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Abstract

The disconnection of neuronal circuitry through synaptic loss is presumed to be a
major driver of age-related cognitive decline. Age-related cognitive decline is hetero-
geneous, yet whether genetic mechanisms differentiate successful from unsuccess-
ful cognitive decline through maintenance or vulnerability of synaptic connections
remains unknown. Previous work using rodent and primate models leveraged various
techniques to imply that age-related synaptic loss is widespread on pyramidal cells in
prefrontal cortex (PFC) circuits but absent on those in area CA1 of the hippocampus.
Here, we examined the effect of aging on synapses on projection neurons forming
a hippocampal-cortico-thalamic circuit important for spatial working memory tasks
from two genetically distinct mouse strains that exhibit susceptibility (C57BL/6J) or
resistance (PWK/PhJ) to cognitive decline during aging. Across both strains, synapse
density on CA1-to-PFC projection neurons appeared completely intact with age. In
contrast, we found synapse loss on PFC-to-nucleus reuniens (RE) projection neu-
rons from aged C57BL/6J but not PWK/PhJ mice. Moreover, synapses from aged
PWK/PhJ mice but not from C57BL/6J exhibited altered morphologies that suggest
increased efficiency to drive depolarization in the parent dendrite. Our findings sug-
gest resistance to age-related cognitive decline results in part by age-related synaptic
adaptations, and identification of these mechanisms in PWK/PhJ mice could uncover
new therapeutic targets for promoting successful cognitive aging and extending

human health span.
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1 | INTRODUCTION

Synapses are the fundamental computational subunits of the brain,
and the building blocks of neuronal circuits that vary in complexity
based on brain region and mammalian organism (Lerner et al., 2016;
Stidhof & Malenka, 2008). Synapses enable cell-type specific forms of
communication and are often targeted to defined spatial subcellular lo-
cations on postsynaptic cell types, which constrains neural circuit op-
erations (Bloss et al., 2016, 2018; Brown & Hestrin, 2009; Druckmann
et al., 2014; Gidon & Segev, 2012; Katz et al., 2009; Koch et al., 1983).
Synapses act as plastic, tunable biochemical and electrical signaling
compartments, a feature that allows internal states to shape neural
circuit function (Matsuzaki et al., 2004; Turrigiano, 2008), and may be
the primary substrate in the nervous system mediating learning and
memory recall (Harvey & Svoboda, 2007; Kasai et al., 2003).

Individual excitatory synapses on many neuronal cell types take
the form of small protrusions along the dendrites (i.e., dendritic spines
(Cajal, 1888)), which can be visualized by multiple imaging meth-
ods (Kasai et al., 2003; Matsuzaki et al., 2001; Serrano et al., 2022).
Spine structure reflects the functional strength of each connection:
spine head size correlates with synapse strength (Kasai et al., 2003;
Matsuzaki et al., 2001), and the morphology of the spine neck de-
termines the degree of electrical and biochemical filtering that oc-
curs between the synapse and the parent dendritic cable (Grunditz
et al., 2008; Tgnnesen et al., 2014). During normal aging, mammalian
organisms experience progressive, yet variable, cognitive decline,
even in the absence of a disease, which corresponds to a loss in syn-
aptic plasticity (Burke & Barnes, 2006). Relative to other synapses,
spine synapses seem to be the primary type that are lost or altered
during aging, and these changes in the aging brain appear circuit spe-
cific (Dickstein et al., 2013; Morrison & Baxter, 2012). For example, the
density of spine synapses decreases over time on cortical neurons in
the frontal but not visual cortex, and decreases on CA3 pyramidal neu-
rons but not on neighboring neurons in CA1 (Fan et al., 2017; Morrison
& Baxter, 2012; Young et al., 2014). The loss of synapse number and
the changes in synaptic structure on frontal cortical neurons correlate
with progressive reductions in cognitive function with age (Brennan
et al., 2009; Hara et al., 2012; Luebke et al., 2004), yet reports of the
degree to which synaptic loss occurs suggests significant heteroge-
neity (Bloss et al., 2011; Morrison & Baxter, 2012; Scheff et al., 1991,
2001). The causal factors that underlie this variability could be what
determines successful versus unsuccessful neural aging (Morrison &
Baxter, 2012; Morrison & Hof, 1997; Moss et al., 2007), and there is
significant interest in understanding how genetic components and
environmental influences coordinately shape the trajectory of age-re-
lated cognitive changes and synaptic connectivity.

Non-human primates (NHPs) (Hof & Morrison, 2004; Luebke
et al, 2004; Peters et al., 2008) and rodents (rats (Barnes &
McNaughton, 1985; Bloss et al., 2011; Bloss et al., 2013) and mice
(Cizeron et al., 2020)) are commonly used model systems to study the
effect of aging on synapses. Although NHPs are the most translat-
able model for relating age-related neural circuit changes to cognitive
decline (Dumitriu et al., 2010; Luebke et al., 2004), they have long

