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ABSTRACT

BACKGROUND: Aging is accompanied by altered thinking (cognition) and feeling (mood), functions that depend on
information processing by brain cortical cell microcircuits. We hypothesized that age-associated long-term functional
and biological changes are mediated by gene transcriptomic changes within neuronal cell types forming cortical
microcircuits, namely excitatory pyramidal cells (PYCs) and inhibitory gamma-aminobutyric acidergic neurons
expressing vasoactive intestinal peptide (Vip), somatostatin (Sst), and parvalbumin (Pvalb).

METHODS: To test this hypothesis, we assessed locomotor, anxiety-like, and cognitive behavioral changes between
young (2 months of age, n = 9) and old (22 months of age, n = 12) male C57BL/6 mice, and performed frontal cortex
cell type—specific molecular profiling, using laser capture microscopy and RNA sequencing. Results were analyzed by
neuroinformatics and validated by fluorescent in situ hybridization.

RESULTS: Old mice displayed increased anxiety and reduced working memory. The four cell types displayed distinct
age-related transcriptomes and biological pathway profiles, affecting metabolic and cell signaling pathways, and
selective markers of neuronal vulnerability (Ryr3), resilience (Oxr7), and mitochondrial dynamics (Opa7), suggesting
high age-related vulnerability of PYCs, and variable degree of adaptation in gamma-aminobutyric acidergic
neurons. Correlations between gene expression and behaviors suggest that changes in cognition and anxiety
associated with age are partly mediated by normal age-related cell changes, and that additional age-independent
decreases in synaptic and signaling pathways, notably in PYCs and somatostatin neurons, further contribute to
behavioral changes.

CONCLUSIONS: Our study demonstrates cell-dependent differential vulnerability and coordinated cell-specific
cortical microcircuit molecular changes with age. Collectively, the results suggest intrinsic molecular links among
aging, cognition, and mood-related behaviors, with somatostatin neurons contributing evenly to both behavioral
conditions.
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Age-related changes in cognitive and mood-related func-
tions are thought to be mediated by subtle structural and
functional changes in various brain regions and at the cell
level by adaptations in cortical microcircuits mediating in-
formation processing (1). In a simplified model of cortical
microcircuitry, excitation mediated by glutamatergic pyrami-
dal cells (PYCs) undergoes an orchestrated modulation by
distinct gamma-aminobutyric acid (GABA)-expressing inhib-
itory neurons (2,3). Specifically, Sst-expressing GABAergic
(SST) neurons inhibit PYC dendrites; Vip-expressing
GABAergic (VIP) neurons inhibit SST neurons, hence,
together with SST neurons, regulating excitatory input onto
PYCs. Pvalb-expressing GABAergic (PV) neurons target the
PYC perisomatic region, hence regulating excitatory output.
The balance of activities between PYC and GABAergic

neurons, often referred to as excitation-inhibition (E/I) bal-
ance, significantly contributes to microcircuit, brain region,
and neural network homeostasis, which then determines the
content, integrity, and transfer of information flowing
through these biological levels (4,5). Conversely, age-related
long-term cell-dependent changes occur in a coordinated
manner to maintain microcircuit homeostasis, which, in turn,
are thought to underlie age-associated behavioral and
cognitive changes.

With age, glutamatergic (6) and GABAergic (7) transmission
is altered, leading to changes in synaptic input/output, plas-
ticity, and neuronal excitability (8). The area and cell-type
specificity of these changes can be associated with neuronal
vulnerabilities with age, which alter functional adaptations and
E/I balance (9). Much has been learned about short-term
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(seconds to hours) functional adaptations at the cell contact
level; however, how the different cell types of those microcir-
cuits synchronize their functions on longer timescales (weeks
to months) is less well known. Long-term biological adapta-
tions are specifically relevant to age-associated brain changes.
Hence, we hypothesize that age-associated decline in long-
term homeostatic changes is regulated through coordinated
transcriptional programs within and across cell types forming
cortical microcircuits.

To begin testing this hypothesis, we first assessed
changes in behavior and cognitive abilities in young and
aged mice and performed frontal cortex cell type-specific
molecular profiling, using laser capture microscopy (LCM)
and RNA sequencing (RNAseq). Behavioral and molecular
results were analyzed for coordinated changes using
ontological analysis approaches. We predicted that 1)
age-, anxiety-, and cognition-related biological changes
would differ across microcircuit cell types; and 2) PYC
changes would be accompanied by inversely correlated
changes among VIP, SST, and PV GABAergic neurons, to
maintain homeostasis through regulating excitatory input
and output onto PYCs. Finally, we sought evidence for a
potential order in cell-dependent vulnerability to age-
related changes as a first step toward investigating the
putative sequence of cell-dependent events underlying
brain aging.

