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Abstract

The CA3 and CA1 principal cell fields of the hippocampus are vulnerable to aging, and age-related dysfunction in CA3 may
be an early seed event closely linked to individual differences in memory decline. However, whether the differential
vulnerability of CA3 and CA1 is associated with broader disruption in network-level functional interactions in relation to
age-related memory impairment, and more specifically, whether CA3 dysconnectivity contributes to the effects of aging via
CA1 network connectivity, has been difficult to test. Here, using resting-state fMRI in a group of aged rats uncontaminated
by neurodegenerative disease, aged rats displayed widespread reductions in functional connectivity of CA3 and CA1 fields.
Age-related memory deficits were predicted by connectivity between left CA3 and hippocampal circuitry along with
connectivity between left CA1 and infralimbic prefrontal cortex. Notably, the effects of CA3 connectivity on memory
performance were mediated by CA1 connectivity with prefrontal cortex. We additionally found that spatial learning and
memory were associated with functional connectivity changes lateralized to the left CA3 and CA1 divisions. These results
provide novel evidence that network-level dysfunction involving interactions of CA3 with CA1 is an early marker of poor

cognitive outcome in aging.
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Introduction

A major aim of neuroscience is to identify how our brain changes
as we age. While dementia afflicts about 10% of people over
age 65 (Evans et al. 1989), memory deficits are common in
healthy older people and can be an early symptom of prodromal
neurodegenerative disease. It is thus of great importance to dis-
tinguish brain changes associated with normal aging from neu-
ropathological abnormalities indicative of a pathological pro-
cess. The hippocampus, a structure critical for learning and

memory, is among the brain areas most frequently affected in
the course of aging (Barnes 1994; Gallagher and Rapp 1997).
Comprised of anatomically distinct, but richly interconnected
subfields, substantial evidence suggests the principal cell fields
of the hippocampus are differentially vulnerable to aging (Small
2001; Small et al. 2004; Burke and Barnes 2006). Studies in rodent
and nonhuman primate models demonstrate that, while neural
activity patterns are altered in both the CA3 and CA1 pyramidal
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cell fields (Barnes et al. 1987, 1992; Barnes 2000; Dieguez and
Barea-Rodriguez 2004), the dentate gyrus (DG) and CA3 may be
disproportionately affected in relation to age-related memory
decline (Small et al. 2004; Wilson 2005; Thomé et al. 2016).
These findings have a counterpart in human aging, where high-
resolution neuroimaging studies have demonstrated volume
loss in normal older adults (Small et al. 2002) and hyperac-
tivity in aMCI restricted to the CA3/DG region (Yassa et al.
2010). Importantly, recent evidence demonstrates that treat-
ments designed to dampen excess CA3 activity improve memory
in aged rats (Koh et al. 2010) as well as in patients with aMCI
(Bakker et al. 2012). Together, these findings support the concept
that age-related dysfunction in CA3 may be an early seed event
closely linked to individual differences in memory. What has not
been tested, however, is whether the differential vulnerability
of CA3 and CA1, in the context of the anatomical organiza-
tion of the trisynaptic circuit, exhibits broader disruption in
network-level functional interactions in relation to age-related
memory impairment, and more specifically, whether altered
CA3 function contributes to the effects of aging on CA1 network
connectivity.

A growing literature points to functional dissociation
between the left and right CA3 in memory. In seminal work
by Kawakami et al (Kawakami 2003), NR2B expression and the
associated capacity for long-term potentiation (LTP) (Lisman
et al. 2002) were strongly lateralized, favoring the left, at CA1l
dendritic spines that receive presynaptic input from CA3.
Related findings indicate that optogenetic stimulation induces
greater LTP in CA1 when presynaptic input originates in the
left CA3 than the right (Kohl et al. 2011; Shipton et al. 2014).
Moreover, while left CA3 silencing impairs performance on a test
of spatial associative memory that requires the hippocampus,
silencing the right CA3 has no effect (Shipton et al. 2014). These
findings suggest an interhemispheric specialization in the
rodent hippocampus with a putative left-dominance in long-
term memory. The influence of this lateralization on intra- and
extrahippocampal network organization, however, particularly
in the context of neurocognitive aging, has received limited
attention.

