45) with
all samples run on the Ion GeneStudio S5 system (n= 39), indicated no
systematic difference between the two sequencing devices (Extended
Data Fig. 1-4). Extended Data Fig. 1-5 lists the platform used to sequence
each individual sample. Two-tailed independent samples t tests demon-
strated no significant difference between the two sequencing platforms
between DI scores (p= 0.79) or average equidistant errors (p=0.13).
Two-sided Fisher’s exact tests demonstrated no significant difference
between platforms for age (p=0.38) or tissue type (p=0.76).

RNA sequencing analysis. ERCC analysis was performed with the
ERCC analysis plugin in Torrent Suite Software version 5.10.1 (Thermo
Fisher Scientific). All spiked samples had an R2 . 0.9. Ion Torrent and
Ion GeneStudio-derived reads were then aligned to the rattus norvegicus
genome (rn6) using STAR 2.5.3a in the Partek Flow servers (Partek).
Gene read counts were generated from Binary Alignment Map files and
annotated to the genome using Ensembl (version 92; Partek). Mean
number of reads across all samples was (in millions) 32.18 (6 0.37
SEM), ranging from 26.01 to 40.78. Reads from FASTQ files produced
by the Ion Torrent System were trimmed from both ends until all sam-
ples’ collective average Phred quality score was. 25. Reads , 25 bp
were also excluded. This yielded an average read length of 144.4 (6 1.5
SEM) bp and average count of 31.56 million reads (6 0.38 SEM) per
sample.

Gene filtering was performed according to our previously published
work (Blalock et al., 2003; Aenlle et al., 2009; Aenlle and Foster, 2010;
Zeier et al., 2011; Ianov et al., 2016, 2017; Barter et al., 2019). Briefly,
gene lists were filtered to exclude genes with an average count of �5
(averaged across all samples included in a comparison). Normalization
and pairwise differential expression analysis, including calculation of
false discovery rate (FDR), were conducted using the DESeq2 package
(version 3.5) for comparisons by age. A statistical filter was then applied
with a threshold of significance for DESeq2 pairwise analyses set at
p, 0.025 (age p value). This filtered list of genes was used for gene
enrichment clustering analysis for age effects and examining gene clus-
ters for age-related genes that correlated with behavioral measures in
middle-age animals (see below).

To assess the relationship of age-related differences in gene expres-
sion and cognitive performance, Spearman correlations were calculated
between normalized counts of gene expression for middle-age animals
within each brain region and either the average number of errors per
trial when beginning trials from the equidistant start points across all
days of testing or the DI score measured during the probe task. The cri-
terion for a significant correlation, limited to subjects in the middle-age
group, was set at p, 0.05, consistent with our previous work (Blalock et
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Figure 1. Spatial discrimination water maze beacon task experimental setup. A, Experimental timeline.
B, For beacon discrimination testing, animals were placed at one of six starting positions: two located near the
platform beacon (S1, red arrows), two located equidistant between the decoy and platform beacons (Equid,
black arrows), and two located near the decoy beacon (S–, blue arrows). Spatial cues, platform positions, and
beacon positions were unchanged through all days of beacon discrimination testing.
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al., 2003). An FDR was calculated for genes that passed both age and cor-
relation thresholds. Genes were ranked by the combined p value (p value
age � p value for behavioral correlation), and the FDR for each rank (qi)
was calculated by the formula qi = (p value agei � p value for behavioral
correlationi) � total genes examined/i). The Spearman correlation was
used, as it has been previously validated for differential correlation analy-
sis in sequencing data (Siska and Kechris, 2017), and there was no
assumption within the current study of a normal distribution for either
behavioral variable assessed. As genes whose expression is altered with
age are of primary interest in this study, only genes that met the signifi-
cance threshold for both age and correlation were reported. Multiple
regression analyses were performed in R (R Core Team, 2019).