METHODS AND MATERIALS
Detailed methods are available in Supplement 1.

Assay time line

Days: 12 3-5 6-7 8-11 12

A
. Young . old

13

Cell-Dependent Cortical Microcircuit Aging

Animals

All experiments were performed with male C57BL/6 mice 22
(n =12) and 2 (n = 9) months of age in accordance with the
Canadian Animal Care Committee and in the order described
in Figure 1A.

RNA Extraction and Sequencing Library Preparation

After tissue sectioning, staining, and laser capture steps, the RNA
from the microdissected cells were extracted using the PicoPure
RNA Isolation kit (Cat. No. KIT0204; Thermo Fisher Scientific,
Waltham, MA), and libraries were prepared using the SMARTer
RNASeq pico input kit (Cat. No. 635007; Clontech Laboratories,
Mountain View, CA), according to the manufacturer protocols,
and were sequenced using the lllumina HiSeq 2500 (lllumina, Inc.,
San Diego, CA) to generate 2 X 100 paired-end reads.

Differential Expression Analysis

The reads were aligned to mouse reference genome GRCm38
using HISAT2 aligner (https://ccb.jhu.edu/software/hisat2/
index.shtm), and counts were generated and analyzed for dif-
ferential expression using Deseqg?2 (10). A p value < .05 was used
to select differential expressed genes. For gene-behavior cor-
relations, we performed Spearman correlation of anxiety and
cognition Z-scores with DESeg2-normalized gene expression,
from which the age-associated residuals were subtracted.

Pathway Analysis

The Wald statistics—based ordered list of genes for the effect
of age in different cell types was used to map the enrichment

Figure 1. Age-related behavioral changes. (A) Timeline
of assays conducted in the study. Results are summa-
rized for (B-E) anxiety-like behavior, (F, G) cognitive
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of different gene ontology terms in the biological pathway,
molecular function, and cellular component categories, using
default gene set enrichment analysis parameters (11). An
updated list of Gene Ontology (GO) terms was downloaded
(http://download.baderlab.org/EM_Genesets/). To analyze age
effects across cell types, the normalized enrichment score of
significant pathways (p value < .05) was used. Custom
R-script written in R version 3.4.0 (R Foundation for Statistical
Computing, Vienna, Austria) and GODB package (https:/
bioconductor.org) was used to explore the parent-child
association between GO terms in our list of significant path-
ways (child pathways) and handpicked pathways in GO database
(parent pathway), representing known changes in aging.

Quantitative Microscopy

For validation of differential expression and neuronal vulnera-
bility analyses, we counted the fluorescent in situ hybridization
(FISH)-labeled messenger RNA grains using quantitative wide-
field microscopy and FISH-quant (12) in MATLAB 9.2 (R2017a)
(The MathWorks, Inc., Natick, MA).

RESULTS

Anxiety-like and Cognitive Behaviors in Old Versus
Young Mice

Old mice spent significantly less time in the open arms of the
elevated plus maze compared with young mice (Figure 1B)
(p < .001), with no difference in time spent in the closed arms
of the maze (p = .76). In the open field test, old mice spent less
time in the center of the apparatus (Figure 1C) (p = .002).
Finally, in home cage-like settings using the PhenoTyper
(Noldus, Leesburg, VA), old mice exposed to an anxiogenic
light stimulus displayed exacerbated reactivity compared with
young mice (Figure 1D) (p = .07). Together these results
demonstrate higher anxiety-like behaviors in old compared
with young animals, as confirmed by averaged transformed
Z-scores across tests (t test, p < .0001) (Figure 1E).

Cognitive functions were tested using the novel object
recognition test and spatial alternation in a Y-maze. In the novel
object recognition (Figure 1F), analysis of variance revealed an
effect of age (F1,19 = 6.8, p = .02), an effect of the type of object
(F1,10 = 8.9, p =.007), and an interaction between both factors
(F119 = 5.5, p = .03). Post hoc analysis revealed that young
animals explored the novel object more than the familiar one (p =
.05), whereas old animals did not (p = .43). Also, old animals
explored the novel object less than young animals (p = .014). In
the Y-maze (Figure 1G), the spontaneous alternation rate was
low in old mice compared with young mice (o =.005). There was
no difference in locomotor activity (Figure 1H) between young
and old animals (p = .2). Together, these results demonstrate
reduced cognitive functions in old compared with young ani-
mals, as confirmed by averaged transformed Z-scores across
tests (p = .0047) (Figure 11).