lifespans (>30years), require complex housing systems, and are not
amendable to genetic-based experimentation at scale. Data from ro-
dent models recapitulate the magnitude of age-related synaptic loss
in vulnerable brain regions (including the prefrontal cortex) that has
been observed in NHPs (Bloss et al., 2011; Rasmussen et al., 1996;
Scheff et al., 1991). Studies in mice have shown loss in synaptic plas-
ticity and number during aging and in age-related diseases (Jacobsen
et al., 2006; Neuman et al., 2015; Nicholson et al., 2004). Unlike NHP
experiments, which necessarily use genetically diverse non-inbred
subjects, the work in mice has largely been performed using the in-
bred C57BL/6J (B6) mouse strain. This lack of genetic diversity limits
translatability of mouse work to humans, and has led us to evaluate
the potential of incorporating genetically distinct wild-derived inbred
mouse strains in our own work (Keane et al., 2011). Our previous re-
sults show wild-derived strains exhibit diverse cognitive and behav-
ioral phenotypes during aging and when carrying Alzheimer's disease
(AD)-linked transgenes, suggesting genetic background may influ-
ence neuronal circuitry and function (Fernandes et al., 2004; Onos
et al., 2019). In particular, the PWK/PhJ (PWK) mouse strain did not
show amyloid-dependent cognitive decline or synaptic loss, suggest-
ing PWK s anideal strain to study resilience to AD (Heuer et al., 2023).
However, the neuronal circuits vulnerable in aging are different than
those vulnerable to AD, and it remains unknown whether PWKis also
resistant to normal age-related synaptic loss.

To determine the effect of genetic context on age-related syn-
apse dynamics (and how they might relate to their observed cog-
nitive susceptibility/resilience (Gregorova & Forejt, 2000; Onos
et al.,, 2019)), we examined aging-related synapse loss in the tra-
ditionally studied B6 and wild-derived PWK mouse strains. PWK
mice differ from Bé by approximately 20 million single nucleotide
polymorphisms (SNPs) and structural variants (Keane et al., 2011).
To target our analyses to specific projection neurons, we leveraged
retrograde viral strategies to label two circuits known to have dif-
ferent vulnerabilities to aging or AD: PFC-projecting neurons to nu-
cleus reuniens (RE; PFC-to-RE), and CA1-projecting neurons to PFC
(CA1-to-PFC) (Dickstein et al., 2013). We show that spine synapses
on CA1-to-PFC neurons showed marked stability throughout aging
in both B6 and PWK mice. In contrast, PFC-to-RE neurons were sus-
ceptible to age-related spine loss in B6 but not PWK. Further, there
were morphological changes suggestive of synapse strengthening in
PWK but not B6 mice. Collectively, these results provide evidence
that PWK are a model of successful synaptic aging.

2 | RESULTS

2.1 | Labelling strategies to visualize synapses from
two neural circuits in genetically distinct mice

Our previous studies suggest PWK mice are a model of cognitive,
neuronal and synaptic resilience to Ap pathology (Heuer et al., 2023;
Onos et al., 2019). However, since age is the leading risk factor for
developing AD, we tested the prediction that PWK would also be a
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model of successful synaptic aging when compared to traditionally
used inbred Bé mice. We leveraged previously established viral ap-
proaches (Graham et al., 2021; Tervo et al., 2016) using two differ-
ent reporter fluorophores to visualize excitatory projection neurons
forming two arms of a connected hippocampal-cortico-thalamic
loop important for spatial working memory tasks (Ito et al., 2015). To
remain consistent with previous work identifying female susceptibil-
ity to age-related diseases of the brain (Bailey et al., 2011; Baxter
et al., 2018; Heuer et al., 2023; Onos et al., 2019; Yang et al., 2021),
we chose to analyze female mice of both strains. Each set of projec-
tion neurons expressed either Expression Green Fluorescent Protein
(EGFP) or tandem dimer Tomato (tdTomato) across cohorts of female
B6 and PWK mice ranging from 4 to 29 months of age (Table S1).
Three unilateral intracranial injection sites were targeted to deliver
recombinant adenoassociated virus (AAV, see Methods) to drive
EGFP in PFC neurons that project to RE (PFC-to-RE) and tdTomato
expression in CA1 neurons that project to PFC (CA1-to-PFC). After
3-4weeks, allowing for proper retrograde movement and fluoro-
phore expression, each mouse was perfused, coronal slices were
made with a vibratome, slices containing EGFP+ or tdTomato+ neu-
rons were imaged, and dendritic spine density and morphologies
were analyzed (Figure 1a). Three age groups were assessed: young
(4-7months of age), middle-aged (11-17 months of age), and aged
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(22-30months of age) groups. Neurons making up the two projec-
tion circuits in B6 and PWK mice were labeled with equivalent ef-
ficiency, suggesting a similar overall density of neurons comprising
these pathways from the compared strains (Figure 1b,c).

2.2 | Aging spines on proximal CA1 dendrites
exhibit stable densities but altered morphologies in
PWK but not B6 mice

The CA1 region of the hippocampus is well-studied on account of its
anatomy, physiology, role in episodic memory, and vulnerability to
both age- and AD-related pathological insults (Morrison & Hof, 1997).
While generally thought to be relatively resistant to normal age-related
synaptic loss (Buss et al., 2021; Geinisman et al., 2004; Nicholson
et al.,, 2004), it is unclear if age-related structural changes occur on
specific CA1 projections, and if they are modulated in subjects from
genetic contexts that exhibit resistance to cognitive aging. The majority
of excitatory inputs onto CA1 pyramidal cells are made onto the
proximal apical oblique and basal branches (Bloss et al., 2018; Megias
et al.,, 2001) which both receive inputs from hippocampal area CA3
(Empson & Heinemann, 1995). Therefore, we first analyzed dendritic
spine synapses on branches from this proximal dendritic compartment

AAV-CAG-FRT-rev-TdTomato
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(to PFC) (to RE)

4 /\/ distal

~ dendrites

proximal
dendrites
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Coronal brain sections (50um)

Confocal microscopy:
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FIGURE 1 Viral labelling of PFC-to-RE and CA1-to-PFC neurons across C57BL/6J and PWK/PhJ mice. (a) Experimental outline (see
Methods for additional details). (b, c) Example 10x images of tdTomato+ CA1 neurons (b) from Bé6 (left) and PWK (right) demonstrating
consistent CA1-to-PFC projection circuit labelling, and EGFP+ PFC neurons (c) from Bé (left) and PWK (right) demonstrating consistent PFC-
to-RE projection circuit labelling. Summary metadata for individual mice used in this study reported in Table S1.



