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Chronic Stress Induces Coordinated Cortical
Microcircuit Cell–Type Transcriptomic Changes
Consistent With Altered Information Processing

Dwight F. Newton, Hyunjung Oh, Rammohan Shukla, Keith Misquitta, Corey Fee,
Mounira Banasr, and Etienne Sibille
ABSTRACT
BACKGROUND: Information processing in cortical cell microcircuits involves regulation of excitatory pyramidal (PYR)
cells by inhibitory somatostatin- (SST), parvalbumin-, and vasoactive intestinal peptide–expressing interneurons.
Human postmortem and rodent studies show impaired PYR cell dendritic morphology and decreased SST cell
markers in major depressive disorder or after chronic stress. However, knowledge of coordinated changes across
microcircuit cell types is virtually absent.
METHODS: We investigated the transcriptomic effects of unpredictable chronic mild stress (UCMS) on distinct
microcircuit cell types in the medial prefrontal cortex (cingulate regions 24a, 24b, and 32) in mice. C57BL/6 mice,
exposed to UCMS or control housing for 5 weeks, were assessed for anxiety- and depressive-like behaviors.
Microcircuit cell types were laser microdissected and processed for RNA sequencing.
RESULTS: UCMS induced predicted elevations in behavioral emotionality in mice. DESeq2 analysis revealed unique
differentially expressed genes in each cell type after UCMS. Presynaptic functions, oxidative stress response,
metabolism, and translational regulation were differentially dysregulated across cell types, whereas nearly all cell
types showed downregulated postsynaptic gene signatures. Across the cortical microcircuit, we observed a shift
from a distributed transcriptomic coordination across cell types in control mice toward UCMS-induced increased
coordination between PYR, SST, and parvalbumin cells and a hub-like role for PYR cells. Finally, we identified a
microcircuit-wide coexpression network enriched in synaptic, bioenergetic, and oxidative stress response genes
that correlated with UCMS-induced behaviors.
CONCLUSIONS: These findings suggest cell-specific deficits, microcircuit-wide synaptic reorganization, and a shift
in cells regulating the cortical excitation–inhibition balance, suggesting increased coordinated regulation of PYR cells
by SST and parvalbumin cells.

https://doi.org/10.1016/j.biopsych.2021.10.015
Major depressive disorder (MDD) is a severe psychiatric dis-
order, characterized by low mood, anhedonia, and cognitive
dysfunction, affecting 300 million people annually (1,2).
Monoaminergic antidepressants have poor response rates
(50%), resulting in a substantial gap in treatment, necessitating
novel antidepressant modalities (3). Moreover, given the
neuronal diversity of the brain (4) and the burgeoning under-
standing of cell-specific pathologies in MDD, a refined under-
standing of its neurobiology and novel potential antidepressant
targets is required (5).

Cortical brain regions, implicated in MDD pathophysiology,
are characterized by a repeated, phylogenetically conserved
neuronal microcircuitry, consisting of glutamatergic pyramidal
(PYR) cells, regulated by diverse inhibitory GABAergic
(gamma-aminobutyric acidergic) interneurons (Figure 1A) (5,6).
Somatostatin (SST)-expressing cells innervate distal PYR cell
dendrites and regulate corticocortical and thalamocortical in-
puts (5). Parvalbumin (PV)-expressing cells innervate the soma
SEE COMMENTARY
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and axon hillock of PYR cells, regulating output (5). Vasoactive
intestinal peptide (VIP)–expressing cells innervate SST cells,
disinhibiting PYR cells (5). PYR cell projections onto each
interneuron population mediate feedback inhibition, creating
an interconnected structure with inherent excitation–inhibition
balance (EIB). EIB reflects the balanced strength, or activity,
of GABAergic and glutamatergic synapses and cell types (7),
which are required for accurate information processing. We
described elsewhere how altered cell type–specific function
may impair information processing and corrupt the cortical
microcircuit–mediated neural code (8). This controlled balance
also suggests that acute and chronic transcriptional changes
within cells are likely coordinated across cell types.

