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Abstract

Aims: The molecular and cellular mechanisms underlying the antidepressant effects

of fluoxetine in the brain are not fully understood. Emerging evidence has led to the

hypothesis that chronic fluoxetine treatment induces dematuration of certain types

of mature neurons in rodents. These studies have focused on the properties of typi-

cal molecular and/or electrophysiological markers for neuronal maturation. Neverthe-

less, it remains unknown whether dematuration‐related phenomena are present at

the genome‐wide gene expression level.

Methods: Based on the aforementioned hypothesis, we directly compared transcrip-

tome data between fluoxetine‐treated adult mice and those of naive infants in the

hippocampus and medial prefrontal cortex (mPFC) to assess similarities and/or differ-

ences. We further investigated whether fluoxetine treatment caused dematuration

in these brain regions in a hypothesis‐free manner using a weighted gene co‐expres-
sion network analysis (WGCNA).

Results: Gene expression patterns in fluoxetine‐treated mice resembled those in

infants in the mPFC and, to a large extent, in the hippocampus. The gene expression

patterns of fluoxetine‐treated adult mice were more similar to those of approxi-

mately 2‐week‐old infants than those of older mice. WGCNA confirmed that fluox-

etine treatment was associated with maturation abnormalities, particularly in the

hippocampus, and highlighted respective co‐expression modules for maturity and

immaturity marker genes in the hippocampus in response to fluoxetine treatment.

Conclusions: Our results strongly support the hypothesis that chronic fluoxetine

treatment induces dematuration in the adult mouse brain from a transcriptomic stand-

point. Detection of discrete transcriptomic regulatory networks related to fluoxetine

treatment may help to further elucidate the mechanisms of antidepressant action.

1 | INTRODUCTION

Antidepressant use has increased over years, and a recent survey

estimates that approximately 12.0% of adults in the United States

take antidepressants.1 Fluoxetine (FLX), a selective serotonin reup-

take inhibitor, is one of the most commonly used antidepressants for

the treatment of mood and anxiety disorders worldwide. Despite its

widespread use, its underlying molecular and cellular mechanisms of
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action are not fully understood. Previous studies using animal models

suggest that enhanced adult neurogenesis in the hippocampal den-

tate gyrus (DG) is a potential mechanism of action for antidepres-

sants, including FLX.2,3 Conversely, other studies showed that the

behavioral effects of FLX are not always accompanied by increased

neurogenesis.4,5 It is thus plausible that modifications of preexisting

neurons, in addition to generation of new neurons, are important for

antidepressant actions.

Emerging evidence has suggested that chronic FLX treatment

reverses the established maturation state of preexisting mature neu-

rons in the adult rodent brain, a phenomenon termed “dematura-

tion”.6–8 In the hippocampal DG, granule cells (GCs) in FLX‐treated
adult mice exhibited similarities with typical immature GCs in terms

of molecular marker expression (eg, decreased expression of cal-

bindin and increased expression of calretinin, markers of mature and

immature GCs, respectively) and electrophysiological characteristics

(eg, reduction of basal synaptic transmission and frequency facilita-

tion of the synapses between DG and CA3, and reinstatement of

high membrane excitability).6,9 These results suggest that chronic

FLX treatment induces dematuration of GCs in the adult mouse hip-

pocampus. Recent research suggests that FLX induces dematuration‐
like phenomena in several brain regions other than the hippocampus.

Chronic FLX treatment may convert mature interneurons, in particu-

lar parvalbumin (PV)‐positive fast‐spiking (FS) neurons, to a more

immature state in the basolateral amygdala10 and visual cortex,11

resulting in reactivation of juvenile‐like plasticity in adulthood. In the

medial prefrontal cortex (mPFC) of adult mice, chronic FLX treat-

ment decreased PV expression, a marker of mature FS neurons, and

of perineuronal nets (PNNs), extracellular matrices predominantly

expressed by mature FS neurons. These findings suggest that FLX

induces dematuration of FS neurons.7 Such dematuration‐related
phenomena induced by FLX treatment have been evaluated by

examining several molecular and/or electrophysiological properties

that reflect maturational states of each neuronal type. However, the

dematuration effects of FLX have not been assessed at the genome‐
wide gene expression level.

