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Abstract

Age-related cognitive decline is related to cellular and systems-level disruptions across multiple brain regions.
Because age-related cellular changes within different structures do not show the same patterns of dysfunction, inter-
ventions aimed at optimizing function of large-scale brain networks may show greater efficacy at improving cognitive
outcomes in older adults than traditional pharmacotherapies. The current study aimed to leverage a preclinical rat
model of aging to determine whether cognitive training in young and aged male rats with a computerized paired-as-
sociates learning (PAL) task resulted in changes in global resting-state functional connectivity. Moreover, seed-based
functional connectivity was used to examine resting state connectivity of cortical areas involved in object-location as-
sociative memory and vulnerable in old age, namely the medial temporal lobe (MTL; hippocampal cortex and perirhi-
nal cortex), retrosplenial cortex (RSC), and frontal cortical areas (prelimbic and infralimbic cortices). There was an
age-related increase in global functional connectivity between baseline and post-training resting state scans in aged,
cognitively trained rats. This change in connectivity following cognitive training was not observed in young animals,
or rats that traversed a track for a reward between scan sessions. Relatedly, an increase in connectivity between
perirhinal and prelimbic cortices, as well as reduced reciprocal connectivity within the RSC, was found in aged rats
that underwent cognitive training, but not the other groups. Subnetwork activation was associated with task perform-
ance across age groups. Greater global functional connectivity and connectivity between task-relevant brain regions
may elucidate compensatory mechanisms that can be engaged by cognitive training.

Key words: associative memory; cognitive aging; cognitive training; functional connectivity; graph theory; medial
temporal lobe

Significance Statement

Cognitive impairments in advanced age have been linked to reduced resting state functional connectivity in
humans and rats. Resting state functional connectivity is typically examined at a single time point. Thus, lit-
tle is known regarding the robust versus adaptive properties of these networks in old age. The current study
reports longitudinal changes in global connectivity as well as connectivity involving the medial temporal,
frontal, and retrosplenial (RSC) cortices in aged rats that were trained on a rodent touchscreen version of
the paired-associates learning (PAL) task. This work is significant because it shows that the functional orga-
nization of brain networks in aged rats is adaptive, and this could be leveraged to design behavioral thera-
pies for improving cognitive function in old age.
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Introduction
Advanced age is associated with neurobiological altera-

tions within the frontal cortices (Barense et al., 2002;
Cabeza et al., 2004; Bañuelos et al., 2014) and medial
temporal lobe (MTL; Rosenzweig and Barnes, 2003; Burke
et al., 2018). Because specific cellular changes within dis-
tinct subregions of the frontal-MTL network are not uni-
form, targeted interventions that restore function in one
brain region may neglect or exacerbate dysfunction in an-
other, hindering the restoration of normal cognition. Thus,
interventions aimed at optimizing network function may
be more effective at improving cognitive outcomes in
older adults. The development of therapeutic strategies
for enhancing network function, however, is impeded by a
lack of understanding of how neurobiological changes at
the cellular level, identified from invasive studies in animals,
influence the organization of functional brain networks ex-
amined in humans. Inferring resting state functional con-
nectivity from correlated or anti-correlated regional BOLD
fluctuations across the rodent lifespan (Ash et al., 2016;
Colon-Perez et al., 2019; Liang et al., 2020) can facilitate
linking cellular changes derived from invasive studies to
large-scale brain network organization (Colon-Perez et al.,
2019; Xu et al., 2022) across species.
Tests of associative learning and memory are poten-

tially valuable for understanding the link between cellular
dysfunction and functional connectome organization in
the context of cognitive aging, as these behaviors are
known to engage distributed neural networks (Glisky et
al., 1995; Moscovitch and Winocur, 1995; Buckner, 2004).
In animal models, recognition of object-place associa-
tions requires functional connectivity between frontal and
MTL regions, including the hippocampus and perirhinal
cortex (Barker and Warburton, 2015). Moreover, acquisi-
tion of object-place associations requires frontal and MTL
regions (J. Kim et al., 2011; Hernandez et al., 2017). Both
the acquisition of object-place associations (Hernandez
et al., 2015, 2019) and functional connectivity between

frontal-MTL networks that support this behavior are known
to be disrupted in advanced age (Hernandez et al., 2018,
2020b). Frontal-MTL connectivity is also mediated by the
retrosplenial cortex (RSC; Kaboodvand et al., 2018), which
is a hub of the default mode network in both humans
(Kaboodvand et al., 2018) and rats (Hsu et al., 2016).
Relatedly, age-related cognitive deficits are associated
with lower RSC-hippocampus functional connectivity in
aged humans (Ziontz et al., 2021). In rats, lower functional
connectivity between the RSC and sensorimotor cortex,
posterior parietal/secondary visual cortex, and dorsal au-
ditory/temporal association cortex with age is associated
with worse performance on the Morris watermaze (Ash et
al., 2016; Nasrallah et al., 2016). Tasks used for assessing
associative learning and memory in rodents and humans,
however, have traditionally used cognitive testing proce-
dures that are not comparable. For example, rodents are
often tested in large mazes with three-dimensional stimuli
while humans are tested on computers with images.
Operant touchscreen cognitive testing in rodents allows

preclinical researchers to develop, expand, and validate
rodent models (Talpos et al., 2009; Bartko et al., 2011; C.
H. Kim et al., 2015; J. Kim et al., 2016) with behavioral
tasks that are more homologous to those performed in
clinical human studies (Horner et al., 2013). The paired-
associates learning (PAL) task is a computerized task that
has been adapted from humans [human task developed as
part of the Cambridge Neuropsychological Test Automated
Battery (CANTAB) battery] for testing visuospatial ob-
ject-location associative learning and memory in ro-
dents. PAL task performance declines with age in both
humans (Robbins et al., 1994; Lee et al., 2013) as well
as rats (Smith et al., 2022), and is sensitive to detecting
impairment in older adults with early-stage Alzheimer’s
disease (Egerházi et al., 2007). While PAL is potentially a
useful translational tool for understanding neurobiological
aging, it is not known the extent to which performance on
this task is related to brain network organization in ro-
dents. Thus, the current study examined PAL acquisition
in young and aged rats to determine the extent that cogni-
tive training and performance on this task was associated
with changes in global resting state functional connectiv-
ity as well as functional connectivity between the MTL
(perirhinal cortex and hippocampus), RSC, and frontal
cortical areas (infralimbic and prelimbic cortices).

Materials and Methods
Subjects and handling
A total of 17 young adult (fourmonths old) and 20 aged

(22–28months old) male Fischer 344 � Brown Norway F1
hybrid rats (NIA colony) were used for this study. Twelve
young and 12 aged rats underwent cognitive training. An
additional five young and eight aged rats were trained to
traverse a track for a food reward but did not undergo
cognitive training. This group was also scanned longitudinally
at a similar interval as the cognitively trained animals, was
similarly food restricted, received palatable food rewards for
traversing a track, and was considered the activity-matched
control group. Because of the lack of availability of female
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rats of this strain at the time of these experiments, sex as a bi-
ological variable could not be considered.
Rats were single-housed in standard Plexiglas cages

and maintained on a 12-h reverse light/dark cycle (lights off
at 8 A.M.). All rodent handling, feeding, and behavior was
conducted during the dark phase, 5–7d per week at ap-
proximately the same time each day. Upon arrival, rats
were given one week of acclimatization to the facility. They
were then placed on food restriction to induce appetitive
motivation before behavioral testing. The diet consisted of
moist chow (standard rat maintenance diet, Purina, and
water 1:1 ratio). Throughout training and testing, rats were
weighed daily to ensure they maintained a target weight
between 80–85% of their normal baseline weight (i.e., the
weight at which they have a body condition score, or BCS,
of 3). Rats also underwent weekly health screens to ensure
their BCS did not drop below 2.5 and that they did not ac-
quire tumors or other physical impairments. BCS for each
rat were assigned by assessing palpable fat deposits over
the lumbar vertebrae and pelvic bones (Ullman-Culleré and
Foltz, 1999; Hickman and Swan, 2010). Water was pro-
vided ad libitum. All experimental procedures were per-
formed in accordance with National Institutes of Health
guidelines and were approved by Institutional Animal Care
and Use Committees at the University of Florida.