Confidence in the significance of individual genes is low due to false
positives associated with multiple comparisons across all genes. Gene
enrichment analysis was performed under the assumption that changes
in biological processes with age or cognition would result in a shift in the
expression of clusters of genes related to the biological process (Ianov et
al., 2016). Gene enrichment and functional annotation clustering analysis
was conducted using the National Institutes of Health database for anno-
tation, visualization, and integrated discovery (DAVID, version 6.8)
(Huang et al., 2009) using Gene ontology (GO) for biological process, cel-
lular compartment, and molecular function in the “Direct” and “FAT” cat-
egories, in addition to Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. Benjamini FDR was set at p, 0.05 as a threshold for
cluster selection. For all functional annotation results, we reported signifi-
cant GO terms among cellular compartment, molecular function, and bio-
logical process categories for each annotation cluster. Significant KEGG
pathways were also reported. Separate functional cluster analyses were
performed for each brain region (DG, CA1, and CA3) for genes filtered
for age alone or age and behavioral measures. Analyses were further split
by direction of fold change (in the case of age effects) or correlation (in
the case of cognitive measures). All counts of filtered genes, including
those used in DESeq2 and correlation analyses, include only genes indexed
in DAVID. FASTQ files derived from RNA sequencing were submitted to
the National Center for Biotechnology Information’s Gene Expression
Omnibus under accession number GSE140420.

Results
Behavior
Cue discrimination training
Figure 1 illustrates the timeline of behavioral testing. Consistent
with previous work (Guidi et al., 2014), repeated-measures
ANOVA indicated an effect of training (F(4,192) = 17.83,
p, 0.001, h 2 = 0.27) and an effect of age (F(1,48) = 23.81,
p, 0.001, h 2 = 0.33) in the absence of an effect of cohort or any
interactions (Fig. 2A). Post hoc ANOVAs for each age group
indicated that both groups decreased their escape swim distance
with training (p, 0.001 in each case). All animals were able to
locate the escape platform within 1 min by the end of cue train-
ing. The absence of a cohort effect justified further comparisons
within cohorts tested at different beacon separations.

Beacon discrimination task
A repeated-measures ANOVA was conducted for the average
number of times animals visited the incorrect beacon per trial
(i.e., average errors), with between-subjects factors of age and
beacon separation and within-subjects factors of start position
and day of training. This analysis indicated main effects of train-
ing across days (F(2.6,122.4) = 8.00, p, 0.0001, h 2 = 0.14), due to
decreased errors with training, an effect of age (F(1,48) = 24.12,
p, 0.0001, h 2 = 0.33), due to more errors by older animals, and
an effect of beacon separation (F(1,48) = 47.10, p, 0.0001, h 2 =
0.50), due to increased errors among animals tested at 45 cm bea-
con separation. An interaction was observed for days of training

� age (F(2.6,122.4) = 3.38, p=0.03, h 2 = 0.066), due mainly to bet-
ter performance by younger animals on days 3 and 4 (Fig. 2B).
The results indicate that older animals exhibit poorer perform-
ance than young, regardless of beacon separation, that both age
groups increased accuracy over the course of training, and that
discrimination became more difficult as the beacons exhibited
less spatial separation.

A main effect was observed for start position (F(1.5,71.2) =
51.02, p, 0.0001, h 2 = 0.52), as well as an interaction of start
location and beacon separation (F(1.5,71.2) = 8.91, p=0.001, h 2 =
0.16) (Fig. 2C). The number of errors increased as the distance
between the escape platform and the start location increased
S– . equidistant. S1, indicating that the animals were likely to
initially choose the beacon closest to the start location. Finally,
post hoc tests for effects of beacon separation at each start posi-
tion indicated an increase in errors at the 45 cm separation rela-
tive to the 73 cm separation for trials starting from the
S– (p, 0.001) or equidistant point (p, 0.01).

Post hoc tests to localize age effects at each separation and
start position indicated that middle-age animals made more
errors than young when beginning at the equidistant start posi-
tion, whether tested at 45 cm (p, 0.01) or 73 cm (p, 0.001) sep-
aration, and when beginning trials at the S1 position at 73 cm
separation (p=0.02). Together, the results distinguish the equi-
distant start location as the most appropriate for detecting effects
of age and beacon separation on performance. This start position
also provides the most unbiased visual presentation of the two
beacons, making data from this position the most ideal for
assessing beacon discrimination performance.