We previously provided transcriptomic evidence for pseudo‐
immaturity in the PFC and/or hippocampus of patients with

schizophrenia12 and alcoholism13 by conducting bioinformatics analy-

ses of microarray data. More specifically, we directly compared pat-

terns of gene expression changes in brain regions of patients with

the diseases and typically developing infants, and evaluated the simi-

larities between them using the Running Fisher's algorithm, a non-

parametric ranking analysis of gene expression signatures. The results

showed striking similarities in gene expression patterns between

patients and infants, suggesting pseudo‐immaturity of the PFC/hip-

pocampus in patients with schizophrenia and alcoholism.12,13 This

bioinformatics analytical approach has been found to be powerful for

detecting similarities between two transcriptome datasets, even from

different experimental platforms (eg, DNA microarray and RNA‐
sequencing) or different species (eg, human, mouse, and rat).12–16

In this study, using the same bioinformatics technique, we first

conducted hypothesis‐driven transcriptome analyses, in which

genome‐wide gene expression patterns were directly compared

between FLX‐treated adult mice and naive infant mice to statistically

evaluate their similarities. To further characterize FLX‐induced gene

expression perturbations, co‐expression network analysis17 was per-

formed as an unsupervised, hypothesis‐free method, to evaluate

whether there were gene sets that were associated with FLX‐induced
dematuration in the mouse hippocampus and mPFC.

2 | MATERIALS AND METHODS

2.1 | Animals and antidepressant treatment

Male C57BL/6J mice were used unless otherwise specified. FLX was

administered to 9‐week‐old mice for 3 weeks using FLX‐releasing
pellets, aiming for a dose of 15 mg/kg/d, as previously described.18

The dose of FLX used in this study is a clinically relevant dose;

15 mg/kg/d FLX resulted in a range of serum FLX levels in patients

taking 20‐80 mg/d of FLX.19 All animal experiments were approved

by the Institutional Animal Care and Use Committee of Fujita Health

University, based on the Law for the Humane Treatment and Man-

agement of Animals (2005) and the Standards Relating to the Care

and Management of Laboratory Animals and Relief of Pain (2006).

Every effort was made to minimize the number of animals used.

2.2 | DNA microarray analysis

We performed microarray analyses of the following mouse brain

samples: the hippocampal DG and mPFC of mice treated with either

FLX or vehicle; the mPFC of naive 2‐ and 12‐week‐old mice; and the

mPFC of alpha‐calcium/calmodulin‐dependent protein kinase II

heterozygous (Camk2a+/−) mice (Table S1) as described previ-

ously.14,20 The microarray data were deposited in the GEO database

under accession numbers GSE118667, GSE118668, GSE118669,

and GSE118724. Further details are provided in the Appendix S1:

Supplementary Methods. Other microarray data used in this study

were previously obtained in our laboratory and other laboratories

(Table S1).

2.3 | Microarray data processing

Using the expression values, we calculated fold changes and t test P‐
values between two conditions for each transcript: FLX‐ and vehicle‐
treated adult mice, and naive infant and adult mice (Table S1). Fold

changes were calculated by dividing the average value of FLX‐trea-
ted mice by that of vehicle‐treated mice. The average value of infant

mice of each age was divided by that of adult mice. Microarray data

on wild‐type mice obtained previously14 were used as data of adult

mice to examine developmental gene expression changes in the

naive mouse DG (GSE42778 and GSE113727).16 Genes (or tran-

scripts) with absolute fold change >1.2 and P‐value < 0.05 (without

correction for multiple testing) were imported to the web‐based
bioinformatics tool BaseSpace (formerly named as NextBio; Illumina,

San Diego, CA; http://www.nextbio.com)21 according to the
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manufacturer's instructions. For the microarray data examining time‐
course changes in the gene expression patterns of mouse frontal

cortex,22 we used the data that had been imported into BaseSpace

by its curators.

Regarding the microarray data examining development of differ-

ent cell types (FS neurons, astrocytes, and oligodendrocytes), we

used publicly available data on GSE1780623 and GSE956624 series,

as described elsewhere.12 Briefly, fold changes and t test P‐values
were calculated between younger and older conditions (Table S1),

and genes (transcripts) with absolute fold change >1.5 and a t test

P‐value < 0.05 were imported into BaseSpace.12

Microarray analyses of the hippocampal DG and mPFC of Sch-

nurri‐2 knockout (Shn2 KO) mice (GSE42778),14 the hippocampal DG

of Camk2a+/− mice,20 and the hippocampus of mutant synaptosomal‐
associated protein of 25 kDa knockin (Snap25 KI) mice25 were con-

ducted in the previous studies. Transcripts with absolute fold change

>1.2 and P‐value < 0.05 were imported into BaseSpace. We used

the publicly available microarray data from epilepsy models (hip-

pocampus of pilocarpine‐treated rats [GSE47752]26 and cortex of

kainate‐treated mice [GSE6388]27) that had been imported into

BaseSpace by its curators.