Cognitive training apparatus
All training and experimental procedures were conducted

in eight rodent touchscreen operant chambers (Bussey-
Saksida Rat Touchscreen Chamber, Lafayette Instruments)
and ABET II software for touchscreens was used for experi-
mental control and data recording (Lafayette Instruments).
Each touchscreen chamber (21.6� 17.8� 12.7cm) was
housed within a sound-attenuating box (Med Associates
Inc.) and consisted of a touchscreen monitor (15.0-inch,
screen resolution 1024� 768), fan (providing ventilation and
white noise), stainless steel grid floor, tone generator, house
light (LED), magazine unit (with light and infrared beam to
detect entries), and reward dispenser. Liquid reward (Ensure
Light Vanilla) was used. The inner chambers were com-
posed of three black plastic walls, trapezoidal in shape to
help guide the focus of the animal toward the touchscreen
and reward delivery area. A black Perspex “mask” (h 38�
28cm) was placed over the touchscreen monitor with three
response windows (h 15� 6cm) cut into it. Response win-
dows were 1.5cm apart, while the outer response windows
were 4.5cm from the edge of the mask. Attached at a 90°
angle 16cm above the stainless-steel grid floor was a
spring-hinged “shelf” (d 6cm, w 20.5cm). The positioning of
the shelf required rats to stop and rear up toward the screen
to explicitly facilitate attention toward touchscreen stimuli.
All touchscreen procedures including presentation of
stimuli and data collection were performed using the
ABET II Touchscreen software (Lafayette Instrument
Co) and WhiskerServer interface (Cambridge University
Technical Services Ltd.) installed on a Windows PC.

Shaping and behavioral procedures
Rats were initially shaped to use the touchscreen

through five incremental training stages: Magazine, Any

Touch, Must Touch, Must Initiate, and Punish Incorrect.
Rats were first introduced to the touchscreen chamber
through magazine training, in which nose poking the mag-
azine opening elicited 50 ml of the liquid Ensure reward to
be dispensed. Rats were trained to associate the liquid re-
ward with a tone until they reliably completed 100 trials in
45min. The screen remained inactive during this stage.
Criterion for all subsequent stages of shaping required
rats to complete 80 trials in 45min.
During the Any Touch stage, rats were shaped to en-

gage with the touchscreen and offered a food reward for
touching any white square presented on the stimulus win-
dows of the screen. Upon encountering difficulties getting
aged rats to consistently engage with the touchscreen dur-
ing the Any Touch stage, a modified shaping paradigm was
adapted to include three additional stages which took place
after Magazine training: Any Touch Fullscreen, Any Touch
Progressive, and Any Touch Shelf. These stages were de-
veloped to gradually direct the rat’s attention to the portion
of the screen where the stimuli would later be presented,
and to introduce the rat to the shelf to assist with rearing to
approach the presented stimuli. These stages are discussed
in detail in a previous paper (Smith et al., 2022).
Upon completion of Any Touch, rats progressed to the

Must Touch stage. Unlike the previous stage of shaping,
only one white square was illuminated per trial. The rat
was required to select the white square to receive a re-
ward. Touches to the blank panels were not rewarded in
this stage of shaping. To prevent the development of a
side bias, the location of the illuminated panel was pseu-
do-randomized. The next stage in shaping, Must Initiate,
added a required nose poke of the feeder to initiate a new
trial. The final stage of shaping, Punish Incorrect, intro-
duced a time out period for nose poking a blank panel in
which the house light was illuminated for 10 s before a
new trial could be initiated.

Paired-associates learning (PAL)
The PAL task consists of presentation of three possible

“object” stimuli (O1, O2, O3) in three possible locations
(L1, L2, L3; Fig. 1A). Each of the three stimuli were as-
signed to a unique location in one of the three panels,
which was considered its “correct” location. During each
trial, two stimuli were presented simultaneously in two of
the three possible locations. One stimulus was presented in
its correct location (S1), whereas the other stimulus was pre-
sented in an incorrect location (S�). There were six possible
trial types: (1) S1 = L1O1, S� = L2O3; (2) S1 = L1O1, S� =
L3O2; (3) S1 = L2O2, S� = L1O3; (4) S1 = L2O2, S� =
L3O1; (5) S1 = L3O3, S� = L1O2; (6) S1 = L3O3, S� =
L2O1, as shown in Figure 1A. Trials were pseudo-random-
ized to ensure that no specific trial type was presented con-
secutively more than three times. During the first several days
of PAL testing, rats completed the PAL task with correction
trials to gain familiarity with the behavioral stimuli before test-
ing. During the PAL acquisition phase, responses to the in-
correct stimulus (S�) were ignored and the rat was able to
continue responding until the target stimulus was selected
(S1), which was then treated as a correct response and re-
warded. Selection of the correct stimulus was followed by an
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intertrial interval (ITI) of 10 s. After rats reached criterion of two
consecutive days of 90 completed trials or 180 trials total of
PAL acquisition with correction trials, they proceeded to the
regular PAL testing, in which selection of an incorrect object-
location pairing (S�) was followed by no food reward and a
10-s time out during which the stimuli were removed from the
screen and the house light turned on. Testing continued until
a criterion of 80% correct and 80 trials across 3 d wasmet.

Activity-matched controls
A group of control rats that did not undergo cognitive

training with PAL were also examined. In this second group
of rats, animals were first food restricted as described
above. They were then shaped to traverse a circular track
(outer diameter: 115cm, inner diameter: 88cm) for Froot
Loop reward for ;30–45min each day to match the dura-
tion of PAL testing. Rats completed 32 laps around the cir-
cular track per day. Walking on the track occurred daily at
approximately the same time. For control rats, imaging ses-
sions were completed on days 11 and 27 of track running.

Functional magnetic resonance imaging
Each rat underwent two fMRI sessions. For rats that

completed cognitive training, the first scan was acquired
after all shaping procedures had been completed, follow-
ing punish incorrect and before the PAL acquisition
phase. The second imaging session was acquired after
each rat met criteria on the PAL task. Because young rats
reached criterion performance in fewer days than did the
aged rats (Smith et al., 2022), they would continue testing
on the touchscreens until they could be scanned with a
group of aged rats and the MRI became available. On

average there were 69.9 d between scans for the young
rats and 74.9 d between scans for the aged rats, which
was not statistically different (t(20) = 0.68, p=0.50). During
both sessions, rats were subject to similar food restriction
and handling procedures.
At both scanning sessions, rats were imaged under iso-

flurane (1.5%) sedation (delivered in 70% N2/30% O2 at
0.1 l/min via inhalation). Despite vasodilation and sup-
pression of neural activity, inhalation anesthetic agents,
such as isoflurane, are preferred over intravenous inject-
able anesthetic agents in longitudinal fMRI studies be-
cause of fast recovery, lower mortality, and easier control
of sedative levels in the blood (Masamoto et al., 2007;
Williams et al., 2010). BOLD activation patterns have been
successfully measured with low levels of anesthetics in
animals (Masamoto et al., 2007; Kannurpatti et al., 2008;
T. Kim et al., 2010; Williams et al., 2010) and humans
(Riehl et al., 2018). Longitudinal rsfMRI studies have also
been completed in which functional connectivity changes
were measured in sedated rodents after cognitive training
with a learning and memory task (Ash et al., 2016; Nasrallah
et al., 2016; Colon-Perez et al., 2019). For the present study,
isoflurane levels were kept below 2% during functional
imaging to limit dose-dependent vasodilation. Thus, seda-
tion was initially induced with 3–4% isoflurane, but then low-
ered and fixed at 1.5% for the duration of the experiment.
Spontaneous breathing was monitored throughout MRI ac-
quisition and maintained between 30–50 average breaths
per minute (SA Instruments). A warmwater recirculation sys-
temwas used to maintain body temperature at 37–38°C.
Resting state fMRI data were collected with a 4.7/33-

cm horizontal Tesla magnet (Magnex Scientific) using an
11.5-cm diameter gradient insert (Resonance Research,

Figure 1. PAL touchscreen task shaping and training timeline and behavioral performance across age groups. A, PAL stimuli and
the six different trial types. Green square indicates the correct stimulus. B, Timeline depicting shaping and training protocol for PAL
task. C, Bar graph depicting total incorrect trials to PAL criterion across age groups. Independent-samples t test revealed that aged
rats made significantly more errors compared with young rats (t(20) = 2.34, p=0.03). D, Bar graph depicting PAL percent accuracy
on the final testing day across age groups. There was not a significant difference in PAL percent accuracy between age groups
(t(13.33) = �0.18, p=0.86). Error bars indicate 61 standard error of the mean (SEM).
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Billerca, MA; 670mT/m maximum gradient strength at
300 A and 120-ms rise time) and controlled using VnmrJ
3.1 console software (Agilent). A 38-mm quadrature trans-
mit/receive radio frequency (RF) coil tuned to 200.6 MHz1H
resonance was used for B1 field excitation and RF signal
detection (aimri; LLC). Images were acquired using a two-
shot spin echo echoplanar imaging (or EPI) sequence with
the following parameters: TR/TE=1000/50ms and 300 rep-
etitions for a total acquisition time of ;10min (an image
was acquired every 2 s), FOV=32.5� 32.5 mm2, 12 slices
1.5 mm thick, and data matrix=64� 64. Anatomical scans
for imaging overlay and reference-to-atlas registration were
collected using a fast spin echo sequencewith the following
parameters: TR/TEeff = 2000/45 ms, RARE factor = 8, num-
ber of averages = 10, data matrix = 256� 256, and the
same space as the EPI scan.