HEUER ET AL.

% | wiLey- Aging

(@) (b)

41

®
&)/

C57BL/6J

PWK/PhJ

w
1

dendritic spines (#/um)
N

CA3 inputs CA1-to-PFC

Proximal 0

CS7BL/6J/

(d)

TPwK/PhY

frequency
o
o

Young
— Middle
J — Aged

0.0

Head Diameter (um)

YM adj.p=0.07 YM adj.p=6e-16
MA adj.p=0.07 MA adj.p=0.02
YA adj.p=0.04 ] YA adj.p=1e-6

02 ' 04 06 02 04 06

Middle-Aged

1.09 c57BL/6J TPWK/PhJ

YM adj.p=2e-10
|/ MA adj.p=0.006 ]

YM adj.p=6e-16
MA adj.p=6e-16

frequency
o
¢

YA adj.p=0.06 YA adj.p=6e-16
Young
- Middle
— Aged
0.0+—=——— d — g 1
0.5 1.5 25 05 1.5 25

Neck Length (um)

FIGURE 2 CA1-to-PFC proximal dendrites are resistant to synaptic density changes across both strains, but PWK/PhJ spines change
morphologies. (a) Example schematic of tdTomato+ proximal CAl-to-PFC dendrites analyzed here and projection input origins in
hippocampal area CA3. (b) Proximal CA1-to-PFC dendrite spine densities (spines/pm) comparing young (Y), middle-aged (M) and aged (A)
within each strain. Data points represent individual branches (n=20/mouse); error bars are +SD; one-way ANOVA identified no significant
effects within B6 or PWK (Table S2). (c) Representative 63x images of proximal CA1-to-PFC dendrites from each strain/age group. (d) CA1-
to-PFC proximal spine head diameter example image (left) and cumulative distributions from Bé (middle) and PWK (right), across age groups.
Kolmogorov-Smirnov tests were used to evaluate statistical significance (Bonferroni adjusted p <0.05) of pairwise comparisons: young
versus middle-aged (YM), middle-aged versus aged (MA), and young versus aged (YA), and p-values reported on each graph (see Table S2).
Data points are representative of measures from individual spines. () Same as (d) for CA1-to-PFC proximal spine neck length. Summary

statistics for data points represented in each graph reported in Table S2.

specifically on CA1-to-PFC neurons (Figure 2a). Consistent with
the prediction from previous reports (Buss et al., 2021; Dickstein
et al., 2013), we observed no significant age-related changes in
proximal spine density in either B6 or PWK mice (Figure 2b,c).
Dendritic spines alter their morphologies in response to re-
peated artificial synaptic stimulation (Harvey & Svoboda, 2007;
Matsuzaki et al., 2004), under conditions of homeostasis (Blanpied
& Ehlers, 2004; Turrigiano, 2008), and in reaction to disease pathol-
ogies and during aging (Runge et al., 2020; Turrigiano, 2012). Spine
head morphology is a reliable predictor of synaptic stability and
strength (Kasai et al., 2003; Matsuzaki et al., 2001), so we analyzed
the maximum head diameter of each reconstructed spine. Our analy-
sis found no overt age-related changes in B6 mice, but the same anal-
ysis in PWK mice revealed a subtle yet significant age-related shift
to spines with smaller head diameters (Figure 2d). This effect was
evident when we examined the densities of spines across the small-
est (Q1) and largest (Q4) quartiles of head diameters (Figure S1b).
The morphology of dendritic spine necks (e.g., neck width
and length) are similarly plastic (Tgnnesen et al., 2014) and de-
fine the compartmentalization of spines much more critically than
spine head size (Araya et al., 2006; Grunditz et al., 2008; Sorra &
Harris, 2000; Tgnnesen et al., 2014). Dendritic spine necks act as

strong electrical resistors, filtering currents from the synapse to the
parent dendrite branch (Araya et al., 2006). Necks also contain re-
ceptors for neuromodulatory systems that regulate local excitability
(Wang et al., 2007). Spine neck widths are often below 50nm (Bloss
et al., 2018) making them difficult to resolve with light microscopy.
We analyzed putative spine neck lengths to determine whether this
aspect of spine neck morphology is readily modified during aging.
Neck lengths in B6 mice were slightly lengthened with age, com-
plementing the stability observed in spine heads. In contrast, PWK
spine neck lengths showed a biphasic response, first increasing from
young to middle-aged, then decreasing significantly in aged mice
compared to the younger groups (Figures 2e and Sic).