To test the hypothesis that CA3 and potential lateralized
effects critically regulate cortical network dynamics linked
to age-related memory decline, we took advantage of a well-
characterized rat model uncontaminated by neurodegenerative
disease and optimized for detecting individual differences in the
neurocognitive outcome of aging. Animals were scanned under
light anesthesia with functional MRI to obtain spontaneous
blood oxygenation level-dependent (BOLD) oscillations, and
brain-wide functional connectivity of the CA3 and CA1 fields
was examined. The results demonstrate that functional connec-
tivity of CA3 and CA1 is widely disrupted in aged rats, such that
connectivity between left CA3 and the hippocampal circuit, as
well as between the left CA1 and infralimbic (IL) prefrontal area,
is significantly coupled with age-related memory impairment.
The dysregulated interactions of CA3 and CA1 are left lateralized,
with the effects of CA3 connectivity on memory performance
mediated by CA1-IL connectivity. These findings suggest an
account whereby early reduction of CA3-HPC connectivity
may give rise to disrupted CA1-IL connectivity, which in turn
underlies age-related decline in episodic learning and memory.
The testable implication for intervention is that treatment
targeting early CA3 signatures could correct the broader network
dysfunction and improve memory outcomes in aging.

Materials and Methods
Animal Preparation

Young adult (Y; 6-8 month; n=12) and aged (24-26 month; n=21)
male Long-Evans rats (Charles River Laboratories) were indi-
vidually housed and maintained under specific pathogen-free
conditions on a 12-h light/dark cycle at the National Institute
on Aging/National Institute on Drug Abuse (NIA/NIDA) animal
facilities in the Biomedical Research Center (Baltimore, MD).
Standard rat chow and water were available ad libitum through-
out the experiments. Additional subject details are available
in our previous reports (Ash et al. 2016; Hsu et al. 2016). This
study was approved by the NIA and NIDA Intramural Research
Programs’ Institutional Animal Care and Use Committees, in
accordance with the National Research Council Guide for the
Care and Use of Laboratory Animals.

Experimental Design

Animals were first trained in the Morris water maze (MWM)
and then transferred to an adjacent vivarium and imaging facil-
ities at NIDA. Hippocampal spatial learning and memory were
assessed using a standardized version of the MWM (SI Materials
and Methods). Spatial memory for each rat was assessed on the
basis of a learning index (LI) score, calculated as the weighted
average proximity (in centimeters) to the hidden escape loca-
tion across probe trials (Gallagher et al. 1993). This measure
is optimized for identifying reliable individual differences in
memory, and was used to classify aged animals as either aged
unimpaired (AU), or aged impaired (Al), as described elsewhere
(Ash et al. 2016). After an acclimation period of 1 mo, rs-fMRI
data were acquired, and repeated only in cases where postacqui-
sition quality-control assessment or physiological monitoring
revealed poor data quality from the initial scan.

Image Acquisition

The MRI experiments were performed on a Bruker Biospin 9.4T
scanner (Bruker Medizintechnik). High-resolution T2-weighted
anatomical images were acquired first, followed by functional
MRI scanning (see supplemental Fig. 1 for exemplar EPI images
in each of the three groups). Animals were anesthetized during
scanning using a previously validated protocol combining low-
dose medetomidine and isoflurane, optimized for small animal
functional neuroimaging studies (Lu et al. 2012). We acquired
multiple rs-fMRI scans for each rat, depending on the length
of time the animal remained physiologically stable. For detailed
anesthesia procedure and acquisition parameters, see SI Materi-
als and Methods.

Image Preprocessing

fMRIimages were preprocessed using the Analysis of Functional
Neuroimaging (AFNI) software package (Cox 1996) and FMRIB
Software Library (FSL) (Smith et al. 2004). Detailed preprocessing
steps are described in SI Materials and Methods.