Image processing
Brain masks were manually drawn over high-resolution

anatomic scans using segmentation tools in (www.itksnap.
org). Brain masks were used to crop images and remove
nonbrain voxels. FMRIB Software Library linear registration
program flirt (Jenkinson et al., 2002) was used to align
cropped brain images with rat brain template using previ-
ously published parameters (Colon-Perez et al., 2016).
Registration matrices were saved and then used to trans-
form functional datasets into atlas space for preprocessing
and analysis. Analysis of Functional NeuroImages (Cox,
1996) was used to correct image displacements, slice timing
delays, and remove time series spikes. Other preprocessing
steps included linear and quadratic detrending, spatial blur-
ring, and intensity normalization. Head motion parameters
and cerebroventricular and white matter signals were re-
moved from all datasets. Brain signals containing cardiac
and respiratory frequencies were removed with a voxelwise
temporal bandpass filter (between 0.01 and 0.1Hz).
Time-series fMRI signals were extracted from regions of

interest (ROI) determined by atlas-guided seed location (150
total structures, 75 per hemisphere). This segmentation atlas
is based on the Paxinos and Watson (Paxinos and Watson,
1997) rat brain atlas and was originally developed by Ekam
imaging (Craig Ferris, Northeastern University, Boston, MA;
Yee et al., 2015). This atlas has been used in several publica-
tions (Colon-Perez et al., 2018, 2019). Signals were averaged
from voxels in each ROI (Colon-Perez et al., 2016). Voxel-
wise cross-correlations were conducted to create correlation
coefficient (Pearson’s R) maps between all 150 structures.
Correlation maps were subjected to voxelwise z-transforma-
tion. The first nine images in each functional time series were
not used in the cross-correlation step. The two correlation
maps were averaged per subject to generate a single corre-
lation map used for statistical mapping. AFNI’s 3dClustSim
program was used to determine adequate cluster size for a
given uncorrected p-value. The resultant voxel cluster size
(p� 0.05) was used to control the level of false positive rates
in the final composite statistical maps.

Network analysis
Brain connectivity networks were analyzed using the

Brain Connectivity Toolbox for MATLAB (Rubinov and

Sporns, 2010), as in previous publications (Colon-Perez
et al., 2018; Orsini et al., 2018). First, symmetrical connec-
tivity graphs (11,175 matrix entries) were organized in
MATLAB. Then, z score thresholding was used to create
matrices of equal densities, such that only z score
values�15 were included. Matrix z score values were nor-
malized by the highest z score value such that all matrices
had edge weight values ranging from 0 to 1. Z score val-
ues were used to create values of node strength, which is
the sum of edge weights, node degree, which is the num-
ber of edges connected to a node, and clustering coeffi-
cient, which is the degree to which nodes cluster together
in groups. Three-dimensional whole-brain and modular
brain networks were visualized using BrainNet (Xia et al.,
2013). Networks were generated using undirected edge
weights (Eundir � 0.3), with node size and color scaled by
node strength and edge weights scaled by z scores.

Statistical analyses
Analyses were performed with the Statistical Package

for the Social Sciences (SPSS IBM Inc, Armonk, NY) v25
for Windows; p-values, 0.05 were considered statistically
significant. PAL task behavioral data were examined using
repeatedmeasures ANOVAwith the between-subjects fac-
tors of age (young, aged) and within-subjects factor of scan
session (scan 1, scan 2). Brain network graphs and whole-
brain matrices were evaluated to determine whether
changes in whole-brain connectivity across scan sessions
differed by age. Global connectivity metrics, including global
strength (the sum of edge weights), clustering coefficient
(the degree to which nodes cluster together in groups), and
modularity (the degree to which the network may be subdi-
vided into clearly delineated groups or communities) were
examined across groups.
Node degree and strength were also observed across

age and scan session, and a repeated measures ANOVA
was performed to determine whether the number of high
degree (.10) and high strength (.15) nodes differed by
age and scan session within the Cognitive Training and
Walking conditions. The Cognitive Training and Walking
conditions were not directly compared because of data
being acquired at different time points and differences in
the length of time between scans across conditions.
To assess whether the connectivity of specific networks

increased following cognitive training, the 20 highest
strength nodes and highest degree nodes (10 per hemi-
sphere, given lack of evidence of laterality) for aged rats at
scan session 2 were selected and a repeated measures
ANOVA was used to evaluate modularity of each of these
networks across scan session in both young and aged
rats. These analyses were repeated for age-matched con-
trols. Repeated measures ANOVAs were also performed to
assess group mean differences in seed-based connectivity
and clustering coefficients of brain structures of interest
across scan session and age. Brain regions were examined
bilaterally because of insufficient evidence to defend later-
alization of age-related changes in rodent models of aging.
To assess whether brain changes were related to task

performance, stepwise linear regression was performed
to determine whether there were notable relationships
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between PAL task performance (specifically, PAL percent
correct at day 15) and change in functional variables for
which there were significant differences between age
groups and across scan sessions.

Results
Cognitive training
The age-associated impairment on PAL performance is

described in detail elsewhere (Smith et al., 2022). Briefly,
at day 15 of testing, the young rats were significantly
more accurate than the aged animals at selecting the cor-
rect image (t(20) = 2.61, p=0.01, d=1.04). Moreover, aged
rats made significantly more errors compared with young
before reaching PAL criterion (t(20) = 2.34, p=0.03,
d=1.0; Fig. 1C). On the final testing day, before the sec-
ond scanning session, there was not a significant differ-
ence between age groups in terms of performance
accuracy (t(20) =�0.18, p=0.86; Fig. 1D). This observation
indicates that aged rats were able to acquire stimulus-lo-
cation associations after a greater number of trials com-
pared with young rats.

Whole-brain connectivity
Brain network graphs and whole-brain matrices were

evaluated to examine for potential changes in whole-brain
connectivity patterns across scan sessions for young and

aged rats that underwent Cognitive Training versus the
Walking condition. To examine whether Cognitive Training
or Walking altered the global connectome, brain network
maps were generated in which connected modules with
edges z � 0.3 were displayed. Figure 2A,B shows the con-
nectivity maps for young (top) and aged (bottom) rats that
underwent PAL Cognitive Training (left) or completed the
Walking condition (right), which had a limited cognitive
load compared with PAL. Node strength is represented by
the spheres, with yellow indicating greater connectivity of
the node to the entire network. Significant edges between
nodes are indicated with lines. Qualitatively, these maps
suggest that there was a greater number of significantly
correlated nodes at scan 2 relative to scan 1 in aged rats
that underwent PAL Cognitive Training, but not young rats.
The comparable plots for the young and aged rats from the
Walking condition indicate that the pattern of increased
connectivity in aged animals is only present following cog-
nitive training, but not walking. Figure 2C,D shows the con-
nectivity matrices for the 150 segmented brain regions,
which also depicts an enhanced connectivity between
some brain regions in aged rats following cognitive training
that is not evident following the Walking condition.
To better understand functional connectivity changes

occurring across scan sessions, the correlation matrices
from scan 1 were subtracted from scan 2 (Fig. 3A). Warmer
colors indicate a greater enhancement of correlations in
scan 2 relative to scan 1. These difference matrices