The anterior cingulate cortex (ACC), a mood-regulating
brain region, shows elevated activity during depressive epi-
sodes, which normalizes with successful antidepressant ther-
apy (9). EIB disruptions manifest in vivo in MDD as cortical
inhibitory deficits, namely decreased GABAA and GABAB
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Figure 1. Isolated microcircuit cell types show expected enrichment of molecular markers and cell-specific transcriptomic perturbations. (A) Schematic of
the canonical cortical cell microcircuit and connectivity patterns. PYR cells (red) are excitatory glutamatergic cells, regulated by different GABAergic in-
terneurons. SST-expressing cells (blue) synapse onto PYR cell dendrites, providing continuous tonic inhibitory tone. PV-expressing cells (green) synapse onto
perisomatic regions and the axon hillock of PYR cells and other PV cells (not shown) to provide phasic inhibition and synchrony of PYR cell firing across cortical
microcircuit columns. VIP-expressing cells (violet) synapse onto SST cells, regulating their activity and contributing to the integration of corticocortical and
thalamocortical inputs onto PYR cell dendrites and VIP cells. PYR cells form synapses onto each interneuron cell type, mediating feedback inhibition. (B)
Behavioral emotionality z scores in CON (black) and UCMS-exposed (red) mice. Emotionality is significantly increased (p = 7.41 3 1026) in UCMS-exposed
mice. (C) Delineation of brain regions from which 130 of each microcircuit cell type were extracted. The laser capture microdissection workflow is visualized, in
which a VIP cell (red fluorescence, image 1) is identified and the laser path is manually traced (blue outline). A space between the cell and laser path prevents
the laser from directly damaging cellular contents (image 2). After laser dissection, a halo surrounding the area previously occupied by the cell results from the
reaction of the tissue to the laser (image 3). (D) Principal component analysis of omnibus gene expression in PYR, SST, PV, and VIP cells. K-means clustering
(k = 4) confirms that the cell types form exclusive clusters. (E) Enrichment of cell-type molecular marker expression. *, ‡, and> indicate p, 13 1024 vs. those
without the same symbol. (F) Venn diagram of number of genes detected across cell types. (G) Venn diagram of number of significantly differentially expressed
(p, .05, |log2 fold-change|.20%) genes across cell types. (H) Heatmap showing significantly enriched (p , .05) biological pathways in each cell type, shaded
by normalized enrichment score (blue: downregulated, red: upregulated). CON, control; DE, differentially expressed; GABAergic, gamma-aminobutyric
acidergic; PC, principal component; PV, parvalbumin; PYR, pyramidal; RPKM, reads per kilobase of transcript per million reads mapped; SST, somato-
statin; UCMS, unpredictable chronic mild stress; VIP, vasoactive intestinal peptide.
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receptor–mediated inhibition and GABA reductions in cortical
brain regions (10,11). Decreased expression of GABAergic and
glutamatergic synaptic genes was reported in transcriptomic
studies of MDD (12–14). Technical limitations have limited
Biologica
large-scale transcriptomic profiles to bulk tissue assays,
masking cell type–specific effects, and recent single-nucleus
RNA sequencing (RNA-seq) studies have not assessed the
subgenual ACC (15). Targeted investigations of cell type–
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specific molecular markers have repeatedly identified reduced
SST expression in the ACC and prefrontal cortex (PFC) in MDD
(16–18). This reduction manifested as reduced expression per
cell, suggesting impaired SST cell function (17).

Insights into cellular bases of EIB disruptions in MDD have
come from mouse stress models, including unpredictable
chronic mild stress (UCMS), a paradigm that recapitulates
behavioral and neurobiological phenotypes reminiscent of
MDD (8,19,20). UCMS-exposed mice show reduced SST
expression and increased signaling of the unfolded protein
response in SST cells, indicating compromised proteostasis
(17,21). These deficits suggest impaired SST-mediated inhi-
bition, such as reduced filtering of spurious excitatory inputs
and altered PYR cell signal-to-noise ratio, leading to impaired
processing of mood-relevant information. This is consistent
with SST cells providing a blanket of inhibition across PYR
cells (22), which is impaired when SST cell function is
compromised (23). Indeed, SST knockout mice show elevated
depressive-like behavior, suggesting a causal link between
SST and depression (21). UCMS studies report evidence of
PYR cell deficits, namely reduced spine density, dendritic at-
rophy, and synapse loss (24–26). PYR cells also show reduced
expression of postsynaptic glutamatergic markers after UCMS
(26,27). However, these cellular deficits occur in the context of
cortical microcircuitry, and the concurrent changes in PV and
VIP cells are understudied (28). Moreover, the coordinated
changes occurring across the microcircuitry in either MDD or
UCMS, even between SST and PYR cells, have been inferred
from disparate studies and not studied in combination
(8,24,29).

