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Fig. 6. Aged Animals Have Significant Reduction in Global Node Degree A.
Group average map of global (whole cortex) node degree in the delta frequency
range (1-4 Hz) for young (top) and aged (middle) animals. The bottom map
represents the difference between young and aged animals in global node degree
thresholded for significance. B. Group average map of global (whole cortex)
node degree in the infraslow frequency range (0.01-0.2 Hz) for young (top)
and aged (middle) animals. The bottom map represents the difference between
young and aged animals in global node degree thresholded for significance.

spontaneous behaviors revealed that exploratory activity in young mice
significantly correlated with whole-cortex resting state delta power, but
not infraslow power. Aged mice, which were significantly less active, no
longer exhibited this correlation. Finally, we observed that whole-cortex
node degree correlated with exploratory activity in young animals. As
with power, this was not observed in the infralsow frequency band and
aged mice no longer demonstrated this correlation. Together these data
suggest that aging is associated with broad declines in global power
as well as local deterioration of connectivity within select cortical net-
works. These declines correlated with behavioral changes seen in aged
mice and may suggest a link between the neuronal and synaptic changes
observed in older individuals and behavioral declines associated with
aging.

The synchronous activity of networks has been described as a “mid-
dle ground” between single neuron activity and behavior (Buzsaki and
Draguhn, 2004). Spontaneous neuronal activity across a variety of fre-
quencies has been implicated in a wide range of functions including
information transfer, plasticity, memory, attention, and consciousness
(Giraud and Poeppel, 2012; Ward, 2003; Cebolla and Cheron, 2019).
Importantly, phase synchronization of activity in distinct brain regions
is thought to underlie functional connectivity critical for the integration
of information (Varela et al., 2001). Our data show two primary findings
with aging: 1) a nearly global decline in resting state activity across a
wide frequency range (0.01-4 Hz) that extends over much of the cortex
(encompassing most of somatosensory, motor, and visual cortices), and
2) more nuanced decline in regional functional connectivity within and
across resting state networks (as illustrated in Fig. 7).
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4.2. Age-Associated global reduction in cortical spontaneous activity

Prior work has shown that aging is associated with significant
changes to cortical spontaneous activity. Most relevant is recent magne-
toencephalographic work demonstrating widespread linear declines in
slow wave EEG power (0.5 —6.5 Hz) with aging (Vlahou et al., 2014).
Compellingly, this work also demonstrated that enhanced delta and
theta power was associated with better performance on tests of exec-
utive function. Our work adds to the finding that aging is associated
a broad decline in spontaneous activity across a wide frequency range
including infraslow and delta (0.01-4 Hz) and that this decline covers
most of the cortex. Additionally, we found that whole-cortex delta activ-
ity positively correlated with exploratory activity in young animals, but
in aged animals (which explored significantly less and had significantly
less infraslow and delta power overall), this correlation was no longer
observed. Correlations between delta band power and node degree and
exploratory behavior suggests a frequency specific role in some sponta-
neous behaviors which is lost in aged animals who exhibit significantly
less exploratory behavior overall.

4.3. Age-Associated deterioration of functionally connected networks

Observations of age-associated white matter deterioration led to
the “disconnection” hypothesis that cognitive decline during normal
aging results from changes in the integration of cerebral networks
(O’Sullivan et al., 2001). A number of functional imaging studies have
since shown that aging is associated with a wide range of network
and FC changes (Varangis et al., 2019; Grady, 2012). Seminal work
by Andrews-Hanna et al. demonstrated that aged individuals, free
from Alzheimer’s disease pathology, had significantly reduced anterior
to posterior functional connectivity within the default mode network
(Andrews-Hanna et al., 2007). Others have further demonstrated that
aged individuals have reduced frontoparietal control and default mode
network connectivity (Avelar-Pereira et al., 2017), reduced connectivity
within the frontoparietal network (Campbell et al., 2012), and reduced
cortico-striatal network FC (Bo et al., 2014). A recent study using fMRI
in mice found an inverse U shape of functional connectivity strength
in the sensory motor and default mode networks across the lifespan of
mice with connectivity increasing until middle age then declining sig-
nificantly (Egimendia et al., 2019). Here we leverage the high spatial
resolution and broad temporal range of mesoscale calcium imaging to
show that neural activity in aged mice is globally reduced. We also show
that aging in mice is associated with degradation of functional connec-
tivity in discrete cortical networks particularly somatomotor and visual
networks. Finally- we show that band specific correlations in power and
connectivity with behavior in young, but not aged mice.