Subsequently, the gene expression patterns of the two given

gene sets were statistically compared using BaseSpace. Using the

bioinformatics tool, similarities were examined using Running Fisher

algorithm, a nonparametric rank‐based statistical method, in which

information regarding the rank based on absolute value of fold

change and the direction of gene expression changes within each

gene set was considered.21 The greater the similarity in gene expres-

sion patterns between the two conditions, the lower the resulting

overlap P‐value. Details of the algorithm have been described

previously.14

2.4 | Pathway analysis

Pathways/biogroups enriched in the genes of interest were deter-

mined through a combination of rank‐based enrichment statistics

and biomedical ontologies using BaseSpace.21 Pathways/biogroups

from GO and canonical pathways of Broad MSigDB were included in

this analysis.

2.5 | Weighted gene co‐expression network
analysis

Weighted gene co‐expression network analysis was conducted for

step‐by‐step block‐wise network construction and module detection

using the package implemented in R (ver. 3.1.3) with the code pro-

vided by Langfelder and Horvath.17 Microarray data of two brain

regions (hippocampal DG [GSE118669] and mPFC [GSE118668])

were separately used for network construction. To remove tran-

scripts that were constitutively expressed, unexpressed, or varied

modestly across conditions, a coefficient of variation (CV; CV = μ/σ)

filter was applied to the averaged expression values for each tran-

script across all mice (combined FLX and vehicle‐treated mice) using

an R script. The CV cutoff values were set at 0.2 to meet the criteria

of maximum block size 5000. The resulting 4686 and 3202 tran-

scripts in the DG and mPFC datasets, respectively, were processed

for WGCNA as described in the Appendix S1: Supplementary

Methods.

3 | RESULTS

3.1 | Gene expression patterns in the hippocampal
DG and mPFC of adult mice treated with FLX
resemble those of naive infant mice

In the microarray analysis, 1051 and 274 of the total 45 037 tran-

scripts were differentially expressed between FLX‐treated and con-

trol mice in the DG and mPFC, respectively: Expression of 334

transcripts was upregulated and that of 717 was downregulated in

the DG of FLX‐treated mice, and the expression of 138 transcripts

was upregulated and that of 136 was downregulated in the mPFC of

FLX‐treated mice compared to controls (absolute fold change >1.2,

t test P < 0.05; Tables S2 and S3). We used a more liberal threshold

(P < 0.05 without any correction for multiple tests) to increase the

chance of identifying functionally related genes.

We first assessed whether, or to what extent, the overall gene

expression patterns in the DG of adult mice treated with FLX (as

compared to vehicle‐treated) were similar to those of naive infant

mice (as compared to naive adults; Figure 1A). Similarities in gene

expression patterns between the two given datasets were assessed

using the Running Fisher algorithm, a nonparametric rank‐based sta-

tistical method.21 The bioinformatics analysis revealed a significant

similarity in the gene expression patterns between FLX‐treated adult

mice and naive infant mice in the DG (denoted as overlap P‐value:
P = 1.2 × 10−37, Figure 1B). Of 1051 transcripts whose expression

was changed in the FLX‐treated DG, 699 were shared with tran-

scripts altered in infants’ DG (Figure 1B; Table S4). Among the 699

transcripts, 152 were upregulated (P = 9.0 × 10−41) and 382 were

downregulated (P = 3.8 × 10−38) in both FLX‐treated and infants’

DG (Figure 1C); these transcripts were denoted as having a positive

correlation. Expression of 66 transcripts was upregulated in the FLX‐
treated DG and downregulated in the infants’ DG (P = 0.0086), and

99 transcripts were downregulated in the FLX‐treated DG and

upregulated in the infants’ DG (P = 0.029; Figure 1C); the transcripts

that showed opposite changes between the two conditions were

denoted as having a negative correlation.