Cortical Microcircuit Cell Types Display Unique and
Minimally Overlapping Age-Related Transcriptomic
Profiles

To investigate the cellular and molecular correlates of age-
related behavioral changes, we collected the four cell types

forming canonical cortical microcircuits (PYC, PV, SST, and
VIP GABAergic neurons) (Figure 2A) in the frontal cortex of the
same mice using FISH and LCM (Figure 2B), and obtained cell-
specific gene expression profiles using RNAseq. The reads
from the four cell types mapped to 13,986 genes. A principal
component analysis showed a clear separation of cell types in
unique clusters (Figure 2C), demonstrating distinct patterns of
gene expression for each cell type. Cell type markers
(Slc17a17, Sst, Pvalb, and Vip) displayed the expected levels
of expression enrichment (Figure 2D). Moreover, all cells
expressed Stmn2, a pan-neuronal marker, whereas Gad7 and
Gad2, two interneuron-specific markers, were expressed
exclusively in GABAergic neurons (Figure 2D), together vali-
dating the cell collection approach.

Next, we investigated age-related changes in gene
expression within and across cell types. No genes were
significantly affected across the four cell types at the 10% false
discovery threshold (false discovery rate; g < 0.1). In contrast,
7.9% of genes were affected in at least one cell type at the
same threshold. In order of magnitude, VIP neurons have the
highest number of differentially expressed genes, followed by
PYC neurons, and PV/SST neurons (Figure 2E). Age-
downregulated genes were more common than upregulated
genes in VIP cells and PYCs and equivalent in SST and PV
cells (Figure 2E). Overlaps in expression profiles were minimal
between cell types (Figure 1F, G).

Next, we explored the biological pathways associated with
differentially expressed genes in each cell type using gene set
enrichment analysis. Few pathways were identified at false
discovery rate < 0.25 (PV: 0 down and 4 up, SST: 7 down and
0 up, VIP: 10 down and 0 up), except for PYC neurons (142
down and 48 up), suggesting weaker age-associated changes
in interneurons. Thus, for further analysis, we focused on
pathways identified at p < .05. PYCs had the highest number
of significantly affected pathways, and PV neurons the least,
and except for some degree of overlap in enriched synapse-
associated pathways between VIP and PYC neurons
(Table S1 in Supplement 2), there was minimal overlap in
affected pathways across cell types (Figure 3A).

Cell-Dependent Metabolic and Synaptic Aging

To further investigate cell-dependent aging, we utilized the
hierarchical GO tree structure (13) and selected two sets of GO
parent terms, one associated with metabolism and cellular
stress and the other associated with synaptic homeostasis and
channel activity reflecting the neuronal E/I balance, as two
hallmarks of biological aging (14). We then filtered the cell-
specific distribution of affected biological pathways (child
terms) associated with these parent terms. Results are sum-
marized in Figure 3B and below per cell type.

Pyramidal Cells. PYCs showed prominent downregulation
in the GO term response to stress pathways (9 of 33 child
terms) (Figure 3B; Table S2 in Supplement 2) and upregulated
pathways related to oxidation-reduction process, leading to
the generation of reactive oxygen species (6 of 8 terms).
Pathways associated with energy production (ATP metabolic
process), organelles activity (mitochondrion, lysosome, and
endoplasmic reticulum), cellular response to DNA damage
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Figure 2. Cell-specific analysis of age-related differential gene expression. (A) Canonical cortical-microcircuit containing pyramidal cell (PYC), parvalbumin
(PV), somatostatin (SST), and vasoactive intestinal peptide (VIP) neurons. The color labels used for different neurons in panel (A) are maintained for all the
figures. (B) Cells are labeled with RNAscope fluorescent in situ hybridization and collected by laser capture microdissection. Scale bar = 10 um. (C) A
transcriptome-based principal component (PC) analysis plot clearly showed distinct neuronal cell-type clusters. (D) Validation of cell-type collection: Markers
of cell types show expected cell-specific expression. (E) Number of age-related differentially expressed genes per cell type (p < .05). Percentage values
correspond to 13,986 genes analyzed. (F, G) Overlap of differentially expressed gene between cell types in the (F) upregulated and (G) downregulated

conditions.

stimulus, and proteolysis (protein ubiquitination and protein
catabolic process) were also upregulated with age, suggesting
that the energy produced is consumed in cellular mainte-
nance. In contrast, there was a prominent downregulation of a
pathway associated with synaptic signaling (11 of 21 terms)
and synapse part (8 of 10 terms), mostly including excitatory
synapse (modulation of excitatory postsynaptic potential)
(Table S2 in Supplement 2). Other subcellular anatomy-related
pathways, namely axon development, dendrite development,
cell junction organization (exclusive for PYCs), and