Figure 2. Effects of cognitive training or walking on global functional connectivity in young and aged rats. A, B, Whole-brain con-
nectivity maps by scan session and age group for rats that underwent cognitive training versus walking around a track for reward.
The brain network maps represent connected nodes, the spheres indicating the strength of node connectivity to the whole network.
Edges represent significant correlations in the BOLD fluctuations between two nodes and are depicted by lines when the correlation
is z. 0.3. C, D, Whole-brain correlation matrices for the 150 segmented brain regions by scan session and age group for the
Cognitive Training or Walking conditions.
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suggest that, in addition to the aged rats in the Cognitive
Training condition displaying enhanced functional connec-
tivity at scan 2, there were also brain regions that were
more weakly correlated in young rats at scan 2 (indicated
by blue) that show little to no change across scans in aged
rats. Notably, there were less areas of positive change for
aged rats in the Walking condition that did not receive cog-
nitive training.
Given these observations, we evaluated differences in

the number of edges with z� 0.3 across scan sessions by
age group (Fig. 3B). For the Cognitive Training condition,
repeated-measures ANOVA did not reveal a significant
within-subjects effect of scan session on the number of
edges z � 0.3 (F(1,16) = 2.34, p=0.15). However, there was
a significant effect of age (F(1,16) = 5.23, p=0.04, h2 =
0.25) and a significant interaction effect of scan session
and age (F(1,16) = 7.25, p=0.02, h2 = 0.31). These results
indicate that aged rats had fewer edges compared with

young rats at scan 1, and that while the number of these
edges increased at scan session 2 for aged rats, the num-
ber of edges decreased for young rats. In the Walking con-
dition, there was not a significant effect of scan session
(F(1,11) = 0.04, p=0.85), age (F(1,11) = 1.50, p=0.25), or a
significant interaction of scan session and age (F(1,11) =
0.002, p=0.96) on edges z � 0.3. Of note, there was a dif-
ference at scan 1 in the number of edges with z � 0.3 be-
tween young rats in the Cognitive Training and Walking
conditions. This difference was not present at scan 2 given
the reduced number of edges with z � 0.3 at scan 2 in
young rats in the Cognitive Training condition.
Global connectivity metrics were calculated to deter-

mine whether other quantitative differences existed be-
tween age groups and experimental conditions. These
metrics of global connectivity included node degree and
strength, and modularity (the fraction of the edges that fall
within given groups minus the expected fraction if edges

Figure 3. Change in global functional connectivity across scan sessions following Cognitive Training or Walking. A, The difference
between scan 1 and scan 2 whole-brain correlation matrices from young (top) and aged (bottom) rats for the Cognitive Training
(Young: N=7; Aged: N=11) versus Walking (Young: N=5; Aged: N=8) conditions. B, Line graphs representing the number of signif-
icant edges (z�0.3) across scan sessions by age for the Cognitive Training (left) or Walking (right) conditions. There was a signifi-
cant effect of age (F(1,16) = 5.23, p=0.04, h2 = 0.25) and a significant interaction effect of scan session and age (F(1,16) = 7.25,
p=0.02, h2 = 0.31), indicating that aged rats had fewer edges compared with young rats at scan 1, and that while the number of
these edges increased at scan session 2 for aged rats, the number of edges decreased for young rats. In the Walking condition,
there were no significant effects of age or scan session on edge number. Error bars are6 1 SEM.
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were distributed at random), and global clustering coeffi-
cient (a measure of the extent to which the network exhib-
its a small-world structure by calculating the ratio of
connected to unconnected triplets of nodes). The distri-
butions of node degrees for young and aged rats across
scan sessions is shown in Figure 4A,B for the Cognitive
Training and Walking conditions, respectively. Although
the distributions of node degree qualitatively suggests
that there is a decrease in nodes with .10° in young rats
and increase in aged rats that were cognitively trained,
quantitatively, repeated-measures ANOVAs revealed that
there was not a significant main effect of age (Cognitive
Training: F(1,16) = 0.70, p=0.42; Walking: F(1,11) = 0.03,
p=0.86), scan session (Cognitive Training: F(1,16) = 0.40,
p=0.54; Walking: F(1,11) = 0.46, p=0.51), nor a significant
interaction of age and scan session (Cognitive Training:
F(1,16) = 0.72, p=0.41; Walking: F(1,11) = 0.32, p=0.59) on
the number of nodes with a degree .10. A similar pattern

was observed in the global node strength (data not
shown), in which global node strength did not significantly
differ between age groups in either the Cognitive Training
or the Walking conditions (Cognitive Training: F(1,16) =
0.16, p=0.70; Walking: F(1,11) = 0.01, p=0.91). There was
also not a main effect of scan session (Cognitive Training:
F(1,16) = 0.01, p=0.93; Walking: F(1,11) = 0.12, p=0.74),
nor a significant interaction of age and scan session
(Cognitive Training: F(1,16) = 0.02, p=0.90; Walking: F(1,11) =
2.55, p=0.14). Furthermore, global modularity did not sig-
nificantly differ between age groups in either condition
(Cognitive Training: F(1,16) = 1.83, p=0.20; Walking: F(1,11) =
0.03, p=0.88), nor was there a significant interaction of
age and scan session (Cognitive Training: F(1,16) = 0.001,
p=0.98; Walking: F(1,11) = 0.94, p=0.35). While the main ef-
fect of scan session was not significant for the Cognitive
Training condition (F(1,16) = 1.35, p=0.26), there was a sig-
nificant effect for rats in the Walking condition, such that

Figure 4. Node degree and modularity of high degree nodes. A, Scatter histograms representing node degree in young and aged
rats across scan sessions relative to Cognitive Training (Young: N=7; Aged: N=11) or (B) Walking (Young: N=5; Aged: N=8).
There was not a significant main effect of age (Cognitive Training: F(1,16) = 0.70, p=0.42; Walking: F(1,11) = 0.03, p=0.86) or scan ses-
sion (Cognitive Training: F(1,16) = 0.40, p=0.54; Walking: F(1,11) = 0.46, p=0.51), nor a significant interaction of age and scan session
(Cognitive Training: F(1,16) = 0.72, p=0.41; Walking: F(1,11) = 0.32, p=0.59) on the number of nodes with a degree .10. C, Line
graphs depicting the modularity of the 20 highest degree nodes for the Cognitive Training and (D) Walking conditions. In both condi-
tions, there was not a main effect of age (Cognitive Training: F(1,16) = 1.40, p=0.25; Walking: F(1,11) = 0.003, p=0.96) or scan session
(Cognitive Training: F(1,16) = 0.58, p=0.50; Walking: F(1,11), 0.001, p=0.99). There was a significant interaction with age and scan
session in the Cognitive Training condition (F(1,16) = 6.21, p=0.02, h2 = 0.28), which was not evident in the Walking condition
(F(1,11) = 0.15, p=0.71). Error bars are6 1 SEM.
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global modularity was reduced across both age groups
after the second scan session (F(1,11) = 12.35, p=0.01,
h2 =0.53).
Similar to the measure of global modularity, the global

clustering coefficient did not significantly differ with age
(Cognitive Training: F(1,16) = 0.47, p=0.50; Walking: F(1,11) =
0.01, p=0.93). The interaction of age and scan session
was also not significant (Cognitive Training: F(1,16) = 0.83,
p=0.38; Walking: F(1,11) = 0.00, p=0.99). Again, while the
main effect of scan session was not significant for the
Cognitive Training rats (F(1,16) = 0.43, p=0.52), there was a
significant decrease for the activity-matched controls in
the global clustering coefficient after the second scan ses-
sion in both young and aged rats (F(1,11) = 8.51, p=0.01,
h2 =0.43).
A previous study has reported that, even when global

connectivity metrics did not differ between young and
aged rats, nor with cognitive training, there was a signifi-
cant reorganization of the resting state connectivity of the
highest strength nodes (Colon-Perez et al., 2019). Given
observed increase in high degree nodes across scans in
the aged rats, the modularity of the 20 highest degree
nodes (10 per hemisphere, given lack of evidence of unilat-
erality) was quantified across scan session for young and
aged rats in the Cognitive Training (Fig. 4C) and Walking
conditions (Fig. 4D). In both the Cognitive Training and
Walking conditions, there was not a main effect of age
(Cognitive Training: F(1,16) = 1.40, p=0.25; Walking: F(1,11) =
0.003, p=0.96) or scan session (Cognitive Training: F(1,16) =
0.58, p=0.50; Walking: F(1,11) , 0.001, p=0.99). While
there was not a significant interaction of scan session and
age in the Walking condition (F(1,11) = 0.15, p=0.71), there
was a significant interaction with age and scan session in
the Cognitive Training condition (F(1,16) = 6.21, p=0.02,
h2=0.28). These results indicate that the modularity of
these high degree nodes increased at scan 2 for aged rats,
while decreasing for young rats. This same pattern was ob-
served if modularity was calculated on the 20 highest
strength nodes in which modularity of these high strength
nodes increased at scan 2 for aged rats while decreasing
for young rats (F(1,16) = 9.22, p=0.01, h2=0.37) that were in
the Cognitive Training condition. This interaction of scan
session and age was not observed in the Walking condition
(F(1,11) = 0.35, p=0.57). Together, these data indicate that
the subset of nodes that showed the greatest connectivity
and strength in aged rats showed more modularity follow-
ing cognitive training, but not walking. Because modularity
reflects the degree of segregation among different nodes,
this observation suggests that cognitive training in aged
rats may differentiate densely connected nodes. This net-
work reorganization is not seen in young rats under similar
behavioral conditions.