Seed-Based Functional Connectivity Computation

Seed regions of CA1 and CA3 hippocampal subdivisions were
manually drawn on the group-merged T2 anatomical images
registered to the common space by identifying their general
locale using visualized anatomical landmarks and based chiefly
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on the atlas of Paxinos and Watson (2007). CA1 subfield was
located using the third ventricle as its medial boundary and the
hippocampal fissure as its boundary to the dentate gyrus (DG),
and its lateral boundary was limited within 2 mm of the midline
between hemispheres. This procedure resulted in a 10-voxel
(in fMRI resolution) left CA1 ROI (A-P: —3.36 mm to —4.36 mm)
and a 10-voxel right CA1 ROI (A-P: —3.36 mm to —4.36 mm).
The CA3 subfield was drawn on the most lateral aspect of
the dorsal hippocampus, avoiding overlap with CA2 and the
DG, which resulted in a 7-voxel left CA3 ROI (A-P: —3.36 mm
to —4.36 mm) and a 7-voxel right CA3 ROI (A-P: —3.36 mm
to —4.36 mm). Pearson’s correlation coefficients between the
mean time course of each seed region and every other voxel
in the brain were calculated. To control for potential influence
of different number of fMRI scans, for each animal, we only
used the two fMRI scans that provide the most robust estimates
of functional connectivity. Whole-brain functional connectivity
maps for each seed region were constructed by transforming the
resulting Pearson correlations using Fisher’s r to z, and averaged
across the most two robust fMRI scans. These two scans were
determined in our previous paper (Ash et al. 2016) using the
following procedure. Briefly, we first estimated with-session FC
strength between the anterior and posterior hubs of the default
mode network (DMN, a network reportedly vulnerable to aging
in human studies, Andrews-Hanna et al. 2007). In an effort to
extract the most reliable, representative sample of DMN activity,
the two scans from each animal that yielded the most similar
correlation coefficients were selected for analysis.

Statistics

We used a 3 x4 (GROUP x REGION) mixed-design analysis of
variance (ANOVA) to compare rsFC maps between the Y, AU,
and Al groups. Significance was considered at P <0.05, corrected
for multiple comparisons using an uncorrected P <0.01, clus-
ter size =22 voxels (determined based on Monte Carlo simula-
tions). This ANOVA detected a number of spatially distributed
regions showing significant group effects. To assess whether
these regions belong to functionally separate brain systems, we
conducted graph theory-based modularity analysis to identify
modules that refer to groups of nodes that are highly intercon-
nected but less connected with the rest of the network (Newman
and Girvan 2004). Details of modularity analysis are described
in SI Materials and Methods. Modularity analysis that groups the
significant voxels as separate modules could also reduce the
dimension of predictive variables and promote regression fitting
effect in subsequent LASSO analysis.

To explore relationships between spatial learning perfor-
mance and rsFC within regions of interest resulting from the
group-level analysis of variance, we used a LASSO (Least Abso-
lute Shrinkage and Selection Operator) regression analysis as
implemented in the freely available GLMNET package in R (Fried-
man et al. 2015) to select a subset of candidate rsFC predictors.
LASSO regression technique is able to evaluate a large number
of potential predictors relative to the number of study samples,
which is the case for our analysis (28 rsFC predictor variables
while only 33 samples for the entire group and 21 samples for
aged animals only). LASSO is a modified form of least squares
regression that penalizes complex models with a regulariza-
tion parameter (1) (Tibshirani 2011). This penalization method
shrinks coefficients toward zero, and eliminates unimportant
terms entirely (Friedman et al. 2010), thereby minimizing predic-
tion error and overfitting risks. GLMNET uses cross-validation to
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identify the optimal regularization term 2 that would minimize
the mean cross validated error for fitted model. For our analysis,
we used a k = 10-fold cross validation approach for LASSO model
fit across all rats, and a k = 5-fold cross validate for LASSO across
aged rats only given the relatively small sample size (21 rats).
Learning index scores served as the dependent variable, and
mean functional connectivity of brain modules identified from
the group-level analysis of variance were independent variables.
Results of LASSO fit model across all rats and across only aged
rats are displayed in supplemental Figure 3.

Results

Neurocognitive Aging Impairs Brain-Wide Functional
Interactions of Both CA1 and CA3

During the MWM experiment, young animals exhibited learning
(mean+SEM =187 +8.30, n=12, supplemental Fig. 4.) similar
to many previous experiments using this model [reviewed in
(Fletcher and Rapp 2013)]. Aged rats were categorized based
on the normative range of young performance. Those falling
within the range of young performance were designated aged
unimpaired (meanz+SEM=208+3.43, n=9), whereas those
performing worse than young were considered aged impaired
(mean + SEM =277 4+ 6.74, n=12). Detailed behavioral results are
available in our previous work (Ash et al. 2016; Hsu et al. 2016).