260

cytoskeleton organization, were similarly downregulated in
PYCs. For channel activities, there was a small upregulation of
ATPase activity (2 of 10 terms), and downregulation of
voltage-gated channel activities that include calcium gated
channels (1 of 7 terms) and potassium gated channels (1 of 7
terms). Finally, cation homeostasis pathways were exclusively
downregulated in PYCs. Together, this suggests an age-
related functional shift in PYCs toward increased cellular
stress and metabolism and reduced signaling functions during

aging.
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Figure 3. Cell-dependent age-related affected biological pathways and validation of differential expression of associated markers. (A) Clustering of age-
affected biological pathways in pyramidal cell (PYC), vasoactive intestinal peptide (VIP), parvalbumin (PV), and somatostatin (SST) neurons (p < .05). Each
row (nodes of the dendrogram on the left) represents a pathway and each column a cell type. The scale represents the normalized enrichment score for
upregulated (red) and downregulated (green) pathways. The numbers below represent upregulated and downregulated pathways per cell type. Refer to
Table S1 in Supplement 2 for a complete list of pathways associated with each cell type and pathway overlap between cell types. (B) Altered pathways related
to metabolism and cellular stress (top, red) and synaptic homeostasis and channel activity (bottom, blue), per cell type. The pathway names on the left
represent the parent terms selected from the Gene Ontology (GO) database and their associated child term (black numbers). On the right, the red and green
colors represent upregulated and downregulated numbers of pathways per cell type, respectively, scaled to the total percent of child term associated with the
parent term per cell type. Refer to Table S2 in Supplement 2 for the detailed parent—child associations with respect to age FISH-quant validation of genes
representative of affected GO groups: (C) Nrxn1, belonging to the GO group presynaptic active zone, downregulated with age in PYCs; (D) Syp, belonging to
the GO group regulation of long-term neuronal plasticity, upregulated with age in PV neurons; (E) Mecp2, belonging to the GO group negative regulation of
gene expression, upregulated with age in Sst neurons; (F) Asap1, belonging to the GO group dendritic spine morphogenesis, downregulated with age in VIP
neurons. Messenger RNA grains were counted for the differentially expressed genes (red in right columns), based on cells selected using Sic17a7, Pvalb, Sst,
and Vip markers (green in middle columns). The boxplots of messenger RNA counts are displayed per gene on the right. Axis is in grains per cell. “n” in the
merged figure represents the number of cells investigated. **p < .001. Scale bar = 10 um. ATP, adenosine triphosphate; GPCR, G protein—coupled receptor.

Biological Psychiatry February 1, 2019; 85:257-267 www.sobp.org/journal 261


http://www.sobp.org/journal

Biological
Psychiatry:
Celebrating
50 Years

PV Neurons. Upregulated pathways were more abundant
than downregulated pathways. Pathways associated with
oxidation-reduction process, ATP metabolic process, and
associated organelles were not changed, but pathways asso-
ciated with cellular response to DNA damage stimulus (2 of 6
terms) and protein catabolic process (4 of 16 terms) were
upregulated. Similarly, pathways associated with synaptic
changes showed greater up- than downregulation with age. PV
neurons showed the highest proportion of upregulated child
terms associated with synaptic signaling (7 of 21 terms),
including regulation of synaptic glutamatergic transmission,
positive regulation of long-term synaptic potentiation, and
modulation of excitatory postsynaptic potential (Table S2 in
Supplement 2). Downregulated pathways were associated with
axon development (3 of 10 terms) and dendrite development
(2 of 11 terms) and with GPCR (G protein—coupled receptor)
signaling pathways (2 of 3 terms). For channel activity, PV
neurons showed upregulated pathways associated with
voltage-gated channel activity, including regulation of post-
synaptic membrane potential, sodium channel activity, and
calcium channel activity (Table S2 in Supplement 2). Together,
this suggests that PV neurons undergo a balanced cellular
organization at the metabolic and cell signaling levels to
maintain functional homeostasis, without any obvious overall
deleterious effect during aging.

SST Neurons. Downregulated pathways were more abun-
dant than upregulated pathways. Upregulated pathways were
associated with metabolic changes, including response to
stress (3 of 33 terms), mitochondrion (1 of 7 terms) and cellular
response to DNA damage stimulus (3 of 6 terms). Down-
regulated pathways included response to stress (4 of 33
terms), ATP metabolic process (2 of 8 terms), endoplasmic
reticulum related activity (1 of 2 terms), and protein catabolic
process. Interestingly, the four downregulated child terms
associated with response to stress include GO Biological
Process pathways associated with kinase activity, stress-
activated MAPK cascade, stress-activated protein kinase
signaling cascade, and regulation of JUN kinase activity
(Table S2 in Supplement 2). In contrast to metabolic changes,
all pathways associated with synaptic changes were down-
regulated in SST neurons, including vesicle, synapse part,
neurotransmitter transport (including GABAergic transmission,
axon development, and dendrite development) (Figure 3B;
Table S2 in Supplement 2). Vesicle and axon development
showed highest numbers of downregulated child terms in SST
compared with all other neurons. Finally, pathways associated
with G protein receptors and channel activities were mostly
unaffected. Together this suggests a downregulation of
metabolic activities and robust decreases in signaling structure
and function in SST neurons with age.