Behavioral differences in middle-age animals could reflect
nonspecific motivational or sensorimotor deficits. For example,
age-related differences in the cue task are largely due to thigmo-
taxis, related to the initial stress of the water maze, and differen-
ces decrease with exposure to the pool (Foster, 2012; Guidi et al.,
2015). To determine whether the impairment in beacon discrimi-
nation was due to motivation or sensorimotor function, Pearson’s
correlations were conducted, within each age group for each
beacon separation, between the average number of errors made by
each animal at the equidistant starting point and the distance to
escape for the last block of cue discrimination training. The results
did not reveal a relationship between performance on the cue dis-
crimination task and beacon discrimination performance for ei-
ther age group at either beacon separation (young, 45 cm, r=0.16,
p=0.63; middle-age, 45 cm, r=0.21, p=0.43; young, 73 cm,
r=0.28, p=0.44; middle-age, 73 cm, r=0.41, p=0.15). The results
indicate that beacon discrimination performance is not likely due
to nonspecific sensorimotor deficits or motivational differences.
Finally, for animals trained in the 45 cm separation task, the num-
ber of equidistant errors increased following the shift in the bea-
cons, relative to the last day of training (F(1,26) = 11.25, p, 0.01,
h 2 = 0.3) in the absence of an age effect (p=0.41), indicating that
both age groups had learned to discriminate the beacon/location
(Extended Data Fig. 2-1).

Spatial reference memory assessment
One day after the last beacon discrimination test, a single probe
trial was conducted with the beacons and the platform removed to
determine whether animals had formed a spatial reference mem-
ory of the platform location. An examination of DI scores for the
reference memory probe trial indicated an effect of beacon separa-
tion (F(1,48) = 15.14, p, 0.0005, h 2 = 0.24), with higher DI scores
for the larger beacon separation, in the absence of an age effect
(Fig. 2D). In order to examine the relationship between beacon

Smith et al. · Hippocampal Subregion Transcriptomic Profiles J. Neurosci., June 17, 2020 • 40(25):4888–4899 • 4891

https://doi.org/10.1523/JNEUROSCI.2944-19.2020.f2-1


separation performance and the forma-
tion of a spatial reference memory, the
DI scores for each age group were corre-
lated with the average number of errors
for the equidistant starting location for
each beacon separation. The average
number of errors for the equidistant
starting position in the 45 cm beacon
separation task was positively correlated
with the DI score for middle-age ani-
mals, such that animals that exhibited
more errors discriminating the beacons
were more likely to use a reference mem-
ory (r2 = 0.52, p, 0.005; Fig. 2E). The
distribution of DI scores for young ani-
mals also suggests individual variability
in the use of an allocentric strategy.
However, in contrast to older animals,
the selection of an allocentric strategy
was not associated with beacon discrimi-
nation performance. A similar analysis
for the 73 cm beacon separation did not
indicate a relationship between beacon
discrimination and spatial reference
memory for either age group (data not
shown). The results suggest that, for the
larger interbeacon distance, animals were
more likely to rely on a spatial reference
memory strategy. In contrast, for the
smaller interbeacon distance, middle-age
animals that were impaired for beacon
discrimination were more likely to use a
spatial reference memory strategy, and
young animals performed well on the
beacon discrimination task regardless of
the strategy used.

Sequencing
Age-related transcriptomic changes
In order to examine the transcriptional
profile associated with age and beacon
discrimination performance, young and
middle-age animals behaviorally charac-
terized on the 45 cm task were examined
using next-generation sequencing for
gene expression in the three regions of
the hippocampus. A total of 2593 genes
were upregulated and 2821 were down-
regulated within the DG in middle-age
animals compared with young (p ,
0.025; FDR, 0.063). CA1 and CA3
exhibited relatively fewer differentially
expressed genes with age compared with the DG, with CA1 show-
ing 2149 genes upregulated and 2226 downregulated genes
(p, 0.025; FDR, 0.077), and CA3 showing 1952 genes upregu-
lated and 1847 downregulated with age (p, 0.025; FDR, 0.091)
(Fig. 3A,B). Extended Data Fig. 4-1 provides a full list of genes
showing significant differential expression with age as well as cor-
responding FDR-adjusted p values derived from DESeq2.