Classifying spines into morphological categories (or types) is a
more traditional approach to characterizing synaptic morphology
that encompasses changes to both spine head diameter and neck
length (Ghani et al., 2017; Hering & Sheng, 2001). The four main
spine types are long (>1 pm neck length), thin (0.3-1 um neck length,
<0.3um head diameter), mushroom (<1um neck length, >0.3pm
head diameter), and stubby spines (<0.3pm neck length, <0.3pm
head diameter) (Risher et al., 2014). Many cross-species studies
have found conflicting evidence towards changes to spine types

with aging, suggesting that long, thin, mushroom and stubby spines



HEUER ET AL.

are affected differently depending on the brain region and neural
circuit examined (Dickstein et al., 2013). We found strain-specific
differences on changes to spine groups with age in CA1 pyramidal
dendrites, with dendrites from B6 mice showing no significant dif-
ferences and PWK exhibiting a significant reduction in long spines
and increase in thin and mushroom spines with age (Figure S1d).
These data support our findings that while spine populations from
B6 CA1 pyramidal cells appear relatively static during aging, PWK

spines undergo dynamic age-dependent morphological remodeling.

2.3 | Spine changes on distal CA1 dendrites mirror
those found on proximal compartments

Distal tuft dendrites in CA1 pyramidal cells are thought to be the
most vulnerable to AD-related synaptic changes due to their afferent
inputs originating in the EC (Figure 3a) (Neuman et al., 2015), where
associated neuropathology is observed very early in the disease pro-
cess (Hampel et al., 2021; Kaufman et al., 2018). Synapses on distal
dendrites are understudied relative to those on more proximal com-
partments due to limitations in traditional techniques used to evalu-

ate plasticity at remote locations relative to the soma. Consistent
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with our results from the proximal dendrites, we observed no sig-
nificant age-related changes to distal tuft spine densities in B6 or
PWK mice (Figure 3b,c). Like spines from proximal branches, we ob-
served few age-related changes in head diameter and neck length in
spines from Bé distal branches (Figures 3d,e and S2b,c). However,
spine head diameters were larger in aged PWK mice compared to
young and middle-aged cohorts (Figures 3d and S2b), and spine neck
lengths were significantly shorter in aged compared to young and
middle-aged mice (Figures 3e and S2c). Changes to the proportion
of spines belonging to morphological groups in distal CA1 pyrami-
dal dendrites mirrored those observed in proximal dendrites, with
Bé6 remaining relatively stable and PWK exhibiting a reduction in
long spines and increase in thin and mushroom spines with aging
(Figure S2d).

Collectively, these results show spine densities on proximal and
distal dendrites from CA1-to-PFC pyramidal cells do not change with
age in both B6 and PWK mice. Furthermore, Bé spines remained
morphologically stable whereas PWK spines exhibited changes in-
dicative of increased excitability at the synapse and to the parent
dendritic cable, which support the notion that these adaptations
could play a role in maintaining information processing in the aging

hippocampus.
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FIGURE 3 CA1-to-PFC distal tuft dendrites do not lose synapses but are morphologically altered in PWK/PhJ mice. (a) Example
schematic of tdTomato+ distal tuft CA1-to-PFC dendrites analyzed here and projection input origins in entorhinal cortex (EC). (b) Distal
tuft CA1-to-PFC dendrite spine densities (spines/pm) comparing young (Y), middle-aged (M) and aged (A) within each strain. Data points
represent individual branches (n=10/mouse); error bars are +SD; one-way ANOVA identified no significant effects within B6 or PWK
(Table S3). (c) Representative 63x images of distal tuft CA1-to-PFC dendrites from each strain/age group. (d) CA1-to-PFC distal tuft spine
head diameter example image (left) and cumulative distributions from Bé (middle) and PWK (right), across age groups. Kolmogorov-Smirnov
tests were used to evaluate statistical significance (Bonferroni adjusted p <0.05) of pairwise comparisons: young versus middle-aged

(YM), middle-aged versus aged (MA), and young versus aged (YA), and p-values reported on each graph (see Table S3). Data points are
representative of measures from individual spines. (e) Same as (d) for CA1-to-PFC distal tuft spine neck length. Summary statistics for data

points represented in each graph reported in Table S3.
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FIGURE 4 C57BL/6J mice are susceptible to age-related synaptic loss in proximal PFC-to-RE dendrites, with PWK/PhJ demonstrating
dynamic morphological changes to increase synaptic strength. (a) Example schematic of EGFP+ proximal PFC-to-RE dendrites analyzed
here and projection input origins in hippocampal area CA1. (b) Proximal PFC-to-RE dendrite spine densities (spines/pum) comparing young
(Y), middle-aged (M) and aged (A) within each strain. Data points represent individual branches (n=20/mouse); error bars are +SD; one-
way ANOVA identified significant effect within B6 but not PWK; asterisks denote significant (Bonferroni adjusted p <0.05) comparisons
identified using post hoc analysis within Bé (Table S4). (c) Representative 63x images of proximal PFC-to-RE dendrites from each strain/
age group. (d) PFC-to-RE proximal spine head diameter example image (left) and cumulative distributions from Bé (middle) and PWK (right),
across age groups. Kolmogorov-Smirnov tests were used to evaluate statistical significance (Bonferroni adjusted p <0.05) of pairwise
comparisons: young versus middle-aged (YM), middle-aged versus aged (MA), and young versus aged (YA), and p-values reported on each
graph (see Table S4). Data points are representative of measures from individual spines. (€) Same as (d) for PFC-to-RE proximal spine neck
length. Summary statistics for data points represented in each graph reported in Table S4.