Stress represents a potential origin for these cellular defi-
cits, given its salience in precipitating depressive episodes and
the similarity of UCMS and MDD on multiple investigational
levels. Moreover, UCMS provides an environment to study
early pathological changes occurring over weeks, versus
years, of MDD disease burden (30). We hypothesized that
UCMS induces coordinated transcriptomic changes within and
across microcircuit cell types and that some of these cellular
and molecular changes are related to anxiety- and depressive-
like behaviors. To test this hypothesis, we used laser capture
microdissection to harvest microcircuit cell types from the
medial PFC, roughly homologous to the ACC in humans (31).
RNA-seq was used to obtain cell type–specific, transcriptome-
wide, gene expression profiles in mice exposed to UCMS
versus control animals. We predicted that previously observed
markers of functional and/or structural deficits in SST and PYR
cells would be replicated, cell types would show unique tran-
scriptional profiles in response to UCMS, and changes would
be coordinated across cell types, reflecting altered cellular
communication and information processing.
METHODS AND MATERIALS

See Supplement 1 for detailed materials and methods.
A total of 20 male C57BL/6J mice were exposed to control

or UCMS conditions (n = 10/group) for 5 weeks and were
tested for anxiety- and anhedonia-like behaviors, as described
previously (30). All procedures were approved by the Centre for
Addiction and Mental Health Animal Care Committee and are
in accordance with the Canadian Animal Care Committee. A
800 Biological Psychiatry May 1, 2022; 91:798–809 www.sobp.org/jou
total of 130 cells of each cell type (PYR, SST, PV, and VIP
neurons) were collected per mouse from the cingulate areas
24a, 24b, and 32 using fluorescent in situ hybridization and
laser capture microdissection (32). RNA-seq was performed
(33) using the HiSeq 2500 platform (Illumina). Differential
expression (DE), gene set enrichment analysis, and weighted
gene coexpression analysis were used to assess tran-
scriptomic changes within and across cell types (34–36). DE
significance was set at 15% false discovery rate and gene-set
enrichment analysis significance at p , .05 (21,33,37–39).
RESULTS

UCMS-Exposed Mice Exhibit Elevated Behavioral
Emotionality

Mice exposed to 5 weeks of UCMS exhibited the expected
increase in behavioral emotionality (p = 7.41 3 1026), an
omnibus measure of behavior test scores related to anxiety-
and depression-like behaviors (Figure 1B). Figure S1 in
Supplement 1 outlines all behavioral test results.

RNA-Seq Reveals Robust and Microcircuit Cell
Type–Specific Gene Enrichment Profiles

Cell-type densities were unchanged in UCMS (Figure S2 in
Supplement 1). RNA-seq of laser capture microdissection–
collected cells (Figure 1C) revealed robust cell type–specific
clustering (100% accuracy: k-means clustering, k = 4) using
principal component analysis (Figure 1D). Cell types showed
expected enrichments of molecular markers (all p , 1 3 1024)
(Figure 1E): Slc17a7, Sst, Pvalb, and Vip in their respective cell
types; Gad1 (GAD67) and Gad2 (GAD65) exclusively in in-
terneurons; Calb1 (calbindin) in SST and PV cells and Calb2
(calretinin) in SST and VIP cells; and Stmn2, a pan-neuronal
marker, in all cell types. Overall, 13,429 genes were detected
above expression thresholds in PYR cells, 13,060 in SST cells,
12,047 in PV cells, and 13,065 in VIP cells, with 11,159
expressed in all cell types (Figure 1F).

UCMS Induces Microcircuit Cell Type Unique
Biological Changes

DESeq2 analysis yielded 179 DE genes (79 upregulated, 100
downregulated) in PYR cells, 90 genes (42 upregulated, 48
downregulated) in SST cells, 43 genes (16 upregulated, 27
downregulated) in PV cells, and 98 genes (44 upregulated, 54
downregulated) in VIP cells, which were largely unique to each
cell type (Figure 1G) (gene lists in Table S1 in Supplement 2).
Analysis of altered biological pathways using gene set
enrichment analysis identified 400 biological pathways
enriched in PYR cells (185 upregulated, 215 downregulated),
411 pathways in SST cells (256 upregulated, 155 down-
regulated), 389 pathways in PV cells (246 upregulated, 143
downregulated), and 345 pathways in VIP cells (147 upregu-
lated, 198 downregulated) (Figure 1H). These results were
summarized using unbiased clustering of biological pathways
(Figure 2; Table S2 in Supplement 2), in parallel with in-
vestigations of biological functions with a priori links to MDD
and UCMS (Supplemental Methods and Figure S2 in
Supplement 1). Results are described next for each cell type,
rnal
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Figure 2. Cluster-based visualization of biological pathways altered by UCMS shows cell-specific profiles of synaptic, bioenergetic, and proteostasis
deficits. EnrichmentMap networks displaying gene set enrichment analysis results for (A) PYR cells, (B) SST cells, (C) PV cells, and (D) VIP cells. Nodes
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with significant DE genes driving enrichment across multiple
pathways highlighted for context.