Functional connectivity analysis revealed that both CA1l
and CA3 exhibited extensive functional interactions with a
distributed network of brain regions, prominently including key
structures of the rodent hippocampal memory system. Figure 1
displays the areas that are highly connected with CA1 or CA3
seeds in the Y group, including dorsal and ventral hippocampus,
dorsal thalamus, retrosplenial cortex, posterior parietal cortex,
orbitofrontal, prelimbic and infralimbic prefrontal cortex,
anterior cingulate cortex, and primary/secondary auditory and
temporal association cortices. Aged rats exhibited a similar
anatomical map of functional connectivity, although with less
extensive connectivity that reached statistical significance,
especially in aged-impaired group.

To explore whether functional connectivity with CA1 and
CA3 is altered in the aged rats, we conducted a voxel-wise
whole-brain survey in rsFC maps using a mixed-design ANOVA
of GROUP and SEED REGION. The results revealed significant
main effects of GROUP in extensive brain regions [F(2,33) > 3.33,
P <0.05, corrected; Fig. 2A]. To further assess the brain systems
in which these regions reside, we conducted modularity analysis
that allows for topologically dividing nodes in a network into
modules. The brain regions with significant group effects were
decomposed into seven modules (Fig. 2B), including the bilateral
orbitofrontal cortices (OFC), prelimbic (PL) and infralimbic pre-
frontal cortex (IL), retrosplenial cortex (RSC), right dorsal den-
tate gyrus/CA1 (rDG/CA1) and the hippocampal complex (HPC)
covering dorsal and ventral hippocampus, left temporal associ-
ation cortex, as well as posterior parietal areas. No significant
interaction effect of GROUP by SEED REGION was observed.

Post hoc between-group contrasts showed that the most pro-
nounced age-related changes in hippocampal rsFC occurred in
the aged-impaired group. Compared with Y, rsFC of bilateral CA1
regions showed significant and widespread reductions in Al rats,
spanning almost all brain structures within the modules noted
above (Fig. 2C, P < 0.05 corrected). Functional connectivity of CA3
showed similar spatial patterns of reduction in Al animals, with
the exception of the decreased or absence of reduction in the
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Figure 1. Resting-state functional connectivity maps of left and right CA1 and CA3 hippocampal subdivisions for Y (n=12), AU (n=9), and Al (n=12) rats. P <0.05 by
one-sample t-test, corrected for multiple comparisons. Coordinates represent distance relative to bregma (in millimeters).
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Figure 2. Aging-related alterations in CA1/CA3 connectivity. Mixed-design ANOVA of GROUP (Y, AU and Al) and SEED REGION (left/right CA1 and left/right CA3) revealed
brain regions showing significant main effect of group in rsFC of the hippocampal seed region (A) are located in seven different modules (B). Post hoc contrast maps
plotting the distribution of significant differences in rsFC with the CA1/CA3 regions (C). P < 0.05, corrected for multiple comparisons. Coordinates represent distance

relative to bregma (in millimeters).

retrosplenial and posterior parietal cortices. Contrasts between
the Y and AU groups revealed a similar but less extensive pattern
of reduced rsFC with CA3 (Fig. 2C, P < 0.05 corrected), mostly
localized to the prefrontal and ventral hippocampal regions.
In contrast, there were no significant alterations in rsFC with
CA1 seeds. These findings suggest that age-related decline in
functional connectivity with CA3 may precede changes in CA1.
We found no significant differences between AU and Al animals
in rsFC of any of the CA1 or CA3 seeds.