VIP Neurons. VIP neurons showed the most downregulated
child terms associated with response to stress (8 of 33) and
upregulated pathways related to oxidation-reduction process
(1 of 8) among neuron subtypes. Pathways associated with
response to DNA damage stimulus (1 of 6 terms) and protein
ubiquitination (2 of 5 terms) were upregulated. Among the
pathways associated with synaptic changes, there was a
downregulation of pathways associated with synaptic
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signaling (5 of 21 terms) and synapse part (3 of 10 terms),
which are proportionately more numerous than for the other
two interneuron subtypes. Similarly, there was a greater
downregulation of child term pathways associated with
dendrite development compared with the other interneuron
subtypes. Within channel activities, ATPase activity (3 of 10
terms) and voltage-gated activity (1 of 7 terms) were down-
regulated, but the pathway associated with glutamate receptor
activity was exclusively upregulated in these neurons. Overall,
VIP neurons showed similarities with altered pathways identi-
fied in PYC neurons (Figure 3A). Together, this suggests a
mixed homeostatic adaptation to cellular stress and a func-
tional downregulation of VIP neurons with age, which parallels
those observed in PYC neurons.

Validation of Altered Gene Expression by FISH

To validate the RNAseq findings, we selected differentially
expressed genes among the core sets of transcripts that ac-
count for the enrichment signal (i.e., leading-edge subset) (12) in
the four different cell types and performed FISH and quantifi-
cation by FISH-quant. We confirm that in PYC neurons, neu-
rexin1 (Nrxn1), a cell surface receptor associated with the GO
term presynaptic active zone, is downregulated with age
(RNAseq: p < .0195; FISH: p < 8.29 x 10~ '3 (Figure 3C); in
PV neurons, synaptophysin (Syp), an integral membrane protein
of small synaptic vesicles associated with the GO term regula-
tion of long-term neuronal synaptic plasticity, is upregulated
with age (RNAseq: p < .026; FISH: p < 8.96 X 10~ (Figure 3D);
in SST neurons, methyl-CpG binding protein 2 (Mecp2), asso-
ciated with the GO term negative regulation of gene expression,
is upregulated with age (RNAseq: p < .021; FISH: p < 1.85 X
107 (Figure 3E); and in VIP neurons, Arf-GAP with SH3
domain, ANK repeat and PH domain-containing protein 1
(Asap1), associated with the GO term dendritic spine morpho-
genesis, is downregulated with age (RNAseq: p < 6.83 X 1075,
FISH: p < 2.36 X 107%) (Figure 3F).

Markers of Neuronal Vulnerability Are Differentially
Expressed Across Neuronal Subtypes

Neuronal adaptive mechanisms to stress include increased
adenosine triphosphate production (thus, higher respiration),
increased organelle activity (14), and impaired calcium ho-
meostasis (15), all pathways associated with mitochondria,
often at the expense of structural/synaptic homeostasis. In the
GO analysis, we observed that interneurons show few changes
in pathways associated with these stress-related phenomena
compared with PYCs (Figure 3B), suggesting differential
vulnerability. Hence, as proxy measures of neuronal vulnera-
bility, we assessed the expression across the four cell types of
the Oxr1 gene, whose product protects against oxidative
stress (16), and the Ryr3 gene, whose product activity depends
on the amount of reactive oxygen species present (17,18)
(Figure 4A, B). The two genes showed high expression levels
in PYC neurons. Highest Oxr1 expression and lowest Ryr3
expression was observed in PV neurons. SST neurons dis-
played intermediate expression profiles between that of PYC
and PV neurons, with a slightly lower expression of Oxr7 but a
high expression of Ryr3. In contrast, VIP neurons showed low
Oxr1 expression and intermediate Ryr3 expression. To
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Figure 4. Markers of neuronal vulnerabilities are differentially expressed across cell types. Expression of (A) Oxr1 and (B) Ryr3 messenger RNA (MRNA)
across the four cell types, irrespective of age. (C) Expression of Opa? mRNA changed with age in all neuron types. The expression, with age, is downregulated
for pyramidal cells (PYCs), whereas it is upregulated for interneurons. mRNA grains were counted for the differentially expressed gene (red, bottom panel),
based on Sic17a7, Pvalb, Sst, and Vip cell markers (green, middle panel). The boxplot on the bottom of the figures represents the average mRNA count
(n [number of cells mentioned in the merged figure]) (top panel). **p < .01; **p < .001; ***p < .0001. Scale bar = 10 pm.