PYR Cells. Three clusters representing 62 pathways, asso-
ciated with the regulation of proteostasis, encompassing
translational machinery and initiation, proteasome, and auto-
phagy, showed downregulation (Figure 2A; Table S3 in
Supplement 2). These changes were driven by Psmb6, Ubb,
and Rplp0, three genes associated with protein translation and
quality control, downregulated in UCMS, and enriched across
multiple clustered pathways (full list in Table S3 in Supplement
2). Five clusters (43 pathways) were associated with synaptic
structure and function. These clusters were characterized by
downregulation of neurotransmitter release driven by presyn-
aptic (Cplx1) and postsynaptic (Grin2d, Nos1) genes and
upregulated inhibition of ion transporters and glutamatergic
signaling (Homer1). Three clusters (25 pathways) associated
with epigenetic modifications were both up- and down-
regulated, although no significant DE genes drove these find-
ings. One cluster (18 pathways) associated with bioenergetics
(citric tca respiratory) showed downregulation of oxidative
phosphorylation, primarily cytochrome c subunits (Cox5a and
Cox7b). Enrichment of a priori biological functions was
consistent with cluster-based results, implicating altered syn-
aptic transmission and stress-related pathways (Figure S3 in
Supplement 1).

To support findings of reduced postsynaptic receptor
expression in PYR cells, we independently validated altered
Grin2d in PYR cells using RNAscope (Figure 3). RNA-seq
identified reduced Grin2d expression in UCMS (log2 fold
change = 21.34, q = 2.7 3 1024), with RNAscope results
confirming significantly fewer messenger RNA (mRNA) grains
in PYR cells after UCMS (log2 fold change = 20.51, p = 1.0 3

10214).
Overall, these results suggest decreased PYR cell excitatory

function, evidenced by downregulation of synaptic structure
and function genes, compromised proteostasis, and reduced
mitochondrial function. Suggested consequences at the
microcircuitry information processing level include reduced
PYR-mediated information output and reduced feedback
activation of local inhibitory cells.

SST Cells. Four clusters (41 pathways) associated with
growth factor and neurotrophic signaling pathways, namely
insulin, epidermal growth factor, fibroblast growth factor (FGF),
and platelet-derived growth factor, were downregulated in SST
cells of UCMS-exposed mice (Figure 2B; Table S4 in
Supplement 2). Four clusters (31 pathways) associated with
proteostasis, characterized by response to endoplasmic
=

indicate gene sets (pathways), with node size representing the number of genes.
Overlap and Jaccard indices. Red and blue indicate up- and downregulation, r
semantic similarity of gene set names (using the AutoAnnotate Cytoscape pack
neuronal functions can occur (e.g., tubule nephron development) and are furth
Green boxes indicate clusters related to altered synaptic functions, orange indica
cellular stress, and black indicates functions altered in only one cell type. Bracke
APC, anaphase-promoting complex; BCR, breakpoint cluster region; EGFR, ep
degradation; GTP, guanosine triphosphate; mRNA, messenger RNA; NADH, nic
platelet-derived growth factor receptor; PV, parvalbumin; PYR, pyramidal; SLC
dictable chronic mild stress; VIP, vasoactive intestinal peptide.

802 Biological Psychiatry May 1, 2022; 91:798–809 www.sobp.org/jou
reticulum (ER) stress, were upregulated. These pathways were
driven by proteasome, chaperone (Hspa5 and Tor1a), and
mRNA degradation genes (Eri1 and Pde5a). Two clusters (25
pathways) associated with synaptic structure, including post-
synaptic cadherin-mediated adhesion (Smad4, Celsr1, Clstn2,
and Ctnnd1), were also upregulated. Finally, enriched a priori
functions were consistent with those described above
(Figure S3 in Supplement 1), including upregulated synapse
structure, stress-related pathways, cell adhesion molecules
(CAMs) driven by cadherin-binding proteins, and ER stress
(Hspa5). SST cell findings were overall less robust than PYR
cells, with all genes identified at a 25% false discovery rate but
not at a 15% false discovery rate.

Overall, these results suggest decreased SST cell function,
evidenced by reduced growth factor and neurotrophic support,
altered proteostasis, and increased ER stress (primarily
translational inhibition). These predicted impairments would
contribute to reduced input regulation of incoming excitatory
inputs onto PYR cells.

PV Cells. Pathway-level findings in PV cells are tentative,
because fewer significant DE genes were identified, and
leading-edge analyses identified only three DE genes driving
enrichment across multiple pathways within clusters
(Figure 2C; Table S5 in Supplement 2). As such, these findings
must be held to a lower degree of confidence than findings in
other cell types, although many pathways were significantly
enriched regardless.