CA3-HPC Connectivity Drives the Relationship
of CA1-IL with Memory in Aging

We next sought to test whether altered functional connectivity
of the aged CA1 and CA3 subfields predicts individual differ-
ences in spatial learning and memory. We used LASSO analysis
to select candidate predictors (rsFC of CA1 and CA3) of spatial
learning performance (LI) across animals. Of all the connectivity
with bilateral CA regions, LASSO analysis selected two candidate
predictors, one connected left CA1 to infralimbic divisions of the
prefrontal cortex (LASSO coefficient: —0.066), while the other
linked left CA3 to the HPC module (LASSO coefficient: —0.15).
Higher LI scores (reflecting poor spatial memory) were predicted
by reduced left CA1-IL and left CA3-HPC connectivity, and the
LASSO identified model explained 28.5% of the variance in
spatial learning performance across all rats.

Given the anatomical organization of hippocampal projec-
tions, we suspected that CA3-HPC connectivity might act on

the CA1-IL circuit to influence learning and memory. To test
this prediction, we conducted a mediation analysis (using the
mediation package in R, with 10 000 bootstrap samples), in which
the predictor variable was left CA3-HPC connectivity, the out-
come variable was LI score, and the mediator variable was left
CA1-IL connectivity. The results revealed that left CA1-IL con-
nectivity fully mediated the association between left CA3-HPC
connectivity and spatial learning index (8 = —0.38; 95% CI, —0.61
to —0.12, P <0.01) (Fig. 3, Table 1); higher connectivity between
left CA3 and HPC was associated with better spatial learning
ability via increased CA1-IL functional interactions. As a control
analysis, we also tested the reverse mediation effect using CA3-
HPC rsFC as the mediator for the association between CA1-IL
connectivity and learning index. This effect did not approach
statistical significance t (8 =0.01; 95% CI, —0.32 to 0.28; P=0.92;
supplemental Fig. 5, Table 1).

Since the observed associations and mediation effects might
arise predominantly from the between-group differences in FC,
we refitted both LASSO and mediation models using the aged
rats alone (i.e., both Al and AU rats). LASSO analysis repli-
cated the preceding predictive model using all rats; that is,
left CA1-IL (LASSO coefficient: —0.11) and left CA3-HIP rsFC
(LASSO coefficient: —0.10) were selected as candidate predic-
tors, which together explained 30.4% of the variance in spatial
learning across aged animals. Moreover, the association between
CA3-HIP rsFC and learning performance was mediated signifi-
cantly by CA1-IL connectivity (8 = —0.27; 95% CI, —0.46 to —0.05;
P =0.04; supplemental Table 1).
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ICA1-IL connectivity

&=

a*b=-0.38(0.16) *

a= 0.64(0.13) % b= -0.57(0.15) *

Learning
index

ICA3-HPC connectivity [c= -0.36(0.17)]

Figure 3. Mediation model for the association between left CA3-HPC connectiv-
ity, left CA1-IL connectivity, and learning index, whereby left CA1-IL connectivity
is a complete mediator of the relationship between left CA3-HPC connectivity
and learning index. Path coefficients are shown next to arrows indicating
each link in the analysis, with SEs in parentheses. Path a is the relationship
between the predictor and the mediator. Path b is the relationship between the
mediator and the outcome. The total effect (path c in square parenthesis) is the
relationship between the predictor and the outcome, whereas the direct effect
(path ¢’) is the relationship between the predictor and the outcome controlling
for the mediator. Path a*b is the mediation effect. *P < 0.05.

Neurocognitive Aging Effects in CA1 and CA3 Are Left
Lateralized

Available evidence suggests a left-right dissociation of hip-
pocampal memory processes in rodents, where the left
hippocampus may be dominant for spatial long-term memory
processing. We therefore sought to assess whether age-related
memory decline is associated with lateralized changes in rsFC.
Analysis of covariance (ANCOVA) examined the hemisphere
x 1sFC interaction term to test whether the slopes of the
relationship between hippocampal rsFC and LI differed between
hemispheres (i.e., using LI scores as the dependent variable, and
average rsFC of hippocampal seeds as independent variables).
We fitted averaged rsFC between left or right CA1/CA3 seeds and
the brain modules with significant group effects in the ANCOVA
model, respectively, and observed significant hemisphere x
1sFC interactions for associations between LI and CA3-HPC
as well as CA1-IL rsFC (supplemental Table 2). Post hoc linear
regressions confirmed that LI was significantly correlated with
rsFC of both the left CA1 and CA3 fields, but not with the
corresponding regions in the right hemisphere (Table 2 and
Fig. 4). Similar effects were also observed when the aged rats
were considered alone (Al and AU; supplemental Tables 3
and 4).