Functional enrichment analysis with DAVID identified a
number of genes clusters altered similarly across all hippocampal
subregions with age (Fig. 4A–C, Extended Data Fig. 4-2).
Upregulated gene clusters in all brain regions included

extracellular exosome (GO:0070062), RNA splicing (GO:0008380),
translational initiation (GO:0006413), response to endoplasmic
reticulum stress (GO:0034976), cellular component biogenesis
(GO:0044085), and chromosome organization (GO:0051276).
Clusters of downregulated genes within all brain regions included
glutamatergicsynapse (KEGG rno04724), axon part (GO:0033267),
postsynapse (GO:0098794), presynapse (GO:0098793), neuron part
(GO:0097458), synapse maturation (GO:0060074), cell death
(GO:0008219), regulation of catabolic process (GO:0009894),
CNS development (GO:0007417), transcription from RNA po-
lymerase II promoter (GO:0006366), and regulation of neuro-
nal synaptic plasticity (GO:0048168).
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Figure 2. Middle-age animals are impaired relative to young in beacon discrimination, but not spatial reference memory.
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training, despite impaired performance of middle-age animals compared with young. B, Average number of errors made per
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E, Relationship of beacon discrimination performance (average errors from the equidistant starting position for the 45 cm sepa-
ration) and spatial reference memory (DI score). Within middle-age animals, a significant correlation was noted between DI
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(Pearson’s r= 0.72, p= 0.002). Better reference memory was thus associated with worse beacon discrimination ability. Dotted
lines indicate the threshold for chance-level performance. Error bars indicate SEM. *p, 0.05. **p, 0.01. ***p, 0.001.
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Within the DG, clusters with the lowest p values for genes up-
regulated with age included cellular localization (GO:0051641),
RNA metabolic process (GO:0016070), spliceosomal complex
(GO:0005681), and centrosome (GO:0005813) (Fig. 4A). The
most significant clusters of downregulated genes in the DG
included nervous system development (GO:0007399), regulation
of signaling (GO:0023051), neuron part (GO:0097458), synapse
(GO:0045202), glutamatergic synapse (KEGG rno04724), and
protein modification process (GO:0036211) (Fig. 4A, Extended
Data Fig. 4-3). These results are consistent with studies describ-
ing a reduction in neurogenesis and synapse number in the DG
with age. Extended Data Figs. 4-4, 4-5, and 4-6 provide examples
of the distribution of a selection of genes from the DG, CA1, and
CA3, respectively, which were differentially regulated with age,
and associated with significant GO terms.

Cognition-related transcriptomic changes
As noted above, the average errors for the equidistant start loca-
tion (equidistant average errors) was the most sensitive and
conceptually appropriate for detecting beacon discrimination
deficits in middle-age animals. Because of the lack of variability
in equidistant average errors for young animals, analysis of the
relationship between gene expression and discrimination behav-
ior on the 45 cm beacon separation task was limited to middle-
age animals. Spearman’s correlations were used to examine the
relationship of equidistant average errors and expression of genes
that differed across age groups. From the list of DEGs that were
different with age in the DG, 329 genes were positively correlated
with equidistant errors and 539 genes were negatively correlated
with equidistant errors. CA1 expressed 69 and 77 genes posi-
tively and negatively correlated with errors, respectively, that
were also significantly altered with age. Finally, CA3 showed 51
and 76 genes that were altered with age and exhibited a positive
and negative correlation with errors, respectively (Fig. 5A). Cluster
enrichment analysis indicated that DG genes, which were differen-
tially expressed with age and negatively correlated with errors (i.e.,
increasing expression with better performance), included synapse
part (GO:0044456), synaptic signaling (GO:0099536), nervous sys-
tem development (GO:0007399), and neurogenesis (GO:0022008)
(Fig. 5B). Unabridged lists of these clusters are provided in
Extended Data Fig. 5-1, and a full list of individual genes with sig-
nificant correlations to errors, along with FDR-adjusted p values is
provided in Extended Data Fig. 5-2. Figure 6 provides representa-
tive plots of DG synaptic or neurogenesis genes that were signifi-
cantly different with age and negatively correlated with beacon
discrimination errors.