Three clusters (48 pathways) associated with microtubule
dynamics were upregulated in PV cells of UCMS-exposed
mice. These clusters were characterized by increased axonal
microtubule polymerization, stabilization, and anterograde
transport (Exoc5) and inhibition of retrograde transport along
microtubules. Four clusters (45 pathways) associated with
bioenergetics and biosynthesis were upregulated, driven by
genes involved in glycolysis (Gpd1), oxidative phosphorylation,
and nucleotide biosynthesis. Finally, three clusters (43 path-
ways) associated with postsynaptic functions were down-
regulated, including glutamatergic (Kcnk9) and cholinergic
signaling and postsynaptic CAMs. A priori function enrichment
resembled cluster-based results, suggesting upregulation of
ER stress– and bioenergetics-related pathways and down-
regulation of synaptic-related pathways (Figure S3 in
Supplement 1), particularly potassium channels (Kcnk9).

Overall, the PV cell results suggest increased neuronal and
cellular bioenergetic activities and decreased glutamatergic
and cholinergic signaling input, with the caveat of low statis-
tical confidence in these findings. These findings would sug-
gest an increased or intact PV cell function, contributing to
Edges indicate the similarity of gene sets calculated by a 50:50 ratio of the
espectively. Clusters defined by Markov clustering were named based on
age). Because cluster names are based on gene set names, spurious non-
er characterized by examining shared functions and leading-edge genes.
tes proteostasis and autophagy, blue indicates bioenergetics, red indicates
ted numbers indicate the total number of gene sets in the group of clusters.
idermal growth factor receptor; ERAD, endoplasmic reticulum–associated
otinamide adenine dinucleotide; NER, nucleotide excision repair; PDGFR,
, solute carrier; SST, somatostatin; TCA, tricarboxylic acid; UCMS, unpre-
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increased or equivalent output regulation of PYR cells in
UCMS.

VIP Cells. VIP cells showed bidirectional enrichment in
seven clusters (70 pathways) associated with synaptic struc-
ture and function and suggesting complex cytoskeletal reor-
ganization of axons and dendrites (Figure 2D; Table S6 in
Supplement 2). This included downregulated neurotrophic
factor signaling relevant to cytoskeletal maintenance (Arsb,
Nfasc, Nf2) and postsynaptic CAMs (Stx1b). Five clusters (51
pathways) associated with cellular and oxidative stress
showed mixed patterns, with decreased regulation and activity
of autophagosomes, increased MAPK (mitogen-activated
protein kinase) signaling, increased oxidative stress response,
and increased ER stress response (Bcap31). Cellular stress
findings showed only one leading-edge gene driving enrich-
ment across multiple pathways, whereas many were observed
for synaptic clusters, indicating greater confidence in synaptic
changes than cellular stress.

A priori functions (Figure S3 in Supplement 1) showed
consistent downregulation of synaptic pathways and upregu-
lation of cellular stress pathways. Downregulated synaptic
structure pathways were reflective of decreased postsynaptic
complexes and axonal growth and function (Ank1, Nfasc).
Stress pathways reflected modestly upregulated response to
reactive oxygen species (ROS) and apoptotic signaling through
MAPK pathways.

Overall, the VIP cell results suggest potential atrophy or
reorganization of axonal and postsynaptic compartments,
combined with increased oxidative and other cellular stressors.
The functional consequences would suggest decreased VIP
cell integrity and function, implicating impaired regulation of
SST cells in response to incoming excitatory inputs.

UCMS Strengthens Gene Coexpression Patterns
Between PYR Cells and SST/PV Cells

We next used weighted gene coexpression analysis to
explore putative coordinated changes across microcircuitry
cell types in response to UCMS and coexpression signatures
of UCMS-induced behavior (Figure 4A). We identified coex-
pression modules within individual cell types and explored
correlation between these modules across cell types. Overall,
26 to 33 gene coexpression modules were identified per cell
type under control or UCMS conditions (Table S7 in
Supplement 2) and summarized by their representative
eigengene value. In control mice, eigengene coexpression
networks revealed a balanced pattern of correlated modules,
suggesting a homogeneous equilibrium across cell types
(Figure 4B). In UCMS, a marked shift was observed, with
significantly increased module coexpression between PYR
and PV cells (p = 1.0 3 1024) and between PYR and SST cells
(p = .029), whereas correlations between PYR and VIP cells
were not significantly different (p = .42).

These results demonstrate transcriptome-wide coex-
pression between SST, PYR, and PV cells after UCMS, impli-
cating these cell types as the key locus of UCMS response.
Combined with the cell type–specific functional analyses,
these results suggest decreased SST cell–mediated regulation
of PYR cell input, decreased PYR cell signaling, and increased
Biologica
PV cell regulation of PYR cell output, together maintaining the
EIB, albeit with negative consequences for information
processing.