We also evaluated whether there are laterality effects
on neurocognitive aging-related changes in hippocampal
connectivity. To do this, we recompared CA1/CA3 rsFC between
Al and Y animals after controlling for rsFC with their con-
tralateral seed regions. The comparisons revealed that neu-
rocognitive aging-related reductions in left CA3-HPC rsFC and
left CA1-IL rsFC remained significant after regressing out their
corresponding contralateral connectivity (i.e., right CA3-HPC
rsFC and right CA3-IL rsFC, respectively). In contrast, group
differences between Al and Y animals in connectivity with the
right hippocampal divisions were no longer significant after
controlling for connectivity with left CA1/CA3 areas.

Discussion

In this study, we observed age-related impairments in func-
tional connectivity of both CA3 and CA1, distributed exten-
sively in medial temporal, orbital and medial prefrontal cortices.
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Age-related deficits in spatial memory were predicted by con-
nectivity between left CA3 and hippocampal circuit along with
connectivity between left CA1 and infralimbic area. Importantly,
the effects of CA3 connectivity on memory in aging were medi-
ated by CA1-IL connectivity. Moreover, aging-related decline of
spatial learning and memory was associated with functional
connectivity changes lateralized to the left CA3 and CA1 hip-
pocampal divisions.

Excessive neural activity in the hippocampus is a prominent
feature of age-related neurocognitive impairment in both
rodents and humans. Recent evidence links hyperactivity
selectively in the CA3 subfield with a loss of immunoreactivity
for GABAergic interneurons that regulate network inhibition
(Thomé et al. 2016). Our findings here suggest that CA3
hyperactivity in aging may arise in association with disrupted
network-level communication. Cognitively intact aged animals
exhibited reduced functional coupling between the CA3
subfield with regions localized to the prefrontal and ventral
hippocampal areas. Previous studies using the same aged rat
model reported that cognitively unimpaired subjects maintain
normal excitatory/inhibitory balance in the hippocampus
(Haberman et al. 2013, 2017), suggesting that subtle changes
in functional connectivity with CA3 may comprise an early
event, potentially driving eventual changes in activity. Indeed, it
has been hypothesized that uncoupling from cortical inputs
may lead to disinhibition-like changes in intrahippocampal
activity. This disconnection account is supported by recent
human studies in patients with AD, showing an inverse relation
between hippocampal connectivity and intrahippocampus
metabolism (Yakushev et al. 2011; Tahmasian et al. 2015).
Our results build significantly on this background, providing
evidence that the decline in CA3 connectivity is an early feature
of normal aging. However, we note that we cannot rule out
the possibility that hyperexcitability of aged hippocampal CA3
may drive further network dysconnectivity. In humans and
animals models of neurodegeneration, an “activity-dependent
degeneration” model has been proposed that excess neural
activity in aging comprises a required permissive condition
for the spread of neuropathology, and for consequent network
dysconnectivity (Palop and Mucke 2010; de Haan et al. 2012).
Although the animals used in the current study will not develop
neurodegenerative pathology, we observed that CA3 functional
connectivity loss spread from MTL to widely distributed
neocortical regions in aged animals with cognitive impairments,
indicating hyperactivity may also contribute to further network
dysconnectivity and neurocognitive impairments in normal
aging. Moreover, the pattern of disrupted functional connectivity
we found in Al rats maps out much of the circuity vulnerable to
the activity-dependent neurodegenerative processes. Changes
in functional connectivity in these networks may be an earlier
seed event, or a precursor, providing insight into why aging
itselfis the greatest risk for neurodegenerative disease. Together,
these findings point to a potential feedforward effect whereby
CA3 hyperactivity and associated network dysconnectivity
reinforce and exacerbate each other.