Many of the reductions in FC we observed in our seed-based analysis
were loss of anti-correlation (summarized by the blue lines in Fig. 7a
and Fig. 7b). This resulted in less discrete network borders (as seen
in Fig. 4A, and 4B,). Decreased functional specialization and network
integrity has been well described with aging. Hippocampal place cells
firing become less specific as animals age (Barnes et al., 1983). Older
individuals utilize a greater cortical area to process visual informa-
tion (Grady et al., 1994), utilize significantly less cortical specialization
when viewing distinct categories of visual stimuli (Park et al., 2004),
and recruit additional cerebral area during verbal memory encoding
(Logan et al., 2002). Additionally, resting state FC analysis has shown
decreased segregation of functional brain systems in aged individuals-
particularly those older than 50 (Chan et al., 2014). The diminished
anticorrelation and degradation of distinct network borders observed
in our study may represent network desegregation with aging in mice.
Anticorrelation between networks is thought to be an important com-
ponent of attention demanding tasks (Fox et al., 2005) and, of note,
human studies have also demonstrated that anticorrelation between the
dorsal attention and default mode networks is attenuated in older adults
(Spreng et al., 2016).
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Fig. 7. Summary of Connectivity Changes
in Aged vs. Young Animals A. Represen-
tative diagram of connectivity difference be-
tween young and aged animals (young minus
aged) within the delta band. Spheres are at lo-
cations of seeds used in seed-based FC analy-
sis. Sphere size correlates to the average change
in node degree within the seed between young
and aged mice (Young - Aged). Average node
degree within the seeds was compared between
young and aged animals using a student’s T
test. Purple spheres represent significant differ-
ences in average node degree at that location
(p<0.05). Lines between seeds represent signif-
icant differences in connectivity (z(R)) between
young and aged groups. The thickness of the
lines is proportional to magnitude of the corre-
lation difference. Red lines represent age asso-

ciated decreases in positive correlations and blue lines represent age-associated decreases in negative correlations. B Same as A, but in the infraslow band.

It should be noted that overall, we observed a greater dynamic range
in connectivity values within the infraslow frequency band relative to
the delta frequency band. This may reflect greater overall coherence of
slow waves. The greater dynamic range at slow frequencies may make
analysis at these lower frequencies overall more sensitive to changes
across groups. This may further contribute to the broader changes seen
in node degree and homotopic functional connectivity between aged and
young animals (Figs. 5,6,&7) within the infraslow band when compared
to the delta band.

4.4. Correlation of delta activity and connectivity with behavior

Recent work demonstrating that delta and infraslow activity likely
represent unique neural processes with separate propagation patterns
(Mitra et al., 2018) supports our finding. If activity within these frequen-
cies represent unique processing- then it is interesting to consider that
while aging appears to universally drive down cortical network activity,
its effect on delta activity may disproportionately affect certain somato-
motor functions. Delta activity predominates cortical function during
development (Scher, 2008) and slow wave sleep (Dijk, 2009). Relevant
to our finding that delta activity correlates with exploratory activity, it
has been highly implicated in motivational behavior (Knyazev, 2012;
Knyazev, 2007). Declines in delta activity with aging may therefore un-
derlie diminished drive to explore a new environment. Delta activity
has also been associated with visual attention (Lakatos et al., 2008),
hunger (Hoffman and Polich, 1998; Savory and Kostal, 2006), and re-
ward craving (Reid et al., 2003), processes to which exploratory behav-
ior would seem closely related. Further delineating possible frequency
specific correlations with other behaviors will be an important subject
of future work.

Our observation that delta frequency power and node degree corre-
late to exploratory behavior in young but not aged mice (which exhibit
significantly less delta power and exploratory behavior overall) adds
to the hypothesis that network dysfunction contributes to age related
functional decline. Prior human studies have shown a strong correla-
tion between network behavior and behavioral declines. The majority
of this work has focused on age-associated cognitive decline. Default
mode network functional connectivity in older adults free of Alzheimer’s
pathology has a linear correlation with composite scores of executive
function, memory recall, and processing speed (Andrews-Hanna et al.,
2007). Memory decline itself is conversely correlated with default mode
network FC (Bernard et al., 2015). Decreased FC within the salience
network is noted with aging and the degree of impairment correlates
with decreased scores on a battery of cognitive neuropsychiatric tests
(Onoda et al., 2012). Innovative work using machine learning has shown
that the connectivity profile between the salience and visual or anterior
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default mode can be used to predict age (La Corte et al., 2016). Healthy
older individuals have reduced fronto-parietal and fronto-occiptial con-
nectivity and lower regional clustering scores were correlated with di-
minished verbal and visual memory scores (Sala-Llonch et al., 2014). A
study of working memory demonstrated healthy aged individuals had
reduced default mode connectivity and that the degree of connectiv-
ity between the posterior cingulate cortex and medial prefrontal cor-
tex correlated with memory performance (Sambataro et al., 2010). Hu-
man imaging studies have also noted a variety age-associated changes
in network activation related to motor activity (Seidler et al., 2010) and
learning (Mary et al., 2017). Our study found the greatest differences in
connectivity and power to be in the somatomotor networks, therefore
we focused our work to this region.