2.4 | Differential vulnerability to age-related
synaptic changes on PFC-to-RE neurons across
B6 and PWK mice

Previous studies in humans, NHPs, rats and mice report that pyrami-
dal neurons in the prefrontal cortex (PFC) are susceptible to syn-
aptic loss with age (Bloss et al., 2011; Brennan et al., 2009; Luebke
et al., 2004; Petanjek et al., 2011; Peters et al., 2008). Moreover,
preventing this degeneration could be key to promoting success-
ful cognitive aging (Brennan et al., 2009; Hao et al., 2007; Villeda
et al., 2014). To test the prediction that PWK mice are resistant
to age-dependent synaptic loss in the PFC, we used AAVs to label
deep-layer neurons (in the same mice described above) in the PFC
that project to the RE (Figure 1) that appear to mediate behavio-
ral flexibility and working memory (Bayer & Bertoglio, 2020; Bizon
et al., 2009; Kaczorowski et al., 2012). Like CA1-to-PFC neurons,
PFC-to-RE neurons have an organized dendritic architecture, and
the proximal and distal compartments each receive a distinct set of
inputs. Basal and apical oblique dendrites located in the proximal
regions receive afferent inputs from CA1l (among other regions),

whereas distal tuft dendrites receive a distinct set of inputs from the

thalamus (Graham et al., 2021) (Figure 4a). Therefore, we analyzed
the spines on proximal and distal dendritic compartments separately.

We first examined spine density on proximal dendrites of PFC-
to-RE neurons. Consistent with previous findings, Bé proximal den-
dritic spine density was significantly lower in middle-aged and aged
compared to young mice (Shimada et al., 2003). Interestingly, we
found no differences in spine densities on proximal PFC dendrites
across age cohorts in PWK mice (Figure 4b,c). When we examined
spine morphologies, we found statistically significant changes in
spine head diameter with age on both B6 and PWK proximal PFC
dendrites, evidenced by the cumulative frequency analyses and by
quartile analysis of the largest and smallest spines (Figures 4d and
S3b). In both B6 and PWK mice, PFC proximal spine head diameters
became subtly larger with aging (Figure 4d). While spines on prox-
imal dendrites from Bé mice showed minimal age-related changes
in neck length, spines on proximal branches from PWK mice were
significantly shortened with age. These changes that should reduce
the degree to which the neck filters synaptic currents, mimic the
patterns found on aging CA1 dendrites from PWK mice (Figures 4e
and S3c). When classified into categories, spines from proximal PFC-
to-RE dendrites in B6 mice showed a subtle but significantincrease in
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long spines with age, whereas PWK exhibited no significant changes displayed the opposite pattern: decreasing in size between young
in group composition with age (Figure S3d). These data suggest that and middle-aged groups, and then increasing in size between mid-
the two neural circuits examined here have different strain-specific dle-aged and aged cohorts (Figures 5d and S4b). Spine neck lengths
responses to aging in both spine density and morphology. on the distal dendrites of PFC-to-RE neurons from B6 mice slightly

lengthened with age, while those from PWK decreased dramati-

cally with age (Figure 5e). These changes in spine neck lengths were
2.5 | Age-related dendritic spine loss and observed in quartile analyses, with a significant gain of long spine
morphological remodeling on distal PFC dendrites necks in aged B6é mice, and an overt loss of long spine necks in aged
differs between B6 and PWK mice PWK mice (Figure S4c). Composition of spine types were also dif-

ferentially altered with age, as spines from Bé6 distal PFC dendrites
Distal tuft branches from PFC-to-RE projection neurons receive dis- exhibited an increase in long and reduction of mushroom spines with
tinct afferent inputs compared to proximal branches, coming from age, whereas PWK were static (Figure S4d). These results from dis-

the thalamus instead of CA1 (Graham et al., 2021) (Figure 5a). Like tal PFC-to-RE dendrites mirrored those from proximal dendrites: B6

the age-related changes found on proximal dendrites of PFC-to-RE branches showed age-related synaptic loss while those from PWK

neurons, distal dendritic spine densities were lower in middle-aged did not. In contrast, PWK distal PFC spines showed spine neck re-

and aged compared to young B6 mice but did not change across age modeling while those from B6 were markedly more stable, with

groups in PWK mice (Figure 5b,c). PWK altering spine morphologies so that increased electrical signal
Spine head diameters on distal branches of PFC-to-RE neurons is predicted to be driven to the spine (increase in large spines) and

from B6é mice showed a biphasic response, first increasing in size dendrite (reduction in spine necks).

between young and middle-aged cohorts, then decreasing in size Collectively, these data support our hypothesis that, like resil-

between middle-aged to aged groups. PWK distal PFC spine heads ience to AD-related Ap pathology (Onos et al., 2019), PWK mice show
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FIGURE 5 PFC-to-RE distal tuft dendrites exhibit age-induced synaptic loss in C57BL/6J mice but are morphology dynamic in PWK/