Although the extent of CA1 dysconnectivity was similar to
CA3 in aged-impaired animals, CAl connectivity was relatively
preserved during successfully cognitive aging. These observa-
tions are in accordance with previous reports showing differ-
ential vulnerability of these two regions, with CA3 being more
affected than CA1 in relation to variability in the cognitive
outcome of aging (Wilson 2005; Yassa et al. 2010). Using the same
model examined here, molecular evidence suggests that spatial
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Table 1 Mediation analyses results for the association between left CA3-HPC connectivity, left CA1-IL connectivity, and learning index across

all rats
Connectivity/model path Estimate 95% CI P-value
Mediator: CA1-IL
Total effect: direct+mediation effects -0.36 —0.78 to —0.03 0.04
Direct effect: CA3-HIP->LI —0.59t0 0.41 0.94
Mediation effect: CA3-HIP->CA1-IL->LI -0.38 —0.61 to —0.12 <0.01
Mediator: CA3-HIP
Total effect: direct+mediation effects —0.58 —0.90 to —0.37 <0.01
Direct effect: CA1-IL ->LI —0.59 —0.97 to —0.19 0.02
Mediation effect: CA1-IL ->CA3-HIP—> LI —-0.32t00.28 0.92

The total effect is the relationship between the predictor and the outcome, whereas the direct effect is the relationship between the predictor and the outcome
controlling for the mediator. Mediation effect is the difference between the total effect and direct effect. Hypothesis testing and statistical significance were evaluated
with bootstrapping. An effect was statistically significant if the value 0 was not within the 95% bias-corrected.

learning ability (Haberman et al. 2008) and cognitive status in
aged animals (Haberman et al. 2011) are coupled with gene
expression changes in CA3, and that among the principal hip-
pocampal subfield, CA3 profiles of differential expression best
distinguish aged animals with preserved versus impaired mem-
ory (Haberman et al. 2011). Such memory-related differences
prominently involve gene expression for inhibitory markers in
CA3, consistent with the idea that blunting excess activity in
that circuitry is important for intact memory function in the
aged hippocampus (Branch et al. 2019). Notably, while func-
tional coupling of both CA3-HPC and CA1-IL were predictive
of spatial memory performance, CA1-IL connectivity mediated
the effect of CA3-HPC connectivity. These findings suggest that
an early reduction in CA3-HPC connectivity may give rise to
disrupted CA1-IL connectivity, and that connectivity of CA3-
HPC, rather than CA1-IL, may precipitate memory decline dur-
ing the aging process. The testable implication for interven-
tion is that treatments targeting early CA3 signatures could
improve memory performance by circumventing the progres-
sion of broader network dysfunction. The mediation effect also
offers insight into the neural mechanisms by which dysregu-
lated CA3 connectivity affects spatial learning and memory. The
hippocampus and medial prefrontal cortex (mPFC) are strongly
connected and the primary projections from the hippocampus
to prefrontal cortex originate in the CA1 subdivision (Delatour
and Witter 2002). Based on anatomical pathways of different
hippocampal subfields, computational models of hippocam-
pal function suggested that the CA3 neurons act as an auto-
associative network to form and store episodic memories, which
are further recoded by CA1 to enable more efficient recall of
activity in the neocortical areas (Kesner and Rolls 2015). The
role of mPFC-hippocampal interactions that support memory
was updated in a number of recent developments, which sug-
gest that through the direct and indirect CA1-mPFC pathways,
contextual information is transferred to the prefrontal cortex,
which allows subsequent top-down control by the mPFC in the
recall of context-appropriate memory representations stored in
the CA3 cells (Eichenbaum 2017). In support of these evidences,
our findings of the mediation effect of CAl1-IL connectivity
suggest its role in coordination with CA3 circuit to facilitate
learning and memory performance. However, given the obser-
vational nature of the data, it will be important to directly
test the sequence of CA3 and CA1 dysconnectivity during neu-
rocognitive aging, and their causal relationship with memory
impairment.