Seed-based connectivity
To assess whether age group and training condition im-

pacted the resting state functional connectivity of brain
structures that are believed to support PAL task perform-
ance, or that have been shown to have vulnerable network
connectivity patterns in advanced age, seed-based corre-
lation matrices were generated for the following regions:

perirhinal cortex and dorsal hippocampus of the MTL,
prelimbic and infralimbic cortices of frontal regions, and
retrosplenial cortex. Connectivity between these areas
was then quantified in relation to age, behavioral condi-
tion, and scan session.
Seed based connectivity maps for the perirhinal cortex

are shown in Figure 5A,B for the Cognitive Training and
Walking conditions. Correlation coefficients between the
perirhinal cortex and the infralimbic cortex was observed
to interact with age group in response to cognitive training
(Fig. 5C). While there was not a significant main effect of
age (F(1,16) = 1.71, p=0.21) or scan session (F(1,16) = 0.03,
p=0.88), the interaction between age and scan session
trended toward being significant (F(1,16) = 3.22 p=0.09). In
the Walking condition (Fig. 5D), there was not a significant
main effect of age (F(1,11) = 0.87, p=0.37) or scan session
(F(1,11) = 0.01, p=0.91), nor a significant interaction be-
tween age and scan session (F(1,11) = 0.81, p=0.39).
Interestingly, although the correlation coefficient be-

tween the perirhinal cortex and the infralimbic cortex dif-
fered between young rats in the Cognitive Training and
Walking conditions at scan 1, both demonstrated near 0.0
correlation coefficients at scan 2. In contrast, while aged
rats also demonstrated different correlation coefficients
across conditions at scan 1, rats in the Cognitive Training
condition demonstrated an increase in correlation be-
tween the perirhinal cortex and the infralimbic cortex at
scan 2, while the correlation coefficient hovered around
0.0 for rats in the Walking condition.
A similar pattern was observed for the correlation coef-

ficient between perirhinal cortex and dorsal hippocampus
in young and aged rats across scan sessions. There was
not a significant main effect of age (F(1,16) = 0.07, p=0.79)
or scan session (F(1,16) = 0.75, p=0.40), but there was a
significant interaction between age and scan session
(F(1,16) = 7.33, p=0.02, h2 = 0.31) in the Cognitive Training
condition (Fig. 5E). For the Walking condition, there was
also not a significant main effect of age (F(1,11) = 1.34,
p=0.27) or scan session (F(1,11) = 1.27, p=0.28; Fig. 5F).
Unlike the rats that underwent cognitive training, there
was not a significant interaction between age and scan
session for the Walking condition (F(1,11) = 0.06, p=0.81).
Of note, although the correlation coefficient between

the perirhinal cortex and the dorsal hippocampus differed
between young rats in the Cognitive Training and Walking
conditions at scan 1, both demonstrated near 0.0 correla-
tion coefficients at scan 2. This was not the case for aged
rats across conditions, who differed in their correlation
coefficient at scan 2.
Overall, the prelimbic cortex showed low correlations

with other regions, suggesting limited resting state func-
tional connectivity with the regions of interest (Fig. 6A,B)
for both age groups and training conditions. Moreover,
the patterns of prelimbic functional connectivity did not
vary by scan session. Specifically, the correlation coeffi-
cient for the prelimbic cortex and dorsal hippocampus in
young and aged rats did not significantly vary between
age groups (F(1,16) = 0.15, p=0.70; Fig. 6C), scan sessions
(F(1,16) = 0.01, p=0.93), nor was there a significant interac-
tion of age and scan session (F(1,16) = 0.51, p=0.49) in the
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Cognitive Training condition. For Walking condition (Fig.
6D), there was also not a significant effect of age (F(1,11) =
0.10, p=0.76), scan session (F(1,11) = 2.79, p=0.12), nor
an interaction of age and scan session (F(1,11) = 3.32,
p=0.10). In the Cognitive Training condition, the correla-
tion coefficient between the prelimbic and perirhinal corti-
ces (Fig. 6E) also did not significantly vary between age
groups (F(1,16) = 0.54, p=0.47), scan sessions (F(1,16) =
1.13, p=0.30), nor was the interaction of age and scan
session significantly different (F(1,16) = 0.27, p=0.61). For

the Walking group (Fig. 6F), while there was a significant
main effect of age group, with aged rats having lower cor-
relation values overall (F(1,11) = 4.86, p=0.05, h2 = 0.31),
there was not a significant effect of scan session (F(1,11) =
0.14, p=0.71), nor a significant interaction of scan ses-
sion and age (F(1,11) = 0.27, p=0.61).
Connectivity maps for the rostral retrosplenial cortex

are shown in Figure 7A,B. This area showed the greatest
connectivity with the caudal retrosplenial cortex. When
the correlation coefficient between the rostral and caudal

Figure 5. Seed-based connectivity for the perirhinal cortex. A, Voxel analyses in young and aged rats across scan sessions in re-
sponse to Cognitive Training (Young: N=7; Aged: N=11), or (B) Walking (Young: N=5; Aged: N=8). Panels C–F show the correla-
tion coefficients of the seed-based analysis (y-axis) by scan session (x-axis). C, In the Cognitive Training condition, the correlation
coefficient of the perirhinal cortex and infralimbic cortex did not significantly differ by age (F(1,16) = 1.71, p=0.21) or scan session
(F(1,16) = 0.03, p=0.88). The interaction between age and scan session, however, trended toward significance (F(1,16) = 3.22
p=0.09). D, In the Walking condition, the correlation coefficient of the perirhinal cortex and infralimbic cortex did not significantly
differ between age groups (F(1,11) = 0.87, p=0.37), scan session (F(1,11) = 0.01, p=0.91), nor was the interaction significant (F(1,11) =
0.81, p=0.39). E, In the Cognitive Training condition, the correlation coefficient of the perirhinal cortex and dorsal hippocampus did
not differ by age group (F(1,16) = 0.07, p=0.79) or scan session (F(1,16) = 0.75, p=0.40). The interaction between age and scan ses-
sion, however, reached significance (F(1,16) = 7.33, p=0.02, h2 = 0.31). F, In the Walking condition, the correlation coefficient of the
perirhinal cortex and dorsal hippocampus was not significantly different between age groups (F(1,11) = 1.34, p=0.27), scan sessions
(F(1,11) = 1.27, p=0.28), nor did the interaction effect reach significance (F(1,11) = 0.06, p=0.81). Error bars are6 1 SEM.
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retrosplenial cortex in young and aged rats was evaluated
across scan sessions in response to cognitive training
(Fig. 7C), there was not a significant main effect of age
(F(1,16) = 0.59, p=0.46) or scan session (F(1,16) = 0.01,
p=0.93). There was, however, a significant interaction of
age and scan session (F(1,16) = 5.43, p=0.03, h2 = 0.25) in
response to cognitive training. For the Walking condition

(Fig. 7D), there was a significant main effect of scan ses-
sion (F(1,11) = 9.52, p=0.01, h2 = 0.46), but not a signifi-
cant effect of age (F(1,11) = 2.40, p=0.15). Unlike the rats
that underwent cognitive training, there was not a signifi-
cant interaction between age and scan session (F(1,11) =
0.07, p=0.80). This suggests that, unlike the Cognitive
Training condition, functional connectivity between the

Figure 6. Seed-based connectivity for the prelimbic cortex. A, Whole-brain voxel analyses in young and aged rats across scan ses-
sions for the Cognitive Training (Young: N=7; Aged: N=11), and (B) Walking conditions (Young: N=5; Aged: N=8). Panels C–F
show the correlation coefficients (y-axis) by scan session (x-axis). C, In the Cognitive Training condition, the correlation coefficient
of the prelimbic cortex and dorsal hippocampus did not significantly differ by age (F(1,16) = 0.15, p=0.70), scan session (F(1,16) =
0.01, p=0.93), nor was the interaction significant (F(1,16) = 0.51, p=0.49). D, In the Walking condition, the correlation coefficient of
the prelimbic cortex and dorsal hippocampus also did not differ between age groups (F(1,11) = 0.10, p=0.76), scan sessions (F(1,11) =
2.79, p=0.12), nor was there and a significant interaction (F(1,11) = 3.32, p=0.10). E, The correlation coefficient of the prelimbic cor-
tex and perirhinal cortex in young and aged rats in the Cognitive Training condition did not significantly differ between age groups
(F(1,16) = 0.54, p=0.47), scan sessions (F(1,16) = 1.13, p=0.30), nor was there a significant interaction (F(1,16) = 0.27, p=0.61). F, In
the Walking condition, the correlation coefficient of the prelimbic cortex and perirhinal cortex in young and aged rats did not differ
between age groups (F(1,11) = 4.86, p=0.05, h2 = 0.31), scan sessions (F(1,11) = 0.14, p=0.71), nor was the interaction significant
(F(1,11) = 0.27, p=0.61). Error bars are 61 SEM.
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caudal and rostral retrosplenial cortex increased in re-
sponse to walking for reward in both age groups. While
the correlation coefficient between the rostral and caudal
retrosplenial cortex did not differ greatly at scan 1 be-
tween young rats in either condition, the correlation coef-
ficient did differ for aged rats across conditions and
became more similar at scan 2.