The use of an allocentric strategy, as
measured by the probe trial DI scores,
exhibited large variability regardless of
age and was not different across age
groups. To examine the possibility that
the DI score was associated with similar
gene expression across age groups, we
performed multiple regression analysis
to control for age. We filtered the genes
such that they exhibited an overall sig-
nificance (p, 0.05) for the multiple
regression, a significant (p , 0.05) cor-
relation with the DI scores, and were
not different by age (p. 0.05). CA1
exhibited the most genes positively (73)
and negatively (74) correlated with the
DI score, followed by the DG (46 posi-
tively and 53 negatively correlated), then

CA3 (38 positively and 35 negatively correlated). Examination of
enrichment clustering was null for each region. However, several
of the CA1 genes that negatively (Wdr5, Med20, Sel1l3, Igfbp6,
Thsd7b, Recql5, Olfm2, Atp2b4, Fxyd6) or positively (Ppp3ca,
Cyp1b1, Ythdc1, Arhgef37, Cdo1, Tac1, Grm8) correlated with
the DI scores have previously been reported to decrease or
increase expression, respectively, in CA1 of aged animals with
intact spatial reference memory, compared with older memory
impaired animals (Rowe et al., 2007; Masser et al., 2014; Ianov
et al., 2017).

To determine whether the DI score, a measure of the use of
an allocentric strategy, was linked to CA1 genes that change with
age, we used the list of genes that were different with age to
examine the relationship between gene expression and DI scores
in middle-age animals. For CA1, 54 and 77 genes that were dif-
ferent with age exhibited a positive or negative correlation with
the DI scores, respectively, in middle-age animals. Gene cluster-
ing indicated no enrichment of positively correlated genes,
and negatively correlated genes exhibited clusters of neuronal
genes, including genes for voltage-gated cation channel activity
(GO:0022843). Interestingly, Fos, which has previously been
reported to decrease in regions CA1 of animals that preferentially
use an allocentric strategy (Fouquet et al., 2013; Yagi et al., 2016),
was negatively correlated with DI scores. Figure 7 depicts repre-
sentative plots of individuals genes altered with age and corre-
lated with DI score within CA1. A full list of genes that were
differentially expressed with age and exhibited a significant cor-
relation to DI score within CA1, including FDR-adjusted p val-
ues, is provided in Extended Data Fig. 7-1. The results are
consistent with previous work indicating that successful forma-
tion of a spatial reference memory does not result in the same
pattern of gene expression in young and older animals, and sug-
gest that some gene changes represent compensation to maintain
function of CA1.

Discussion
For studies examining multiple hippocampal subregions, little
correlation is observed between DG gene expression and hippo-
campal-dependent spatial memory. Rather, an age-related
decline in spatial memory is associated with transcription in
regions CA1 and CA3 (Haberman et al., 2011; Masser et al.,
2014; Ianov et al., 2017). The lack of DG transcriptional corre-
lates may be due to the use of tasks that do not emphasize cogni-
tive processes that depend on the DG (Ianov et al., 2017).
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Impaired DG function is thought to contribute to an age-
related decline in the ability to perform pattern separation
tasks, observed as an impairment in the ability to distinguish
objects as feature overlap increases or discriminate between
the locations of two identical stimuli as the distance between
objects is diminished, in humans (Bakker et al., 2008; Yassa et
al., 2011; Holden et al., 2012; Reagh et al., 2018) and animal
models (Creer et al., 2010; Burke et al., 2011; Gracian et al.,
2013; Gray and Barnes, 2015; Wu et al., 2015; Johnson et al.,
2016, 2017; Cès et al., 2018).

Similar to aging, DG lesions, decreased neurogenesis, or dis-
ruption of DG synaptic function is associated with impairment
on pattern separation tasks (Gilbert et al., 2001; McHugh et al.,
2007; Hunsaker et al., 2008; Clelland et al., 2009; Bannerman et
al., 2012; Morris et al., 2012; Taylor et al., 2013). In contrast, the
role of the DG and neurogenesis in spatial reference memory is
more nuanced (Xavier et al., 1999; Bizon et al., 2004; McHugh et
al., 2007; Epp and Galea, 2009; Bannerman et al., 2012; Morris et
al., 2012; Taylor et al., 2013; Barha et al., 2015; Coradazzi et al.,
2016).
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Animals can use a variety of cognitive strategies, associated
with different brain networks, to solve tasks. Moreover, different
cognitive strategies and associated brain networks may be used
to compensate for deficits associated with senescence or pathol-
ogy of a particular network (Steffener and Stern, 2012). Animals
with impaired ability to distinguish objects as feature overlap
increases or discriminate between the locations of two identical
stimuli as the distance between objects is diminished can use
cue-response or allocentric strategies to locate goals (Costa et al.,
2005; Morris et al., 2012; Bannerman et al., 2014). For example,
aged or lesioned animals, impaired in the ability to distinguish
similar objects, shift egocentric strategies and exhibit response
bias as feature overlap increases (Snigdha et al., 2017; Burke et
al., 2018). In addition, animals can use an allocentric strategy
to compensate for impaired ability to discriminate between
adjacent locations (Gilbert et al., 2001; Morris et al., 2012;
Bannerman et al., 2014). For S1 and S– start positions, animals
typically choose the closest beacon, indicating an egocentric or
cue-response strategy. For the equidistant start locations, errors
increased as the distance between the cues decreased, and errors
increased with age, confirming that deficits emerge by middle
age (Huxter et al., 2012; Stark et al., 2013). Probe trials indicated
that, when the beacons were far apart, animals exhibited an allo-
centric strategy and formation of a spatial reference memory.
For the 45 cm beacon separation, probe trial data indicated that
middle-age animals with increased errors were more likely to use