To confirm these findings, we analyzed different microarray data

of FLX‐treated mouse hippocampus obtained in an independent lab-

oratory (GSE6476).28 Similarly, we observed a significant similarity in

gene expression patterns between FLX‐treated adult mice and naive

infant mice (P = 1.0 × 10−38, Figure S1A-C, Appendix S1: Supple-

mentary Results). These results suggest that chronic FLX treatment

induces dematuration of the hippocampal DG in adulthood at a gen-

ome‐wide gene expression level.

We assessed FLX‐induced gene expression changes in the mPFC

in the same manner as performed for the hippocampus. The gene
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expression patterns in the mPFC in FLX‐treated adult mice (as com-

pared to vehicle‐treated adults) and naive infant mice (as compared

to naive adults) were significantly similar to each other (overlap P‐
value = 2.5 × 10−9, Figure 1D,E). Of 274 transcripts whose expres-

sion was altered in the FLX‐treated mPFC, 102 were shared with

transcripts altered in the mPFC of naive infant mice (Figure 1E;

Table S5). Among the 102 transcripts, 31 were upregulated

(P = 2.3 × 10−10) and 39 were downregulated (P = 9.5 × 10−15) in

both conditions (Figure 1F), denoting transcripts with a positive cor-

relation. Expression of 13 transcripts was upregulated in the mPFC

of FLX‐treated adult mice and downregulated in the mPFC of naive

infant mice (P = 0.0001), and 19 transcripts were downregulated in

the FLX‐treated mPFC and upregulated in the naive infant mPFC

(P = 0.0031; Figure 1F), denoting transcripts with a negative

correlation. We further analyzed different microarray data examining

development of the mouse PFC obtained in an independent labora-

tory (GSE4675)22 and found a significant similarity with those of

FLX‐treated adult mice (P = 1.2 × 10−6, Figure S1D-F, Appendix S1:

Supplementary Results). The relatively low number of shared tran-

scripts observed in the analyses of PFC than that of DG might be

due to the use of relatively young adult mice in the developmental

datasets of PFC. Collectively, these results support the hypothesis

that chronic FLX treatment induces dematuration of the hippocam-

pal DG and mPFC in adult mice in the context of genome‐wide

expression patterns.

The genes showing positive correlations in expression between

FLX‐treated adult mice and naive infant mice in the hippocampal DG

and mPFC were designated Bioset 1 and 2, respectively (Figure 1C,

F IGURE 1 Transcriptomic dematuration in the hippocampal dentate gyrus (DG) and medial prefrontal cortex (mPFC) of adult mice
chronically treated with fluoxetine (FLX). A and D, The gene expression pattern in the hippocampal DG (A) and mPFC (D) of FLX‐treated adult
mice (FLX compared to controls) was compared with that in the corresponding brain regions of naive infant mice (infants compared to adults).
B and E, Venn diagram illustrating the overlap in transcriptome‐wide gene expression changes in the DG (B) and mPFC (E) of FLX‐treated adult
mice and naive infant mice. C and F, P‐values of overlap between the FLX‐treated adults and naive infants in the DG (C) and mPFC (F)
datasets. Bar graphs illustrate the P‐values of overlap of genes upregulated (red arrows) or downregulated (blue arrows) by each condition,
between the two conditions. The genes that showed the same directional changes in expression, or positive correlation between two groups,
were designated Bioset 1 or Bioset 2 for the DG or mPFC datasets, respectively (surrounded by dotted lines), which were used in the analyses
for potential cell‐type contribution (Figure 3)
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F; Tables S14 and S5), which represent genes related to FLX‐induced
dematuration in each brain region. These Biosets were further pro-

cessed for potential cell‐type contribution analysis (Figure 3).

3.2 | Gene expression patterns in the brains of
FLX‐treated adult mice are more similar to those in
approximately 2‐week‐old infant mice than those in
older mice

To estimate the age at which FLX treatment may reverse matura-

tional states of adult brain, we compared gene expression patterns

in the brains of FLX‐treated adult mice with those of infants at dif-

ferent time points after birth. Gene expression patterns in the DG of

FLX‐treated adult mice (as compared to those of vehicle‐treated
adults) were compared to those of 1‐, 2‐, 3‐, or 4‐week‐old naive

infant mice (as compared to naive adults; Figure 2A). The analyses

revealed that gene expression patterns in the DG of FLX‐treated
adult mice were more similar to those of 1‐ to 3‐week‐old infant

mice than those of the older mice with respect to both overlap P‐
value and the number of genes with a positive correlation (Fig-

ure 2B,C; Table S6).