Gene Coexpression Modules Relevant to UCMS-
Induced Behavior Suggest a Coordinated Response
to Stress Implicating Synaptic Reorganization

Finally, to identify coexpression modules and biological func-
tions correlating with UCMS-induced behaviors, we extracted
a subnetwork of modules with significant eigengene correla-
tions with behavioral emotionality z scores (Table S8 in
Supplement 2). Module gene lists are available in Table S9 in
Supplement 2. Few modules correlated with behavioral vari-
ability in control mice, which formed a disconnected network
(Figure 4C, left). Conversely, a greater, but still small, number
of modules were correlated with behavior after UCMS. These
modules formed an organized subnetwork linking the four cell
types, centered around PYR cells, as detected by increased
PYR cell hub–related graph measures (closeness centraliza-
tion: UCMS = 0.629 vs. control mice = 0.208, p = 2.86 3 1025;
betweenness centralization: UCMS = 0.320 vs. control mice =
0, p = 2.55 3 1024) (Figure 4C, right). UCMS-associated
modules showed enrichment in axonal and dendritic reorga-
nization, bioenergetics, and cellular stress in all cell types
(Table S10 in Supplement 2).

Overall, these results implicate PYR cells as a hub cell type,
either coordinating a microcircuitry-wide response to UCMS or
undergoing altered regulation by SST and PV cells, charac-
terized by cellular stress, altered metabolism, and synaptic
reorganization.

DISCUSSION

To our knowledge, this study represents the first simultaneous
investigation of cortical microcircuit cell type–transcriptomic
changes induced by chronic stress (UCMS), circuit-wide co-
ordinated adaptations, and transcriptional signatures related to
UCMS-induced behavior. First, we identified cell type–specific
transcriptional signatures after UCMS. Second, presynaptic
functions, ROS response, metabolism, and translational
regulation were differentially dysregulated across cell types,
whereas nearly all cell types showed downregulation of post-
synaptic gene signatures. Third, we observed a shift in cellular
coordination, in which UCMS increased coexpression between
PYR and both SST and PV cells (Figure 4). Finally, we identified
a microcircuit-wide coexpression network enriched in genes
related to synaptic, bioenergetic, and ROS response that
correlated with UCMS-induced behaviors. These findings
identify cell type–specific effects of UCMS on the microcir-
cuitry, are consistent with reports showing compromised SST
and PYR cell functions (8,24), and identify pathological pro-
cesses occurring in PV and VIP cells. Overall, this suggests
impaired input regulation and intact or increased output
regulation of PYR cells, ultimately implicating a maintained
microcircuit EIB at a decreased activity and a potentially cor-
rupted mood-relevant information.

Microcircuit-wide Effects of UCMS

Our cell-specific findings suggest a pattern of synaptic reor-
ganization across the microcircuitry in UCMS versus control
l Psychiatry May 1, 2022; 91:798–809 www.sobp.org/journal 803
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mice as measured by RNA-seq (log2 fold change = 21.34, q = 2.7 3
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PYR cells of UCMS-exposed mice as measured by RNAscope (log2 fold
change = 20.51, p = 1.0 3 10214). (C) Representative 603 confocal mi-
croscopy images showing Grin2d expression in PYR cells of control mice
(upper images) and UCMS-exposed mice (lower images). Slc17a7 is shown
in green, Grin2d in red, and DAPI in gray. Scale bar represents 10 mm. ***
indicates q , 0.001 or p , .001, as appropriate. mRNA, messenger RNA;
PYR, pyramidal; RNASeq, RNA sequencing; UCMS, unpredictable chronic
mild stress.
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mice (Figure 5). PYR cell changes suggest decreased gluta-
matergic inputs onto all cell types, and SST and VIP cell
changes suggest decreased inhibition of their respective tar-
gets. In contrast, PV cells are the only cell type showing a
transcriptomic profile consistent with increased activity. This
may represent a compensatory increase in PV cell–mediated
inhibition of PYR cell output following decreased SST cell–
mediated inhibition of PYR cell inputs to maintain the EIB of
the microcircuitry. These results are strengthened by obser-
vations of altered mitochondrial function and ROS response
across cell types, internally consistent with the respective
changes in bioenergetic demand. These results are consistent
with extant literature indicating deficient PYR cell structure and
function (27,40), loss of SST cell proteostasis and ER stress
(21), and decreased GABAergic and glutamatergic function
(29). We identify here for the first time that such deficits occur
simultaneously.