Clustering coefficients
The local clustering coefficient of regions of interest

(perirhinal cortex, dorsal hippocampus, infralimbic cortex,
prelimbic cortex, and rostral retrosplenial cortex) was
quantified by scan session and age (Fig. 8) for the
Cognitive Training (left panels) and Walking (right panels)
conditions. For each of these regions of interest, the local
clustering coefficient for that region would indicate the
probability that any two functionally connected nodes
with that structure would also be connected to each
other. Thus, higher clustering coefficients indicate the ex-
tent to which a region participates in a small world net-
work or rich club architecture. For the perirhinal cortex, in

both Cognitive Training and Walking conditions, there was
not a significant main effect of age (Cognitive Training:
F(1,16) = 0.02, p=0.90; Walking: F(1,11) = 0.40, p=0.54),
scan session (Cognitive Training: F(1,16) = 0.72, p=0.41;
Walking: F(1,11) = 2.06, p=0.18), nor a significant interaction
of scan session and age (Cognitive Training: F(1,16) = 1.24,
p=0.28; Walking: F(1,11) = 0.15, p=0.71; Fig. 8A).
For the dorsal hippocampus, in both the Cognitive

Training and Walking conditions, there was not a signifi-
cant main effect of age (Cognitive Training: F(1,16) = 2.43,
p=0.14; Walking: F(1,11) = 0.03, p=0.86) nor a significant
interaction of scan session and age (Cognitive Training:
F(1,16) = 0.68, p=0.42; Walking: F(1,11) = 2.24, p=0.16; Fig.
8B). While there was not a significant main effect of scan
session for rats that underwent cognitive training (F(1,16) =
0.47, p=0.50) there was a significant effect of scan ses-
sion in the Walking condition (F(1,11) = 14.94, p=0.003,
h2 = 0.58), with both age groups showing reduced clus-
tering in the second scan.
In the infralimbic cortex, the clustering coefficient

across scan sessions showed different patterns between

Figure 7. Age-related differences in seed-based connectivity for the rostral retrosplenial cortex. A, Rostral retrosplenial cortex to
whole-brain voxel analyses in young and aged rats across scan sessions in response to Cognitive Training (Young: N=7; Aged:
N=11), or (B) Walking (Young: N=5; Aged: N=8). Panels C, D show the correlation coefficients (y-axis) by scan session (x-axis). C,
In the Cognitive Training condition, the correlation coefficient of the rostral and caudal retrosplenial cortex did not significantly differ
between age groups (F(1,16) = 0.59, p=0.46), or scan sessions (F(1,16) = 0.01, p=0.93). There was, however, a significant interaction
of age and scan session (F(1,16) = 5.43, p=0.03, h2 = 0.25). D, In the Walking condition, the correlation coefficient of the rostral and
caudal retrosplenial cortex was significantly different between scan sessions (F(1,11) = 9.52, p=0.01, h2 = 0.46), but there was not a
significant effect of age group (F(1,11) = 2.40, p=0.15). Unlike the rats that underwent Cognitive Training, there was not a significant
interaction between age and scan session (F(1,11) = 0.07, p=0.80). Error bars are 61 SEM.
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the Cognitive Training and Walking conditions that inter-
acted with age group. For the Cognitive Training condition
(Fig. 8C, left panel), the aged rats had a significantly lower
clustering coefficient (F(1,16) = 4.47, p=0.05, h2 = 0.22),
but there was not a significant main effect of scan session
(F(1,16) = 1.84, p=0.19). There was, however, a significant
interaction of scan session and age (F(1,16) = 4.43, p=0.05,
h2=0.22). This was because of the clustering coefficient

decreasing between scan sessions in the young animals,
but not the aged rats, that underwent cognitive training. In
the Walking condition (Fig. 8C, right panel), there was a sig-
nificant main effect of age (F(1,11) = 5.31, p=0.04, h2=0.33)
and scan session (F(1,11) = 14.22, p=0.003, h2=0.56).
Unlike the cognitive training rats, there was not a significant
interaction of age and scan session for activity-matched
controls (F(1,11) = 0.26, p=0.62), and the infralimbic cortex

Figure 8. Clustering coefficients. Panels A–E show the clustering coefficient (y-axis) by scan session (x-axis) for the Cognitive
Training (left panels; Young: N=7; Aged: N=11) and Walking (right panels; Young: N=5; Aged: N=8) conditions. A, In the perirhinal
cortex, there was not a significant effect of age (Cognitive Training: F(1,16) = 0.02, p=0.90; Walking: F(1,11) = 0.40, p=0.54), scan ses-
sion (Cognitive Training: F(1,16) = 0.72, p=0.41; Walking: F(1,11) = 2.06, p=0.18), nor a significant interaction (Cognitive Training:
F(1,16) = 1.24, p=0.28; Walking: F(1,11) = 0.15, p=0.71). B, In the dorsal hippocampus, there was not a significant main effect of age
(Cognitive Training: F(1,16) = 2.43, p=0.14; Walking: F(1,11) = 0.03, p=0.86) nor a significant interaction (Cognitive Training: F(1,16) =
0.68, p=0.42; Walking: F(1,11) = 2.24, p=0.16). There was not a significant effect of scan session for Cognitive Training (F(1,16) =
0.47, p=0.50), but there was a significant effect of scan session in the Walking condition (F(1,11) = 14.94, p=0.003, h2 = 0.58). C, In
the infralimbic cortex, for the Cognitive Training condition, there was a significant effect of age (F(1,16) = 4.47, p=0.05, h2 = 0.22)
and an interaction of scan session and age (F(1,16) = 4.43, p=0.05, h2 = 0.22). There was not a significant effect of scan session
(F(1,16) = 1.84, p=0.19). In the Walking condition, there was a significant effect of age (F(1,11) = 5.31, p=0.04, h2 = 0.33) and an effect
of scan session (F(1,11) = 14.22, p=0.003, h2 = 0.56). Unlike the Cognitive Training rats, there was not a significant interaction of age
and scan session (F(1,11) = 0.26, p=0.62). D, In the prelimbic cortex, there was not a significant main effect of age (Cognitive
Training: F(1,16) = 1.73, p=0.21; Walking: F(1,11) = 3.54, p=0.09) or an interaction of scan session and age (Cognitive Training:
F(1,16) = 0.01, p=0.92; Walking: F(1,11) = 0.02, p=0.89). While there was not an effect of scan session for the Cognitive Training condi-
tion (F(1,16) = 0.07, p=0.80), there was a significant decrease in the Walking condition (F(1,11) = 11.66, p=0.01, h2 =0.51). E, In the ros-
tral retrosplenial cortex, there was not a significant main effect of age (Cognitive Training: F(1,16) = 0.50, p=0.49; Walking: F(1,11) = 2.39,
p=0.15), scan session (Cognitive Training: F(1,16) = 1.91, p=0.19; Walking: F(1,11) = 2.75, p=0.13), nor an interaction of scan session
and age (Cognitive Training: F(1,16) = 0.18, p=0.67; Walking: F(1,11) = 0.03, p=0.87). Error bars are 61 SEM.
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in both young and aged rats had lower local clustering coef-
ficient values. Together, these data suggest that the aged
infralimbic cortex has reduced rich club participation com-
pared with young animals, but this can be modulated by
cognitive training. Because the young rats showed reduc-
tions in the local clustering coefficient values of the infra-
limbic cortex in both conditions, but the aged rats only
expressed this pattern following walking, these data may
reflect a decline in rich club participation of the infralimbic
cortex as a task becomes more familiar or less cognitively
challenging. In aged rats with PAL impairments, this metric
of network organization does not change, as the task may
require a significant cognitive load even after criterion has
been achieved.
The clustering coefficient values for the prelimbic

cortex did not significantly differ by age group for
either the Cognitive Training or Walking conditions
(Cognitive Training: F(1,16) = 1.73, p = 0.21; Walking:
F(1,11) = 3.54, p = 0.09), nor was there an interaction of
scan session and age (Cognitive Training: F(1,16) =
0.01, p = 0.92; Walking: F(1,11) = 0.02, p = 0.89; Fig. 8D).
While there was not a main effect of scan session for
Cognitive Training rats (F(1,16) = 0.07, p = 0.80), there
was a significant effect for the Walking condition
(F(1,11) = 11.66, p = 0.01, h2 = 0.51), with clustering de-
clining between scan sessions in both age groups,
similar to what was observed for the infralimbic cortex.
In the rostral retrosplenial cortex in both the Cognitive