4.5. GCaMP imaging and aging

Group-level differences in neural activity and functional connectivity
between young and old mice are likely a result of changes in patterns of
intrinsic functional organization that naturally occur during normal ag-
ing, rather than as a result of changing GCaMP expression. Importantly,
we did not find a significant difference in GCaMP positive cell count in
aged animals, nor did we detect any of the characteristic signs of cellu-
lar stress or toxicity in this or our previous work (Rosenthal et al., 2020)
(e.g. beading of axons, punctate expression of aggregated GCaMP, nu-
clear expression, or cellular atrophy). Additionally, stimulus-evoked re-
sponses were similar across aged and young animals, suggesting that the
brain’s ability to process sensory input was comparable across groups.
Global reductions in signal power could result in reduced signal co-
herence, manifesting as lower values of zero-lag correlation. However,
changes in FC were region specific while the very broad reductions in
band-limited power involved the majority of the cortex. FC differences
localized to select networks suggests that our measurements are suffi-
ciently sensitive to detecting age-related alterations in functional brain
organization processes.

4.6. Conclusions and limitations

The data presented here suggest that aging is associated with global
declines in resting state activity across a wide range of frequencies and
over large portions of the brain. In contrast, aging is associated with fo-
cal deterioration of cortical network connectivity most prominent in mo-
tor and somatosensory cortex. Finally, we report that whole-cortex delta
band activity and node degree connectivity correlated with exploratory
activity in young, but not aged mice. These data suggest that somato-
motor network degradation driving diminished delta activity may dis-
proportionally influence behavioral deficits with aging.
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Fig. 8. Exploratory Behavior in Young Animals Correlates with Cortical Delta Power and Delta Node Degree A,. Young animals (n = 17) explored a clear glass
container significantly more than aged animals (n = 18). A,. Grooming behavior was similar in aged and young animals. A;. Aged animals spent significantly more
time immobile than young animals. B,. Whole-cortex power significantly correlated with the degree of wall exploration observed in young animals (n = 14) within
the delta but not infraslow frequency band. B,. Whole-cortex power in aged animals (n = 11) did not correlate with exploration time in either the delta or infraslow
frequency band. B;. Whole-cortex node degree correlated significantly (R2=0.43) with the degree of wall exploration within the delta but not infraslow frequency
band in young animals (n = 13). Infraslow node degree did not correlate. B,. There was no correlation between delta or infraslow node degree and exploration in

aged animals (n = 9).

A limitation of our behavioral work is the correlative nature of our
findings. While we see a clear correlation between delta frequency cor-
tical network activity and exploratory behavior which is lost in the less
active older animals, we can’t discern if the lack of behavior drives the
change in network activity or if the change in network activity drives
the lack of behavior. Indeed, aged mice (by the time of the study) will
have spent their entire lives in relatively small environments (standard
cages). Alternatively, older mice may also be less interested in exploring
unique environments having lived longer lives exposed to more things.
The “novel” nature of the world to a younger animal may drive increased
exploratory behavior. Future studies are needed to better differentiate
the role of environment and long-term behavior patterns on network
activity. Our study relies on mesoscale imaging of cortical network ac-
tivity, therefore- we are limited in our ability to make assumptions about
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changes in subcortical activity and connectivity. Additionally, our study
is primarily an examination of functional network activity. As discussed,
a variety of synaptic and neuronal changes have been described with ag-
ing. An important part of future studies will be examining possible cor-
relations between the network findings described here and structural
changes in aged brains. Finally, while an advantage of our study is the
broad frequency range we are able to examine using calcium imaging,
we are still limited in our ability examine significantly faster cortical
activity.
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