Our coexpression results provided three primary findings.
First, UCMS induces a coordinated set of transcriptomic
changes occurring primarily between PYR, PV, and SST cells.
804 Biological Psychiatry May 1, 2022; 91:798–809 www.sobp.org/jou
This indicates that the integrated response to UCMS is biased
toward these cell types, with VIP cell deficits occurring in
relative isolation. Indeed, the emotionality-related subnetwork,
showing a convergent enrichment profile of biological func-
tions with cell-specific analyses, suggests that synaptic reor-
ganization, oxidative stress response, and oxidative
phosphorylation processes occur in a coordinated manner
across the microcircuitry. Second, a portion of the cell-specific
synaptic, oxidative stress, and bioenergetic disruptions iden-
tified in DE analyses are correlated across cell types, consis-
tent with a coordinated response to UCMS across the
microcircuitry. Third, PYR cells represented the primary hub
cell type in both the metanetwork and subnetwork analyses.
This suggests that PYR cells are the putative focal point, but
not necessarily the initiating factor, of the response to UCMS
within the microcircuit and that the PYR-PV-SST complex is a
particularly salient target for potential pharmacotherapy.
Cell Type–Specific Effects of UCMS

A unique transcriptomic profile was observed in each cell type
after UCMS, indicating unique responses and/or adaptations
to stress. PYR cells showed deficits in glutamatergic signaling,
translation, autophagy, and postsynaptic receptor complexes.
Deficits in glutamatergic and synaptic functions are internally
consistent with observations of decreased postsynaptic glu-
tamatergic receptors and scaffolding expression in PYR, PV,
and VIP cells, which all receive PYR cell inputs (5). This sug-
gests pervasive pre- and postsynaptic deficits in PYR cells
across multiple efferent cellular targets, consistent with previ-
ous reports of reduced PYR cell synapses in UCMS and
reduced PYR cell function (40). Reduced mitochondrial func-
tion in PYR cells is also largely consistent with extant UCMS
literature (41,42). Autophagy and proteostasis deficits indicate
reduced subcellular component quality control and turnover
critical for synaptic plasticity and the regulation of synaptic
vesicles and postsynaptic GABA and NMDA receptors (43,44).
Autophagic deficits can alter PYR cell activity through altered
trafficking of postsynaptic receptors (45). This may indicate a
potential antidepressant modality, given that the rapid-acting
antidepressant ketamine increases autophagy (46) and den-
dritic spine regeneration (47). Overall, the PYR cell findings,
consistent with existing UCMS literature, suggest reduced
PYR cell activity in UCMS.

SST cells were characterized by reduced growth factor
signaling and upregulation of presynaptic CAMs and response
to ER stress after UCMS. ER stress induced adaptive re-
sponses of reduced translation and increased chaperone, ROS
generation, protein quality control, and mRNA and protein
degradation (48). SST cells showed evidence of all such
changes, driven by elevated Hspa5, the primary molecular
sensor of misfolded proteins, which activates the unfolded
protein response, one arm of the ER stress response (48–50).
This finding replicates previous work showing increased
unfolded protein response in SST cells after UCMS exposure
(21). Epidermal growth factor, platelet-derived growth factor,
and FGF are neurotrophic in the adult central nervous system,
and their inhibition or abolishment has negative cellular and
behavioral consequences (51–55). Although reduced BDNF
(brain-derived neurotrophic factor) is traditionally implicated in
rnal
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Figure 4. UCMS strengthens transcriptome-wide coexpression between PYR cells and both SST and PV cells. (A) Analytic workflow used in coexpression
analyses. (B) Transcriptome-wide coexpression patterns in control (left) and UCMS (right) groups. Weighted gene coexpression network analysis modules
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chronic stress and MDD (13,56–58), these other growth factor
pathways may represent additional and/or alternate neuro-
trophic deficits. Platelet-derived growth factor and FGF are
involved in synaptic plasticity and regulation of NMDA receptor
activation, and reduction or abolishment of FGF induces anx-
iety- and anhedonia-like behavior (51–55). These signaling
pathways also contribute to determining GABAergic and glu-
tamatergic cell fates (55,59,60), and reduced function may
contribute to loss of cellular identity, similar to natural aging
(61). Overall, SST cells show reduced cellular integrity, sug-
gestive of a decreased capacity to provide continuous PYR
cell dendritic inhibition.

PV cells were characterized by downregulated postsynaptic
receptors, CAMs, and potassium channel expression and
upregulated mitochondrial function, biosynthetic pathways,
and microtubule dynamics. Decreased glutamatergic receptor
subunits, scaffolding genes (including Gria1 and Dlgap4), and
AMPA-associated K1 channels (Kcnt1), in addition to
decreased postsynaptic CAM expression, suggest reduced
excitatory input from PYR cells, consistent with observations
of presynaptic deficits in PYR cells and reports of reduced
excitatory inputs onto PV cells of mice with elevated behavioral
emotionality (62). Moreover, axonal microtubule polymeriza-
tion, stabilization, and anterograde transport were increased,
suggestive of axonogenesis and synaptogenesis (63,64).
Indeed, these findings are consistent with reports of increased
PV cell excitability, activity, and axonal extension and myeli-
nation after UCMS (65,66). Taken together, these findings
suggest that PV cells may increase axonal arborization tar-
geting PYR cells. However, overall PV cell findings must be
tempered by the reality of relatively few differentially expressed
genes. In summary, although PV cells show reduced excitatory
inputs, presynaptic changes suggest increased inhibitory
function.