complement these measures of cellular vulnerability, we SST: p < 3.78 x 1073 VIP: p < 3.54 X 107%) and whose
investigated the expression of Opa7, a gene upregulated with product is responsible for mitochondrial stability by means of
age exclusively in interneurons (RNAseq, PV: p < 3.71 X 103 mitochondrial fission-fusion balance (19). As measured by
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FISH-quant analysis, Opal expression was high in PYCs, but
shows a robust decrease with age in those cells (Figure 4C)
(FISH: p < 5.53 x 10™'). Its expression was progressively
lower in PV, SST, and VIP neurons, showing small but signifi-
cant increases with age in all three cell types (FISH, PV: p <
2.72 X 1072, SST: p < 1.18 X 1072 VIP: p < 2.88 X 107?)
(Figure 4C), replicating the RNAseq results.

Collectively, the data suggest the following profiles of
intrinsic vulnerability and age-associated changes: PYC neu-
rons display an increased vulnerability with age; PV neurons
show overall high intrinsic resiliency; SST neurons display
moderately high intrinsic resiliency; and VIP displayed low
intrinsic resilience. Finally, Opal expression levels suggest that
the variability in cellular vulnerability and resilience may be
associated  with  mitochondria-related  age-associated
changes.

Gene-Behavior Correlation

We performed correlation between gene expression and
behavioral dimensions, using individual cognition and anxiety
Z-scores, and compared results to age-associated changes.
As expected, owing to the association of behavioral changes
with age, results showed large overlap (Figure 5A). Moreover,
because anxiety and cognition Z-scores are correlated

Cell-Dependent Cortical Microcircuit Aging

(r = .62), these results suggest that a large group of genes may
simultaneously contribute to all three dimensions (age, cogni-
tion, and anxiety). To probe for additional and age-independent
correlation with behaviors, we performed the same analysis
using age-corrected expression profiles. As expected, this
reduced the overlap with age-related genes but increased the
overlap between cognition- and anxiety-associated genes
(Figure 5A), suggesting that a set of gene changes may
contribute to both cognition and anxiety changes, indepen-
dently of aging. We then performed a biological pathway
analysis on these age-adjusted and behavior-correlated genes
along the same earlier filters for aging to provide direct com-
parisons. Several observations can be made (Figure 5B). First,
results show that, unlike the effect of age, there were minimal
upregulated pathways associated with both conditions;
changes associated with metabolic pathway were more pro-
nounced in SST and VIP neurons as compared with PYC and
PV neurons for both conditions. Second, decreases in path-
ways related to synaptic structures and channel activity were
greatest in PYC neurons and least in VIP neurons. PV neurons
showed intermediate and variable results. Up- and down-
regulated terms in PV neurons were evenly distributed with
minimal overlap between the two conditions; however, the
number of child terms associated with cognitive decline was
twice of that observed in anxiety. PV neurons showed highest

PV |

SST | | VIP l

2"

224

Al

Age
520

B PYC PV SST  VIP PYC PV SST PYC PV SST  VIP PYC
response to stress 31| 2 6%) 9 3% 9 -29%|10 -32%) -10%|7 5|1 4%|3 12% 2 8% 6 -24%)
oxidation-reduction process 0 2
mitochondrion 2 -50% 1
ATP metabolic process 3 33%|2 1
lysosome 0 0
endoplasmic reticulum 3 1
cellular response to DNA damage stimulus 2 1 50%| -50%) 9 2 22%|
protein ubiquitination 1 5
protein catabolic process 0 2|1 s50%| 1 50%
vesicle 8 2 -25% 4 1 -25%|1  -25%|2  -50%
synaptic signaling 2 1 -50% 1 -50%) 3 2 -67%) 1 -33%|
on synaptic jon 1 1
synapse part 3 0
cell junction organization 1 2
neurotransmitter transport 0 2
axon development 1 [z 1o0%| 2 |z 100%|
cytoskeleton organization 16| 1 6%| 1 6%|1 6% 6 -38%|2 -13% 5 -31%| 5 1 20%|
dendrite development 2 3
GPCR signaling pathway 1 2 1 50%
ATPase activity 2 -50%) -50%| 6
voltage-gated channel activity 2 1 50%) 1 _
potassium channel activity 1 0
sodium channel activity 0 0
glutamate receptor activity 1 1
cation homeostasis 4 2
Cognition | | Anxiety