Training andWalking conditions, there was not a significant
main effect of age (Cognitive Training: F(1,16) = 0.50,
p=0.49; Walking: F(1,11) = 2.39, p=0.15), scan session
(Cognitive Training: F(1,16) = 1.91, p=0.19; Walking: F(1,11) =
2.75, p=0.13), nor an interaction of scan session and age
(Cognitive Training: F(1,16) = 0.18, p=0.67; Walking: F(1,11) =
0.03, p=0.87; Fig. 8E).

Associations of resting state functional connectivity
and behavioral variables
Given changes identified in global and seed-based func-

tional connectivity following cognitive training, a stepwise

linear regression was performed to determine whether PAL
task performance at day 15 was predicted by a change in
any of the functional connectivity variables for which there
were significant interactions between age groups and scan
sessions. Performance at day 15 was selected, as this is
the day of testing in which the performance difference be-
tween young and aged rats was the largest. The resting
state functional connectivity variables in the model in-
cluded: change in the number of edges with z. 0.3, modu-
larity of the 20 highest degree nodes, modularity of the 20
highest strength nodes, connectivity between the perirhinal
cortex and infralimbic cortex, connectivity between the
perirhinal cortex and dorsal hippocampus, connectivity be-
tween the rostral and caudal restrosplenial cortex, infralim-
bic cortex clustering coefficient, and rostral retrosplenial
cortex clustering coefficient. All variables were transformed
into z scores calculated from the animals’ respective age
group distribution.
The final stepwise linear regression model was signifi-

cant (F(1,13) = 13.3, p=0.001), explaining 62.1% of the var-
iance in PAL task percent accuracy at day 15 (adjusted
R2 =0.62). Functional connectivity variables that signifi-
cantly predicted behavioral task performance included the
change in modularity of the highest degree nodes and
change in infralimbic cortex clustering coefficient (modular-
ity of highest degree nodes: b =�0.49, t =�3.02, p=0.01;
infralimbic cortex clustering coefficient: b = �0.81, t =
�4.71, p, 0.001; Fig. 9A,B). Specifically, increased modu-
larity of highest degree nodes and increased infralimbic
cortex rich club participation at scan 2 was inversely re-
lated to task performance at day 15. In other words, the
rats that showed the largest change in connectivity metrics
were those that performed the worst after twoweeks of
training. There are two mutually exclusive explanations that
may account for this observation. First, it is possible that
greater levels of global network reorganization were neces-
sary for these animals to reach criterion performance, but
the altered functional connectome ultimately facilitated ap-
propriate behavior on the PAL task. Alternatively, the
change in network connectivity could reflect connec-
tome instability that impedes PAL task acquisition. Future

Figure 9. Relationship of resting state connectivity to PAL performance. A, Scatter plot representing the z score normalized relation-
ship of PAL percent accuracy at day 15 and modularity of the 20 highest degree nodes across scan sessions in all rats (Young:
N=7; Aged: N=9). Stepwise linear regression revealed that change in modularity of the 20 highest degree nodes significantly pre-
dicted PAL performance at day 15 (B = �0.49, t = �3.02, p=0.01). B, Scatter plot representing the relationship of PAL percent ac-
curacy at day 15 and change in infralimbic cortex clustering coefficient across scan sessions in all rats. Stepwise linear regression
revealed that change in infralimbic cortex clustering coefficient significantly predicted PAL performance at day 15 (B = �0.81, t =
�4.71, p, 0.001).
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experiments will be necessary to disentangle these com-
peting hypotheses.

Discussion
Summary of results
The present study documented the extent to which

cognitive training with a translational, touchscreen-based
paired-associates learning (PAL) task resulted in distinct
changes in global and seed-based resting state functional
connectivity in aged compared with young rats. All rats
were shaped to nose poke a touchscreen monitor to re-
trieve a food reward and then completed an initial resting
state fMRI scan under light anesthesia. Rats were then
trained on the PAL task, and a second resting state scan
was completed once criterion was achieved. It was ob-
served that, following cognitive training on the PAL task,
there were several alterations in resting state functional
connectivity that were only observed in the aged rats.
These changes included: (1) an increase in the total num-
ber of significant degrees in the network, (2) enhanced
modularity of high degree and high strength nodes, (3) in-
creased connectivity between the perirhinal and infralimbic
cortices, (4) increased connectivity between the perirhinal
cortex and dorsal hippocampus, (5) increased connectivity
between the rostral and caudal retrosplenial cortex, and (6)
increased local clustering coefficient for the infralimbic cor-
tex. These resting state functional connectivity alterations
were selective to aged rats that underwent cognitive train-
ing, as resting state network changes across scan sessions
were not observed in young rats. Moreover, for both young
and aged rats that traversed a track daily for rewards (the
Walking condition) and were not cognitively trained be-
tween resting state scans, significant changes in resting
state functional connectivity between scans were not ob-
served. Broadly, these observations suggest that function-
al connectome organization, as inferred from inter-regional
correlations in the BOLD signal, in old animals is not a fixed
architecture, but rather a dynamic network that can be up-
dated by training that involves a cognitive load.

Comparison to similar studies
Consistent with the observations reported by Colon-

Perez et al. (2019), the present study identified increased
network connectivity in aged rats following cognitive train-
ing. The subnetwork in which Colon-Perez et al. (2019)
identified an increase in node strength and degree in task-
relevant regions increased as a function of cognitive training.
In the present study, several indicators of increased network
connectivity were identified. Specifically, edge weights were
represented as z scores, normalized such that all edge
weights had values between 0 and 1 to minimize the impact
of between-subject variability (Colon-Perez et al., 2018).
Greater edge weights (z � 0.3) represent more highly con-
nected nodes; therefore, an increase in the number of edges
z � 0.3 at scan 2 in aged rats suggests an increase in highly
connected nodes. This relationship was not identified in rats
that underwent a control walking task, and young rats that
completed the cognitive training task displayed a decrease
in the number of edges z � 0.3 at scan 2. Additionally,

modularity is an indicator of the degree of segregation
across nodes. The present study identified increased sub-
network modularity in aged rats following cognitive training
and not young rats or Walking controls. Because modularity
reflects the degree of segregation among different nodes,
this observation suggests that cognitive training in aged rats
may differentiate densely connected nodes. This network
reorganization is not seen in young rats under similar behav-
ioral conditions.
An important consideration is whether alterations in

functional connectivity were related to behavioral per-
formance. While a causative relationship between resting
state connectivity and cognition cannot be established
with the current data, increases in modularity and cluster-
ing coefficient in the infralimbic cortex were both corre-
lated with PAL performance. Specifically, rats with worse
performance after two weeks of training were the rats that
showed the greatest enhancement in modularity and local
clustering of the infralimbic cortex after performance cri-
terion had been reached. This observation points to two
distinct possibilities regarding the relationship between
resting state functional connectivity organization and PAL
performance. One hypothesis is that changes in resting
state connectivity that occur over the course of cognitive
training reflect network instability that delay an aged ani-
mal’s ability to achieve optimal performance. An alterna-
tive and mutually exclusive hypothesis is that changes in
resting state connectivity reflect a compensatory network
reorganization that is greater among aged rats with the
largest impairments. These more severely impaired aged
animals may need greater network reorganization to
reach criterion levels of behavior. If the former is true, then
manipulations that stabilize the resting state connectome
will improve behavior. If the latter is true, more dynamic
resting state connectivity would facilitate cognitive resil-
ience during aging. Additional experiments will be neces-
sary to disentangle these mutually exclusive possibilities.
Previous studies have also linked age-related differen-

ces in functional connectivity to cognitive performance in
rats. The first study to do this characterized aged rats as
impaired or unimpaired on the Morris watermaze and then
compared resting state functional connectivity between
young, aged-impaired, and aged-unimpaired rats (Ash et
al., 2016). Using a seed-based functional connectivity
analysis centered on retrosplenial/posterior parietal cor-
tex, all rats had patterns of connectivity that were consist-
ent with the default mode network that has been reported
in young rats (Lu et al., 2012), monkeys (Mantini et al.,
2011), and humans (Greicius et al., 2003; Fox et al., 2009;
Mormino et al., 2011). In the aged-impaired rats only, how-
ever, functional connectivity between the retrosplenial cor-
tex and sensorimotor cortex, posterior parietal/secondary
visual cortex, and dorsal auditory/temporal association
cortex was reduced relative to aged unimpaired and young
animals. Resting state functional connectivity was similar
between the young and aged-unimpaired rats (Ash et al.,
2016). A more recent seed-based analysis that was fo-
cused on the CA1 and CA3 subregions of the hippocam-
pus reported that resting state functional connectivity was
lower in aged-impaired rats compared with young animals