Finally, VIP cells appeared to show compromised pre- and
postsynaptic structure and function, in addition to decreased
806 Biological Psychiatry May 1, 2022; 91:798–809 www.sobp.org/jou
cellular integrity and neurotrophic signaling. In enrichment
analyses, VIP cells showed deficits in postsynaptic CAMs and
dendritic structure genes, consistent with presynaptic PYR cell
deficits. Downregulated axonal structure and vesicle release
genes would likewise suggest reduced inhibition of SST cells.
These findings may reflect adaptations of VIP cells to reduced
PYR and SST cell function or consequences of cellular stress
and apoptotic signaling. Although less robust than synaptic-
related changes, apoptotic signaling is observed in bulk
RNA-seq of the medial PFC in UCMS (42,67). Despite VIP cells
constituting 3% to 4% of cortical cells, naturally low apoptotic
signaling may be detectable in bulk tissue if increased in a low-
abundance cell type (5). Finally, VIP cell densities were un-
changed (Figure S3 in Supplement 1), precluding actual cell
death. Increased apoptotic signaling and oxidative stress in
VIP cells may contribute to reduced cell function, consistent
with previous reports of reduced VIP peptide expression in
UCMS (28), perhaps leading to impaired regulation of SST
cells.
Predicted Implications for Overall Cortical
Microcircuit Information Processing

The DE and coexpression results suggest a shift in microcircuit
EIB toward a lower level of overall activity (Figure 5), charac-
terized first by reduced PYR cell activity. Reduced SST cell
function suggests decreased input regulation of PYR cells,
whereas increased PV cell function suggests increased output
control, together predicted to increase basal and maintain
activity-dependent firing of PYC cells, resulting in decreased
signal-to-noise ratio of PYR cells necessary for information
processing (23). VIP cells showed no coordinated changes
with other cell types, although our findings suggested impaired
function of these cells. VIP cells act as a cellular switch,
regulating SST cells to either integrate or cancel dendritic PYR
cell inputs, and impaired function would contribute to
rnal
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mistiming of SST cell inhibition with incoming excitatory inputs
(68–71). Moreover, tighter PV-mediated control of excitatory
outputs, while potentially compensating for reduced SST cell
inhibition, may result in a less flexible microcircuit that is un-
able to filter spurious and noisy inputs. In summary, although
based on mRNA measures, these findings suggest a shift in
microcircuit EIB to lower activity levels and impaired PYR cell
input regulation, implicating a corruption in mood-relevant in-
formation processing in the medial PFC.

Limitations and Future Studies

This study is not without limitations. First, only male mice were
used, precluding conclusions about effects in females.
Depression disproportionately affects females and recent bulk
and cell-specific RNA-seq studies in UCMS suggest that 1)
male and female depressive transcriptomes are different
(18,72–74) and 2) female mice may have innate deficiencies in
unfolded protein response signaling (75). These findings
highlight the importance of studies in female mice, determining
if the above sex differences show cell specificity. Second, mice
received 5 weeks of UCMS; thus, these transcriptomic
changes represent both stress-induced cellular responses and
compensatory adaptations of other cell types because the
cross-sectional data cannot assess the sequence of cellular
deficits. Third, contamination by off-target cell types had the
potential to skew results by introducing mRNA from other
astrocytes, oligodendrocytes, microglia, and other neurons.
However, Figure S4 in Supplement 1 demonstrates that mo-
lecular markers of contamination were expressed at very low
levels (e.g., .50-fold lower than Sst). Fourth, our sample size
was moderate (n = 10/group), although comparable to other
mouse RNA-seq studies (42,67,76,77). Finally, the cell types
investigated are not fully unique, and further divisions of SST
and PV cells, for instance, can be made (4,78).

Future studies should focus on replicating our cell type–
specific and microcircuit-wide findings, including at the elec-
trophysiological level; investigate time courses of changes;
and narrow our results for potential antidepressant modalities.
Because we found that cell types respond uniquely to UCMS,
future studies should also determine the cell type–specific ef-
fects of existing and novel antidepressants on transcriptional
profiles, particularly those with synaptic effects, such as
ketamine.
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