For the assessment of mPFC, we used microarray data examining

developmental expression changes in the mouse PFC (2‐, 3‐, 4‐, 5‐
or 10‐week‐old)22 for comparison with mPFC of FLX‐treated adult

mice (Figure 2D). Gene expression patterns in the mPFC of FLX‐
treated adult mice were most similar to those of 2‐week‐old infant

mice (Figure 2E,F; Table S7). These results suggest that chronic FLX

treatment may convert gene expression patterns in the hippocampal

DG and mPFC of adult mice to those of approximately 2‐week‐old
infants.

3.3 | Potential cell‐type contributions to FLX‐
induced transcriptomic dematuration in the adult
mouse brain

Next, we sought to elucidate which cell types potentially contributed

to FLX‐induced transcriptomic dematuration in the hippocampal DG

and mPFC. We compared the following two groups of datasets: gene

expression patterns of Biosets 1 or 2 (which consisted of genes

whose expression was changed in the same direction in FLX‐treated
adult and naive infant mice in the hippocampal DG or mPFC, respec-

tively; Figure 1C,F) and those in immature FS neurons, immature

astrocytes, and immature oligodendrocytes, respectively (Table S1).

Brief descriptions of the microarray data examining development of

these cell types are provided in the Appendix S1: Supplementary

Methods.

Of 461 genes (encoded by 534 transcripts) in Bioset 1, 143

genes (31.0%) were shared with immature FS neurons (P7 compared

to P40; overlap P‐value = 6.0 × 10−8; Figure 3A; Table S8). Further-

more, 95 genes (20.6%) and 151 genes (32.8%) were overlapped

between Bioset 1 and datasets of immature astrocytes (overlap P‐
value = 1.7 × 10−11; Figure 3B; Table S9) and immature oligodendro-

cytes (overlap P‐value = 6.6 × 10−5; Figure 3C; Table S10) with a

positive correlation, respectively. These results suggest that dematu-

ration may occur in those cell types examined, as well as in GCs,6

which potentially contribute to FLX‐induced transcriptomic dematu-

ration in the hippocampal DG.

We applied the same analysis to Bioset 2 that represents FLX‐
induced transcriptomic dematuration in the mPFC. Significant similar-

ities in gene expression patterns were observed between Bioset 2

and immature FS neurons, immature astrocytes, and immature oligo-

dendrocytes, respectively (Figure 3D‐F; Tables S11-S13).

3.4 | Pseudo‐immature hippocampus in FLX‐treated
mice resembles that in mouse models of
neuropsychiatric disorders

Pseudo‐immaturity of particular brain regions, especially of the hip-

pocampal DG, is observed in several strains of mice with good face

and concept validities for models of neuropsychiatric disorders

including schizophrenia/intellectual disability (Shn2 KO mice14), bipo-

lar disorder (Camk2a+/− mice29,30), and epilepsy (Snap25 KI mice25;

pilocarpine‐treated mice31). We examined similarities in pseudo‐
immature phenotypes at a transcriptome level. Gene expression pat-

terns in the DG of FLX‐treated adult mice were significantly similar

to each of the model mice examined with positive correlation (over-

lap P‐value: P = 7.4 × 10−161 for Shn2 KO mice; P = 6.7 × 10−111

for Camk2a+/− mice; P = 6.7 × 10−59 for Snap25 KI mice;

P = 1.7 × 10−18 for pilocarpine‐induced epileptic rats; Figure 4A‐D;

Tables S14-S17). We observed that the hippocampal gene expres-

sion patterns in these mouse models of neuropsychiatric disorders

were similar to each other as well as to those in infants (Figure 4E).

These results suggest that divergent causes such as genetic modifi-

cations, neuronal hyperexcitation, and antidepressant treatment

induce similar maturation‐related abnormalities in the hippocampus,

resulting in transcriptomic similarities.

In the PFC, low or inverse correlations of gene expression pat-

terns were observed between mice chronically treated with FLX and

Shn2 KO mice, Camk2a+/− mice, and kainate‐induced epileptic mice,

and among each group (Figure 4E and Figure S2). These results sug-

gest that factors that induce similar transcriptomic alterations in the

hippocampus do not necessarily induce similar transcriptomic alter-

ations in the PFC.