Figure 5. Expression and pathway profile associated with anxiety and cognition. (A) Overlap of differentially expressed genes associated with age and
Z-score of anxiety and cognition with (left) and without (right) age correction for each neuronal subtype. The numbers in the Venn diagram represent the
differentially expressed genes (both up- and downregulated). (B) Altered pathways related to metabolism and cellular stress (top, red) and synaptic ho-
meostasis and channel activity (bottom, blue) per cell type for anxiety and cognition filtered for parent pathways used for age-associated changes (Figure 3B).
Refer to Tables S3 and S4 in Supplement 2 for the detailed parent—child associations with respect to anxiety and cognition, respectively. ATP, adenosine
triphosphate; GPCR, G protein—-coupled receptor; PV, parvalbumin; PYC, pyramidal cell; SST, somatostatin; VIP, vasoactive intestinal peptide.
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upregulated pathways associated with cognitive decline,
including glutamate receptor activity, suggesting increased
activity of these neurons in relation to cognitive decline. SST
neurons showed a very similar and significant number of
downregulated metabolic and signaling pathways associated
with the two conditions, suggesting a pleiotropic contribution
to both increased anxiety and reduced cognition (see summary
in Figure 5).

Overall, the results suggest that changes in cognition and
anxiety associated with age are partly mediated by normal
age-related changes and that age-independent decreases in
synaptic and signaling pathways, notably in PYC and SST
neurons, contribute more specifically to behavioral changes.
Overlaps in pathways suggest that cognition and anxiety
associated with age are linked, as suggested by the correla-
tions in anxiety and cognition Z-scores, and that SST neurons
evenly contribute to both conditions.

DISCUSSION

Assessing age-associated long-term behavioral and cell-
specific gene expression changes, we first show that age-
associated molecular profiles are unique to each cell type
forming cortical microcircuits, with PYCs showing robust
metabolic and signaling-related changes. Analysis of intrinsic
markers of neuronal vulnerability (Ryr3), resilience (Oxr7), and
mitochondrial dynamics (Opa) further suggests high
age-related vulnerability of PYCs and variable degrees of
adaptation in GABAergic neurons. Second, we show that age-
associated changes in cognition and anxiety largely correlate
with normal age-related gene expression changes and that
additional age-independent decreases in synaptic and
signaling pathways, notably in PYC and SST neurons, may
further contribute to behavioral changes. Overlap in findings
suggests that age-associated changes in cognition and anxi-
ety are linked, paralleling at the molecular level the correlations
in anxiety and cognition behavioral Z-scores, and that SST
neurons evenly contribute to both conditions. Collectively, the
data suggest cell-dependent differential vulnerability and
cortical microcircuit-correlated molecular change with age-,
anxiety-, and cognition-related changes.

Cells Age Differently

We observed a minimal overlap of age-associated differential
expression and biological pathways profile between the four
cell types (Figures 2F, G and 3A), suggesting that cells age
differently. This was also reflected in the low overlap in affected
pathways related to metabolic and synaptic changes
(Figure 3B). In PYCs, we observed striking contrast of upre-
gulated metabolic and downregulated synaptic changes,
demonstrating an age-related inverse correlation between
synaptic structure and metabolic states. PV neurons, more
than any other neuronal subtype, showed upregulated syn-
aptic signaling with age. SST neurons showed the highest
downregulation of pathways associated with synaptic
signaling, consistent with human age-related transcriptomic
results (20). Exclusive downregulation of pathways associated
with kinase activity was also found in SST neurons. This is
consistent with the critical role of kinase activity in inhibitory
synapses formation (21,22) and suggests an increased E/I ratio

at the microcircuit level, by means of reduced inhibition. This
is further supported by increased expression of Mecp2
(Figure 3E), a marker for E/I balance (8), with age in SST neu-
rons. Finally, VIP neurons showed high similarity and overlap of
differentially expressed genes (Figure 2E, F) and functional
pathways with PYCs (Figure 3A). The overlapping pathways
are associated with excitatory inputs and synaptic communi-
cation, suggesting similar excitatory afferent input across the
two cell types, consistent with the localization of VIP neurons
in layer 1, where PYC distal dendrites are located (23). The
input, if lower than expected (in PYCs), will be regulated by the
same afferent input to the VIP neurons by means of disinhi-
bition. Supporting this, we also observed greater down-
regulation in pathways associated with dendrite development
in both neuron subtypes with age (Figure 3B), which may
suggest an age-associated deafferentiation to these neurons.