Research Article: New Research 15 of 19

February 2023, 10(2) ENEURO.0329-22.2023 eNeuro.org



between these hippocampal regions and the orbitofrontal
cortices, prelimbic and infralimbic cortices, other medial
temporal lobe (MTL) structures, and left temporal associa-
tion cortex (Liang et al., 2020). In both the Ash et al. (2016)
and Liang et al. (2020) experiments, resting state fMRI
scans were obtained approximately onoemonth after Morris
watermaze training. Thus, it is unlikely that the training influ-
enced resting state functional connectivity, and these data
may be comparable to the Scan 1 connectivity in the current
experiment. In line with this idea, there are several observa-
tions that are consistent across these three studies, includ-
ing reduced connectivity of the retrosplenial cortex, and
reduced connectivity between MTL structures and infralim-
bic cortex. In the current study, however, the latter was ob-
served between the infralimbic and perirhinal cortices.
Unfortunately, the current study did not have the spatial re-
solution to examine different hippocampal subregions sepa-
rately as previous work has done (Liang et al., 2020).
A unique aspect of the current study was that resting

state functional connectivity was examined longitudinally
in rats that were either cognitively trained on the PAL task
or walked around a track for food reward during the inter-
vening weeks between scan sessions. Longitudinal inter-
rogation of resting state connectivity has been used with
human study participants to examine changes in network
structure in relation to cognitive aging or neurodegenera-
tive disease over the course of years (H. Li et al., 2018; W.
Li et al., 2020; Lin et al., 2020; de Dieu Uwisengeyimana
et al., 2022). In some of these studies, enhanced function-
al connectivity over time was associated with cognitive re-
silience (Lin et al., 2020). The underlying assumptions of
these investigations are that changes in functional con-
nectivity over time are associated with the progression of
cognitive aging or an underlying neurodegenerative pro-
cess. The current data and other published results may
challenge this assumption. It has been documented that
within individual variability in functional connectivity can
be large (Noble et al., 2017). While increasing scan dura-
tion can reduce some of this intraindividual variability, it is
also well documented that behavioral variabilities can
alter resting state functional connectivity. Motor sequence
learning is associated with decreased functional connec-
tivity across motor networks over days in normal adults
(Jäger et al., 2022). Two months of meditation training
leads to changes in resting state functional connectivity
between the default mode and dorsal attention networks
(Zhang et al., 2021). In older adults, glucose administra-
tion with a sugary drink increases functional connectivity
between the posterior hippocampus (homologous to ro-
dent dorsal hippocampus) and the medial prefrontal cor-
tex in older adults but decreases connectivity between
these structures in younger adults (Peters et al., 2020).
Taken together, these data may highlight that resting
state functional networks can be modified. Whether these
modifications can then be reflected as improvements in
cognitive output requires further investigation.

Functional connectivity differences at scan 1 by
condition
It was observed that differences in several resting state

functional connectivity metrics were different between the

Cognitive Training and Walking conditions at scan 1, par-
ticularly in the young rats. This could be because of the
difference in activities completed by rats in each condition
before scan 1. Although rats in both Cognitive Training and
Walking conditions were food restricted, requiring handling
and regular weighing, in the Cognitive Training condition
the first scan was acquired after completion of all PAL
shaping procedures. Shaping (Magazine, Any Touch, Must
Touch, Must Initiate, and Punish Incorrect) required exten-
sive procedural training, involving introduction of the rat to
the touchscreen chamber, training association of a liquid
reward and interaction with the touchscreen, training spe-
cific association of a liquid reward and interaction with
stimuli shown on the touchscreen, trial initiation, and pun-
ishment in response to an inappropriate interaction with
the touchscreen. In contrast, rats in the Walking condition
traversed a circular track for 30–45min daily, 32 laps/d, for
11d before the first scan. Although not as cognitively de-
manding as the PAL test phase, the PAL shaping and be-
havioral procedures are likely more cognitively demanding
than the Walking condition, which could have provoked
differences in resting state connectivity.
Connectivity differences between food restricted young

animals with no training compared with food restricted
young animals with training suggests that young brains
also respond to cognitive training with the PAL task, albeit
differently and to different parts of the cognitive training
procedure than aged rats. These changes could become
more apparent if we examined a different time point; spe-
cifically, if we completed an additional scan before shap-
ing procedures took place and compared with scans 1
and 2. Future research is needed to further explore the
modifiability of network architecture in the young brain, in-
cluding what cognitive factors and experiences provoke
responses in the young brain. However, the Walking con-
dition remains an appropriate comparison condition to
understand how young and aged brains differentially re-
spond to cognitive training, compared with how rats re-
spond to a consistent walking activity that did not involve
a significant cognitive load. It is clear from our study that
the aged brain responds to complex cognitive training
distinctively when compared with minimal change ob-
served after daily walking or when compared with young
animals in both conditions.

Study limitations
As was previously mentioned, because of the lack of avail-

ability of female rats of this strain at the time of these experi-
ments, sex as a biological variable could not be considered.
The use of only male rats is a significant study limitation
given existing evidence of differences in cognitive aging and
physical abilities by sex in rodents and humans (Miller and
Halpern, 2014; Hernandez et al., 2020a). Additionally, there
is some evidence of sex-specific effects of cognitive and
physical training in older adults (Talboom et al., 2014;
Casaletto et al., 2020). Future analyses incorporating fe-
male rats are critical and could reveal different relationships
of PAL task training and functional connectivity.
An additional limitation is the use of sedation during

scanning. Although the use of MRI and tablet-based
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cognitive testing enhances the translatability of the study
paradigm to human participants, humans are less typi-
cally scanned in a sedative state. It is true that inhalation
anesthetic agents, such as isoflurane, can cause vasodi-
lation and suppress neural activity. However, isoflurane is
still preferred over intravenous injectable agents because
of fast recovery, lower mortality, and ease of control of
sedative levels in the blood. BOLD activation patterns
have been successfully measures with low levels of anes-
thetic in animals (Masamoto et al., 2007; Kannurpatti et
al., 2008; T. Kim et al., 2010; Williams et al., 2010) and hu-
mans (Riehl et al., 2018). Although functional neuroimag-
ing in rodents can be completed in awake, head-fixed
animals (Febo, 2011; Stenroos et al., 2018), acclimation to
head restraint can result in chronic stress. This is important
to consider given age-related differences hypothalamic-pi-
tuitary-adrenal (HPA) axis function and the contribution of
HPA axis dysfunction to age-related diseases (Gupta and
Morley, 2014).
Finally, while the present study does elucidate large-

scale changes in functional connectome organization, it
remains unclear how these network changes map onto
age-associated neurobiological changes at the cellular
level. In human studies, altered network connectivity in
older adults is presumed to reflect neural inefficiency or
dedifferentiation (Salami et al., 2014; Sala-Llonch et al.,
2015; Grady et al., 2016; Nyberg, 2017). In rodent studies,
it is possible to probe such relationships using noninvasive,
single-cell imaging of neuron activity (Colon-Perez et al.,
2019; Xu et al., 2022). For example, Colon-Perez et al. (2019)
explored the relationship between response bias, increased
subnetwork connectivity, and Arc expression in the dorsal
striatum in aged rodents. Future studies exploring the rela-
tionship between tablet-based cognitive training and altered
functional connectivity could examine neuron activity at the
cellular level to further explore the cellular mechanisms
underlying response to cognitive training in the aged brain.
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