PhJ mice. (a) Example schematic of EGFP+ distal tuft PFC-to-RE dendrites analyzed here and thalamic projection input origins. (b) Distal tuft
PFC-to-RE dendrite spine densities (spines/um) comparing young (Y), middle-aged (M) and aged (A) within each strain. Data points represent
individual branches (n=10/mouse); error bars are +5SD; one-way ANOVA identified significant effect within B6 but not PWK; asterisks
denote significant (Bonferroni adjusted p <0.05) comparisons identified using post hoc analysis within Bé (Table S5). (c) Representative 63x
images of distal tuft PFC-to-RE dendrites from each strain/age group. (d) PFC-to-RE distal tuft spine head diameter example image (left) and
cumulative distributions from B6 (middle) and PWK (right), across age groups. Kolmogorov-Smirnov tests were used to evaluate statistical
significance (Bonferroni adjusted p <0.05) of pairwise comparisons: young versus middle-aged (YM), middle-aged versus aged (MA), and
young versus aged (YA), and p-values reported on each graph (see Table S5). Data points are representative of measures from individual
spines. (€) Same as (d) for PFC-to-RE distal tuft spine neck length. Summary statistics for data points represented in each graph reported in
Table S5.
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resistance to age-related cortical synapse loss. This resistance was ev-

ident across both proximal and distal compartments and accompanied
by specific forms of spine head and neck remodeling. Decreases in
spine neck length should serve to lower the spine neck resistor and
effectively increase the efficiency by which current generated at the
synapse reaches the parent dendrite. Given the growing links between
dendritic mechanisms of integration and the plasticity that mediates
learning and memory (Branco & Hausser, 2011; Larkum et al., 2009;
Magee, 2000; Spruston, 2008), the putative adaptive spine responses
could serve as mechanisms to promote successful maintenance of

neuronal health and cognition during aging.

3 | DISCUSSION

Here, we asked whether the effects of aging on synapse number
and structure in two specific neural circuits was equivalent across
two distinct strains of mice. We chose to investigate B6 and PWK
strains as past work has identified them as susceptible or resil-
ient to AD-related cognitive and synaptic deficits, respectively
(Gregorova & Forejt, 2000; Heuer et al., 2023; Onos et al., 2019).
To rigorously compare across defined neural circuits, we used mul-
tisite viral injections to label CA1-to-PFC and PFC-to-RE neurons
and systematically sampled ~90,000 spines in proximal and distal
dendritic compartments across multiple ages (ranging from 5 to
30months of age). We found that PFC-projecting CA1 pyramidal
cells from both strains maintain their dendritic spine synaptic den-
sities with age, consistent with a body of work examining randomly
labeled neurons or synapses in aging NHPs, rats and B6 mice (Buss
et al., 2021; Fan et al., 2017; Hof & Morrison, 2004; Morrison &
Baxter, 2012; Morrison & Hof, 1997). Conversely, we observed a
differential pattern of synapse loss on RE-projecting PFC neurons
between B6 and PWK mice, with synapse loss restricted to B6 but
not PWK mice. Spine reconstructions suggested that spines from
B6 showed either stability or patterns of remodeling putatively
associated with decreased synaptic efficacy, whereas PWK spines
tended to show morphological changes that are consistent with
increased synaptic efficacy during aging (Table S6). These results
suggest that previously observed cognitive characteristics from
these strains (Onos et al., 2019), including PWK resistance to ag-
ing-related decline in cognition or resilience to AD-related neuro-
pathology (Onos et al., 2019) and differential microglia activation
(Yang et al., 2021) may be due in part to adaptive forms of synap-
tic plasticity that maintain connectivity and excitability in cortical
circuitry. The PWK mouse strain, then, represents an opportunity
to identify and harness adaptive mechanisms to lengthen cogni-
tive resistance to the normal process of aging. This can be tested
and validated in future studies, using single synapse functional ap-
proaches such as glutamate uncaging (Kasai et al., 2003; Matsuzaki
et al.,, 2004) to evaluate if these structural changes correlate to
age-related changes at individual spines in PWK mice.

The viral-based strategy and high-resolution spine reconstruc-
tions performed here allowed for specific populations of projection

neurons to be compared across mice (Tervo et al., 2016). Past work
has relied on disparate techniques, including strategies to label
random neurons with dye-filling methods or counting random
synapses by EM, to build a coherent picture of synaptic vulner-
ability of the aging brain (Bloss et al., 2011; Luebke et al., 2004;
Ouellette et al., 2020; Peters et al., 2008). By taking advantage
of multisite viral strategies to gain projection neuron specificity
within the same aging subjects, our results are beginning to iden-
tify the neural circuits that are vulnerable to age-related discon-
nection in terms of information flow. Interplay between CA1 of
the hippocampus, PFC and RE is thought to be critical for spatial
working memory tasks, a cognitive domain affected in aged indi-
viduals (Bizon et al., 2009; Ito et al., 2015; Pliatsikas et al., 2019).
Since our most striking finding is the strain-dependent loss on
aging PFC-to-RE neurons, our results suggest the PFC may be the
critical locus of aging in terms of synapse loss. Reductions in PFC-
to-RE spine densities in B6 mice was most dramatic from young
to middle-aged, which is consistent with previous findings of syn-
apses on PFC neurons from rats (Bloss et al., 2011, 2013), as well
as with behavioral findings that animals and humans start to be-
come impaired in working memory function tasks as early as mid-
dle-age (Barnes & McNaughton, 1985; Bizon et al., 2009; Moore
et al., 2006; Salthouse, 2009). Although CA1 projection neurons
appear to maintain their numbers during aging, our results do not
imply that CA1 function is intact during aging. Other processes,
including activity-dependent spine plasticity at CA1 synapses,
might also contribute to age-related deficits in hippocampal-de-
pendent learning or memory function.