an allocentric strategy, concentrating their search on the spatial
location. In contrast, animals with fewer equidistant errors
exhibited search behavior that was not focused on the spatial
location, indicating that they relied on cue-response behavior to
discriminate the beacons.

Differences in gene expression suggest that impaired beacon
discrimination results from senescence within the task-related
network, specifically the DG. Although most studies focus on
young and aged animals, previous research indicates large
changes in expression in the hippocampus and in the DG
between young adult and middle-age (Blalock et al., 2003; Ianov
et al., 2017). Furthermore, the DG exhibits several neurobiologi-
cal changes by middle-age (Dieguez and Barea-Rodriguez, 2004;
Twarkowski and Manahan-Vaughan, 2016; McGuiness et al.,
2017). In particular, neurogenesis declines in middle-age (Seki
and Arai, 1995; Lichtenwalner et al., 2001; Bizon and Gallagher,
2003; Bondolfi et al., 2004; Driscoll et al., 2006; Kronenberg et
al., 2006; McGuiness et al., 2017). The current study supports the
idea that the number of genes correlated with behavior is
increased by examining brain networks that contribute to the
specific behavior, including medial prefrontal cortex genes and
impaired executive function (Ianov et al., 2016), and region CA1
genes and impaired spatial memory (Masser et al., 2014; Ianov et
al., 2017). Thus, the gene differences likely represent neurobio-
logical processes that are changing with age and contribute to
impaired function of the circuit.

In agreement with previous studies (Burger et al., 2008;
Masser et al., 2014; Ianov et al., 2016), we observed upregulation
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Figure 6. Examples of DG genes that are differentially expressed with age and significantly correlated with equidistant average errors in middle-age animals. Each gene depicted shows
decreased expression in animals with worse beacon discrimination performance. For plots of age differences, data in the y axes reflect the z distributions of normalized gene counts within both
young and middle-age animals. For plots depicting correlations for middle-age animals, the y axes reflect the z distributions of normalized gene counts for middle-age animals only. In correla-
tion figures, the x axes represent the z distributions of average equidistant errors within middle-age animals only. Each gene depicted shows decreased expression in animals with worse beacon
discrimination performance. A, B, Genes from the synapse part (GO:0044456). C–F, Genes associated with neurogenesis (GO:0022008).
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of immune (Apobec1, B2m, Cd4b, Cd74, Fcer1g, Fcgr2b, Lrrc17,
Lyv, Msh2, RT1-Da, RT1-Db1, RT1-Ba, Serpinbp, Syk) and lyso-
somal genes (Cd74, Ctss, Myo5a, Pon2, Rab14, RT1-Da, RT1-
Db1, RT1-Ba) in the DG of older animals. Importantly, immune
response genes did not correlate with beacon discrimination per-
formance. While cognitive impairment may be related to physio-
logical changes associated with neuroinflammation, the results
are consistent with the observation that immune response genes
do not predict cognitive impairment (Haberman et al., 2011;
Masser et al., 2014; Ianov et al., 2017).