Cell Type-Behavior Correlation

At the behavioral level, age-associated increase in anxiety
correlates with a decline in cognition (as assessed by working
memory), and we show that this is paralleled by large
expression changes that do not dissociate between the
symptom dimensions and aging. Interestingly, by statistically
removing the effect of age on expression, we show that the
overlap of genes associated with anxiety and cognition in-
creases (Figure 5A). Thus, even when removing the main effect
of age, the biological correlates of anxiety and cognition largely
overlap, suggesting a shared biological contribution to both
behavioral dimensions. This is consistent with a prior study in
human subjects showing that after statistically controlling for
various risk factors, the observed age-related reduction in
susceptibility to anxiety was associated with decreased
emotional responsiveness, increased emotional control, and
psychological immunization to stressful experience (24).

At the cell-type level, we observed minimal overlap in specific
gene and pathways associated with anxiety or cognition.
However, we observed significant overlap between the two
behavioral dimensions of changes associated with cellular re-
sources (metabolism) and functionality (synaptic and signaling)
for each cell type. This overlap was highest in SST neurons and
less in PYC, PV, and VIP neurons. This suggests a non-
dissociable role of SST neurons to both behavioral dimensions,
relative to the other cell types investigated. This common role of
SST neurons may be related to their role in processing specific
patterns of information input onto PYCs, common between two
highly correlated behaviors (i.e., increased anxiety and reduced
cognition), rather than mediating behavioral specificity.

Order of Neuronal Vulnerability

Individual variability in microcircuit cell types during aging
suggests the existence of various age-associated vulnerability
factors for eventual deficits, whereas, depending on their
intrinsic resilience and plasticity, different neuron subtypes
may either succumb to or resist these factors. PYCs, in
particular, show increased susceptibility to oxidative stress
and age-related neurodegenerative disorders (14), whereas
some interneuron subtypes may be relatively resilient (25).
This may relate to the presence of glutamate decarboxylase
(GAD) and calbindin-binding protein, known for their
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neuroprotective properties (25,26). Consistent with these ob-
servations, we show that expression of Opa? is enriched with
age in interneurons but not in PYCs. OPA1 is a guanosine
triphosphate enzyme protein found in the inner mitochondrial
membrane that facilitates mitochondria fusion, oxidative
phosphorylation, adenosine triphosphate levels, and mito-
chondria Ca®" retention (27), together implying that mito-
chondrial homeostasis may contribute to interneuron
resilience. In PYCs, confirming its most vulnerable status, we
also observed highest expression of Ryr3, a marker of reactive
oxygen species turnover (14).

PV neurons are enwrapped with a specialized polyanionic
matrix called perineuronal nets, which protect from oxidative
stress (28). This net also permits the capture and accumulation
of Otx2 hemoprotein, which provides plasticity to mature PV
neurons (29). The current results further support a resiliency
mechanism for PV neurons: 1) the overall expression of GAD
(GAD1 + GAD2), an enzyme with neuroprotective role, was
significantly higher in PV neurons compared with other in-
terneurons (Figure 2D); 2) pathways associated with synaptic
signaling were upregulated with age in PV neurons to a greater
extent than in any other neuron (Figure 3B); and 3) PV neurons
displayed the highest Oxr1 expression (Figure 4A), a marker for
neuroprotection, and the lowest expression of Ryr3
(Figure 4B), a marker for reactive oxygen species turnover.
These observations are in a stark contrast with PYCs, posi-
tioning the two neuronal subtypes at opposite ends of the
vulnerability scale. SST and VIP neurons display intermediate
vulnerability levels, with VIP neurons sharing similarities in
expression profiles and vulnerability markers with PYCs. This
putative order of vulnerability has implications for disease
mechanisms, as an accelerated age-related molecular profile
may represent sources of pathophysiology for brain disorders
(30). For instance, age-related changes in SST neurons have
been reported across diseases (31). However, the current re-
sults suggest that age- and disease-related changes in SST
neurons gene expression profiles may have distinct biological
origins and contributions to behavioral dimensions. Finally, this
study of healthy aging suggests a high resiliency of PV neu-
rons, whereas there are reports of PV neurons vulnerability in
many forms of mental illness (28). This suggests that the age-
related neuronal vulnerabilities may not necessarily translate
into vulnerability to disease processes.

Limitations

First, owing to its higher cell density, some technical noise is
expected when collecting PYCs, compared with interneurons
using LCM. Second, our main aim was to determine tran-
scriptomic changes in cell types forming the canonical cortical
microcircuitry, and we did not collect layer-specific cell types.
Third, we used a targeted LCM approach to collect pools of
similar cells rather than a single-cell RNAseq approach. This
provides greater sequencing depth per cell type but misses the
finer dissociation of cell types. Finally, this study was per-
formed in male mice, due to the availability only of aged male
mice at the time of the study, and focused only on the frontal
cortex, for its association with the behavioral tasks we per-
formed. Assessing additional behavioral tasks, sex, and area
differences in age-related cell-type aging will provide further
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information on cell-specific biological vulnerability relating
to age.
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