Atthelevel of individual synapses, spine morphology is a strong
determinant of function (Kasai et al., 2003; Matsuzaki et al., 2001;
Tgnnesen et al., 2014). Specifically, spine head diameter is a cor-
relate of synapse strength, spine neck of the level of compartmen-
talization between the synapse and parent dendrite, and spine
type a synthesis of these two parameters into discrete groups. Past
work has focused on age-related modification of head diameter
with little evidence for modulation of spine neck morphology (Hao
et al., 2007). In contrast, our data show that both spine head di-
ameter and neck length are readily modified during aging in a way
that depends on genetic context. In B6 mice, CAl-to-PFC neurons
exhibited very few morphological spine changes with age, consis-
tent with population stability during aging. Conversely, PWK mice
showed consistent evidence for morphological spine remodeling
on CA1-to-PFC and PFC-to-RE neurons that suggest an overall in-
crease in efficacy between the spine synapse and parent dendrite
(Table S6). When examining spine types, we also observed that
CA1-to-PFC neurons from PWK mice reduce long spines (classi-
fied as having long necks), while increasing mushroom spines (clas-
sified as having large heads) (Figures S1d and S2d). This result did
not appear as robust in PFC-to-RE neurons using the categorical
spine type approach, probably because PWK mice have ~25% lon-
ger spine necks on PFC-to-RE neurons compared to those from
B6 (Figure S5). Nevertheless, the shift of spine head diameter and
neck length distributions in aging PWK mice across both circuits
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examined here are compelling because both spine head and spine
neck changes move in unison towards greater synapse efficiency,
and their synergism might potentially drive large changes in how
excitatory postsynaptic potentials from multiple synapses are in-
tegrated in the dendrites.

Recent work from our group has found that female PWK
mice are resilient to AD-related synaptic changes in CA1-to-PFC
neurons during early exponential phases of pathology spread
(Heuer et al., 2023). As biological age is the primary risk fac-
tor for developing neurodegenerative disorders including AD
(Armstrong, 2019; Launer et al., 1999), the data presented here
suggest that the PWK mouse strain can be both a model of re-
silience to cognitive and synaptic changes seen in AD (Heuer
et al., 2023; Onos et al., 2019), and resistance to cortical syn-
apse loss seen during normal brain aging. As in our previous work
(Heuer et al., 2023; Yang et al., 2021), only female mice were used
in this current study, leaving the role of biological sex on age-re-
lated synaptic changes unexamined. Previous reports state that
females are more susceptible to age-related neurological disor-
ders such as AD (Podcasy & Epperson, 2016), and female subjects
have remained historically underrepresented in scientific research
(Bierer et al., 2022). Future work should seek to expand on these
results in both male and female mice in experiments powered to
detect sex differences.

Since the molecular and cellular mechanisms that differentiate
successful from unsuccessful agers are still unknown (Morrison
& Hof, 1997), the findings here could drive the identification of
cell-specific processes that maintain synapses throughout aging.
Future work should seek to advance this goal by testing additional
PFC projection neurons to understand the circuit specificity of re-
sistance, by molecular strategies to uncover the gene(s) required
for this resistance, and by using functional studies that interro-
gate how behavior relates to pattens of neuronal activity in these
circuits (Gobel & Helmchen, 2007; Kaczorowski et al., 2012).
Ultimately, such work would set the stage for developing precise
therapeutic strategies to promote healthy cognitive aging and
resilience to AD across the genetically diverse and aging human

population.

4 | MATERIALS AND METHODS

4.1 | Ethics statement

All research was approved by the Institutional Animal Care and
Use Committee (IACUC) at The Jackson Laboratory (approval
number 12005 and 20006). Animals were humanely euthanized
with 4% tribromoethanol (800 mg/kg). Authors performed their
work following guidelines established by “The Eighth Edition of
the Guide for the Care and Use of Laboratory Animals” and eu-
thanasia using methods approved by the American Veterinary

Medical Association.

Aging

4.2 | Animal husbandry

All mice were bred and housed in a 12/12hour light/dark cycle
on aspen bedding and fed a standard 6% Purina 5K52 Chow diet.
Experiments were performed using two mouse strains: C57BL/6J
(B6, JAX stock #000664) and PWK/PhJ (PWK, JAX stock #003715).
Mice were group housed for entirety of experiments. Experimental
cohorts were generated through intercrossing B6 or PWK mice to
produce 3-8 female mice per age group. Full mouse information is

reported in Table S1.