Beacon discrimination impairment was associated with a
decrease in DG synaptic genes, consistent with age-related
changes in DG afferents and synaptic plasticity (Gray and
Barnes, 2015) and studies indicating that impaired DG synptic
function contributes to impaired pattern separation behavior
(McHugh et al., 2007; Bannerman et al., 2014; Kannangara et al.,
2015). The decrease in synaptic genes is also consistent with
decreased neurogenesis (Chatzi et al., 2016). Aging is character-
ized by delayed maturation of new DG neurons and a decline in
total new neurons (Bizon et al., 2004; Speisman et al., 2013;
McGuiness et al., 2017; Toda and Gage, 2018). In turn, decreased
neurogenesis has been linked to impaired pattern separation
behavior (Clelland et al., 2009; Aimone et al., 2011; Sahay et al.,
2011; Toda and Gage, 2018).

The role of neurogenesis in spatial memory is unclear (Shors
et al., 2002), with several studies indicating no relationship, or
decreased neurogenesis associated with increased use of an allo-
centric strategy (Bizon et al., 2004; Epp and Galea, 2009; Barha et

al., 2015; Coradazzi et al., 2016). For the 45 cm beacon separa-
tion, both age groups exibited similar variability in the DI score
for the probe trial. When both age groups were examined to-
gether, few genes were correlated with the DI score, consistent
with work indicating that spatial memory behavior does not
result in the same pattern of gene expression in young and older
animals (Burger, 2010). Interestingly, within a multiple regres-
sion model controlling for age, CA1 exhibited the most genes
whose expression correlated to DI score, including several that
have previously been reported to differentiate age-impaired and
aged-unimpaired for spatial memory, including genes for regu-
lating neural activity. These cognition-related genes may repre-
sent an attempt by CA1 neurons to compensate for senescent
changes (Ianov et al., 2017; Foster, 2019). Interestingly, Fos was
negatively correlated with DI scores for middle-age animals (i.e.,
decreased expression in animals that used an allocentric strategy).
The results support work demonstrating reduced c-fos expression
in region CA1 of animals that preferentially use an allocentric
strategy (Fouquet et al., 2013; Yagi et al., 2016). Finally, it is likely
that genes and gene clusters were missed due to the stringency of
analysis. Other studies have observed differences when comparing
age-impaired or age-unimpaired with each other, regardless of
whether the genes were different with age (Haberman et al., 2011;
Masser et al., 2014; Ianov et al., 2017).

Together, these results indicate the beacon task is sensitive
to age-related cognitive impairment as early as middle-age.
Different response strategies used to solve the task were related
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Figure 7. Examples of CA1 genes that are differentially expressed with age and significantly correlated with DI score in middle-age animals. For plots of age differences, data in the y axes
reflect the z distributions of normalized gene counts within both young and middle-age animals. For plots depicting correlations for middle-age animals, the y axes reflect the z distributions of
normalized gene counts for middle-age animals only. In correlation figures, the x axes represent the z distributions of DI scores within middle-age animals only. Animals with better reference
memory performance, reflected by greater DI score, showed increased expression of Syt6 (A), Mr1 (B), and Cyb5d2 (C); and decreased expression of Fos (D), Hcn4 (E), and Kcnj14 (F). A full list
of genes showing a significant correlation to DI score is provided in Extended data Figure 7-1.
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to distinct profiles of gene expression in different hippocampal
subfields. The use of different strategies and associated transcrip-
tional profiles may represent examples of cognitive reserve and
neural compensation (Stern et al., 2019). Cognitive reserve has
been described as an ability to flexibly and efficiently use the best
strategies to perform a task, particularly in the face of brain aging
or pathology. The variability in beacon discrimination errors
associated with strategy selection aligns with human studies that
indicate impairment in a specific cognitive domain limits the
strategy repertoire, contributing to variance in performance
(Hodzik and Lemaire, 2011; Barulli et al., 2013). In turn, impair-
ment within a cognitive domain may result from pathology or
senescence within the task-related network. Imaging studies in
humans implicate the DG/CA3 network in the age-related
decline in object pattern separation (Reagh et al., 2018). The cur-
rent study indicates that disruption of the network for efficient
beacon discrimination involves altered molecular signals for neu-
rogenesis and synaptic function in the DG, and the shift to an
allocentric strategy may involve neural compensation in other
hippocampal regions. Future studies should examine gene
expression in relation to treatments that regulate neurogenesis
and synaptic plasticity in the DG and the ability to distinguish
objects as feature overlap increases or discriminate between the
locations of two adjacent identical stimuli (Bekinschtein et al.,
2011).
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