While lateralization of function in the human hippocampus
is well established, interhemispheric projections are far more
extensive in the rodent brain (Amaral and Lavenex 2006), directly
impacting the anatomical organization presumed to mediate
functional asymmetries. It is only recently that advanced
technologies, such as optogenetics, have uncovered evidence
suggesting that the left and right rodent hippocampi are also
functionally specialized (Kohl et al. 2011; Shipton et al. 2014).
Here, using an aging model in rats, we report that aging-related
memory decline is associated with functional connectivity
changes lateralized to the left hippocampus. Indeed, earlier
work points to a potential interaction between aging and
lateralization, demonstrating that unilateral hippocampal
inactivation selectively impairs spatial memory in aged rats
when the left hippocampus is inactivated (Poe et al. 2000). It is
interesting to note in this context that aging-related disruptions
in hippocampal integrity reported in human studies often
appear localized in the left hemisphere (Yassa et al. 2011; Reagh
etal. 2018). Whether lateralization contributes to the differential
vulnerability of different forms of memory to aging remains to
be tested directly.

The findings from the present study should be interpreted in
view of a few limitations. First, functional connectivity analysis
was performed using fMRI BOLD signal, which reflects neu-
ral activity indirectly based on vascular responses. Evidence
from human aging studies has shown that vasodilatory capacity
declines with age (Ito et al. 2002; Lu et al. 2011), which may
manifest as a plausible cause of aging-related fMRI differences
(Lu et al. 2013). Thus, future studies should investigate the
vascular origin of functional connectivity changes during neu-
rocognitive aging by using cerebrovascular reactivity-corrected
BOLD fMRI data. Second, although general physiology including
arterial oxygen concentration, cardiac and respiration rates were
monitored and maintained in the normal physiological range
during scanning in our study, there was still a marginal differ-
ence in respiration rate between the aged subgroups (Al vs. AU:
Mann-Whitney test, U=238, P=0.053). To control for potential
contamination of respiration circle on connectivity measures,
we specifically removed respiration-related components during
preprocessing of fMRI data (see section “Materials and Meth-
ods”). Moreover, our previous observation that no significant dif-
ferences were observed in rsFC with a piriform cortex seed sug-
gests that age-related changes in general physiology are unlikely
to account for the selective pattern of results we observed
(Ash et al. 2016). Nevertheless, future studies using mechanical
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Table 2 Hemisphere x Connectivity Interaction Effects for Associations Between LI and CA3-HPC/CA1-IL Connectivity Across only Aged Rats

y X Hemisphere Regression parameters ANCOVA
B(SE) P F P
LI CA3-HPC connectivity left CA3 —0.47(0.16) 0.006 11.16 0.0014
right CA3 0.30(0.17) 0.10
LI CA1-IL connectivity left CA1 —0.41(0.16) 0.02 4.92 0.03
right CA1 0.10(0.18) 0.57

Analysis of covariance (ANCOVA) was used to determine if slopes differed statistically between hemispheres. Statistically significant regression slopes and slope

differences between treatments (at P < 0.05) are in bold type.
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Figure 4. Hemisphere x connectivity interaction effects for associations between LI and CA3-HPC/CA1-IL connectivity. (A) Scatterplots of the correlation between CA3-
HPC connectivity and spatial memory (LI score) for all rats (n = 33). Left CA3-HPC connectivity was significantly negatively correlated with LI score (left panel,r=—0.47,
P=0.006), while right CA3-HPC connectivity was not (right panel, r=0.30, P=0.10); (B) scatterplots of the correlation between CA1-IL connectivity and LI score for all
rats (n=33). Left CA1-IL connectivity was significantly negatively correlated with LI score (left panel, r= —0.41, P=0.02), while right CA1-IL connectivity was not (right
panel, r=0.10, P=0.57).

ventilation would be insightful to reveal if there is a dependence
on systemic physiological parameters. Finally, although previous
quantitative morphometric studies of post-mortem histological
preparations in the same model used here have uniformly failed
to detect evidence of gross neuroanatomical change of the sort
likely to affect regional brain volumes (e.g., Rapp and Gallagher
1996; Smith et al. 2000; Rapp et al. 2002), it is plausible future
morphometric analysis may reveal neurocognitive aging-related
changes and their relationship with functional dysconnectivity
of hippocampal subfields.

In conclusion, the current study reveals that CA3, the hip-
pocampal subdivision most vulnerable to aging, is characterized
by dysregulated functional network connectivity lateralized to
the left hippocampi, and, through the left lateralized dysconnec-

tivity within the CA1-mPFC circuit, provides a network mecha-
nism for learning and memory impairment in aging.
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Supplementary material can be found at Cerebral Cortex online.
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