4.3 | Intracranial viral injections

Recombinant adenoassociated viral (AAV) vectors were used to
drive Cre-recombinase (AAVretro-Cre) (Tervo et al., 2016), Cre-
dependent EGFP (serotype 2/1, AAV-FLEX-rev-EGFP) (Graham
et al., 2021; Tervo et al., 2016), FIp-recombinase (AAVretro-CAG-
FLPo), and FLP-dependent tdTomato (serotype 2/1 AAV-CAG-
FRT-rev-TdTomato) (Winnubst et al., 2019). AAVretro-CAG-FLPo
and AAV-CAG-FRT-rev-TdTomato were gifts from Janelia Viral
Tools (Addgene plasmid #183412, http://n2t.net/addgene:
183412, RRID:Addgene_183,412; Addgene plasmid #1912083,
http://n2t.net/addgene:191203, RRID:Addgene_191203). The
titers of each virus were as follows (in genomic copies/mL):
AAVretro-Cre, 1x10'2, AAV-FLEX-rev-GFP, 1x10%, AAVretro-
CAG-FLPo, 1x10%; AAV-CAG-FRT-rev-TdTomato, 1x10%. A
1:1 ratio of AAVretro-CAG-FLPo and AAV-FLEX-rev-GFP was
mixed and 45nL injected into ventral prefrontal cortex (PFC) over
5min; 45-50nL (per each D/V coordinate) of AAV-CAG-FRT-rev-
TdTomato was injected in CA1 (CA1) over 10 min; AAVretro-Cre
was diluted 1:10 with sterile saline and 45 nL injected into nucleus
reunions (RE) over 5min. Since PWK brain volumes are smaller
than Bé, injection coordinates were adjusted based on pilot ex-
periments to determine injection sites. The coordinates for each
injection were as follows (in mm: posterior relative to bregma, lat-
eral relative to midline, and ventral relative to pial surface): B6 PFC
(+1.75, -0.95, and -2.6), B6 CA1 (-3.5, -3.4, and-2.7/-2.5/2.0),
Bé RE(-1.1, -1.2, -4.15); PWK PFC (+1.45, -0.9, and - 2.3), PWK
CA1 (-3.5, -3.3, and - 2.75/-2.5/-2.0), PWK RE(-1.0, -1.0, -3.2).
RE and PFC injections were performed with the mouse tilted at a
15° angle. At each site the injection pipette was left in place for
3-5min then slowly retracted at a rate of 10 pm/s from the brain.
After surgery mice were singly housed, monitored for 5days, and

euthanized approximately 3-4 weeks post injection.

4.4 | Tissue harvest and brain sectioning

Mice were humanely euthanized with an intraperitoneal lethal
dose of Tribromoethanol (800mg/kg), followed by transcardial
perfusion with 45 mL ice-cold 4% paraformaldehyde (PFA) in 0.1 M
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phosphate-buffered saline, in accordance with IACUC protocols
(12,005 and 20,008). Brains were removed and placed in 5mL
ice cold 4% PFA at 4°C for 24 h, then placed into storage buffer
(1XPBS+0.1% Sodium Azide) for long-term storage at 4°C. Brains
were coronally sectioned at 50 pm thickness and placed in storage

buffer at 4°C until needed for imaging. Approximately six frontal
PFC sections containing EGFP+ dendrites, and six sections with
distal CA1 TdTomato+ dendrites were mounted on slides and
coverslipped using Vectashield Hardset mounting media (Vector
Laboratories #H140010).

4.5 | Dendritic spine imaging and analysis

Slices were imaged on a Leica SP8 confocal microscope equipped
with a 63x objective (oil immersion), images collected at 50nm
pixel sizes with 0.1 um z-steps, and stacks deconvolved using Leica
Lightning software. Ten dendrites per compartment (e.g., basal,
apical oblique, tuft) were captured per mouse. Each image was ex-
ported as TIFF format (in ImageJ version 2.9.0/1.53t) and imported
into NeuronStudio (Rodriguez et al., 2008) for analysis of dendritic
spine densities and morphologies. Since the effectiveness of a
synaptic input on the dendritic tree is influenced by the diameter
of the parent dendrite (Holmes, 1989), we ensured all dendritic
calibers incorporated into this analysis were thin (i.e. under 1pm
in diameter) (Figures S1a, S2a, S3a, S4a). Density measurements
were acquired by first reconstructing the dendritic cable followed
by semi-automated spine identification. Cumulative distributions
of assigned spine head diameters (HEAD.DIAMETER) and neck
lengths (MAX.DTS) were analyzed by Kolmogorov-Smirnov tests,
and through a quartile-based analysis. In this latter analysis, spines
within dendritic compartments from each strain were pooled
across treatment groups to create a population, and the first and
last quartiles determined. From each branch, spines belonging to
the first quartile (Q1, smallest) and last quartile (Q4, largest) were
identified and the density for each quartile per branch was cal-
culated. Data were analyzed with each dendrite representing an

individual data point.

4.6 | Spine type classifications

Dendritic spines were morphologically classified into one of four
categories based on previously established criteria (Dumitriu
et al., 2010; Risher et al., 2014): Long, Thin, Mushroom, and Stubby.
Long spines were classified by any spine with a neck length (MAX.
DTS) greater than 1pum. Mushroom spines were classified as any
spine with a neck length less than 1pm and head diameter (HEAD.
DIAMETER) greater than 0.3 um. Thin spines were classified as any
spine with a neck length between 0.3pm and 1pm, and head diam-
eter less than 0.3 um. Stubby spines were classified as any spine with
a neck length and head diameter less than 0.3 pm. Once spines were
morphologically classified, the percentage of each spine type was

calculated for each analyzed dendrite, and data analyzed as each

dendrite representing an individual data point.

4.7 | Statistical analysis

Data were analyzed blinded to strain and age group. All statistical
analyses were performed in GraphPad Prism software (v9.5.1) except
for Kolmogorov-Smirnov (K-S) tests which were performed using
R (v4.2.2). Results are reported in table form in the Supplemental
Information (Table S2-S5). Data from Bé and PWK mouse strains
were analyzed separately. To assess age effects within each strain,
one-way ANOVAs were computed followed by Bonferroni post hoc
tests. Within-group differences between Q1 and Q4 densities for
spine head diameter and neck length were determined using non-
parametric two-tailed t tests. Bonferroni corrections for multiple
comparisons were performed on nominal p-values from resultant
K-S tests.
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