3.5 | FLX‐related perturbations in maturity marker
genes in the hippocampal DG based on co‐expression
network analysis

We further investigated whether chronic FLX treatment is associated

with maturation abnormalities in the brain regions at a transcriptome

level with a hypothesis‐free approach using WGCNA. Hierarchical

clustering of our microarray datasets identified ten and five co‐
expression modules ranging in size from 65 to 2304 transcripts in

the DG and 56 to 2030 in the mPFC, respectively (Figure S3, Tables

S18 and S19). Of the 15 modules, three in the DG showed a signifi-

cant association with FLX treatment (module DG‐brown: r = −0.84,
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P = 7.0 × 10−5; DG‐red: r = 0.57, P = 0.03; and DG‐green: r = 0.55,

P = 0.04; Figure 5A‐D). No modules in the mPFC were associated

with FLX treatment at a significance level of P < 0.05 (Figure 5A),

suggesting that FLX exerts greater effects on transcriptome alter-

ations in the hippocampal DG compared to the mPFC. Pathway anal-

ysis revealed that the module DG‐brown that was most associated

with FLX treatment in the DG was enriched for cell differentiation‐

and tissue morphogenesis‐related pathways (Figure 5E, Table S20).

Notably, typical marker genes for maturity and immaturity of GCs

were included in separate modules: Tdo2, Dsp, and Calb1 (markers of

mature GCs6) were included in the module DG‐brown (Figure 5B),

and immature marker doublecortin (Dcx)32 was in the module DG‐
red (Figure 5C; Figure S4, Table S18). Drd1a, its increase in expres-

sion is characteristic of pseudo‐immature DG phenotype8 and is

F IGURE 2 Gene expression patterns in the dentate gyrus (DG) of fluoxetine (FLX)‐treated adult mice are most similar to those of 1‐wk‐old
infants. A, Gene expression patterns in the DG of FLX‐treated adult mice were compared with those in the DG of 1‐, 2‐, 3‐ and 4‐wk‐old
infant mice, respectively. D, Gene expression patterns in the medial prefrontal cortex (mPFC) of FLX‐treated adult mice were compared with
those in the PFC of 2‐, 3‐, 4‐ and 5‐wk‐old infant mice, respectively. B and E, Bar graphs illustrating the overlap P‐values (−log‐transformed
data) between the FLX‐treated adult mice and each group of infants for the DG (B) and mPFC (E) datasets. C and F, Bar graphs illustrating the
number of genes with positive correlation between the FLX‐treated adult mice and each group of infants for the DG (C) and mPFC (F)
datasets

HAGIHARA ET AL. | 83



implicated to have critical roles for the actions of chronic FLX treat-

ment,33 was also included in the module DG‐red. Supporting this,

gene expression patterns in the module DG‐brown were highly asso-

ciated with FLX‐induced decrease in expression of maturity marker

genes in the DG (Figure 5F). Module DG‐red genes were associated

with increased expression of immaturity marker genes (Figure 5F).

These results suggest that expression of maturity and immaturity

marker genes may be independently regulated in the hippocampal

DG under chronic FLX treatment.

4 | DISCUSSION

This study demonstrated that the hippocampal DG and mPFC of

FLX‐treated adult mice resembles that of naive infant mice with

respect to genome‐wide gene expression patterns. We provide evi-

dence supporting the notion that mature neurons, that is, GCs in the

hippocampus and FS neurons in the mPFC, become more immature

with FLX treatment.6,7,18 In addition to these cell types, the present

study highlighted potential contributions of astrocytes and

F IGURE 3 Potential cell‐type contributions to transcriptomic dematuration in the fluoxetine (FLX)‐treated dentate gyrus (DG) and medial
prefrontal cortex (mPFC). Genes exhibiting the same directional changes in expression between the normal infant and adult FLX‐treated
hippocampal DG (A‐C, Bioset 1 denoted in Figure 1) and mPFC (D‐F, Bioset 2 denoted in Figure 2) were compared to the gene expression
changes obtained from cell‐type‐specific developmental experiments (A and D, FS neurons [GSE1780]; B and E, astrocytes [GSE9566]; C and
F, oligodendrocytes [GSE9566]). Venn diagrams illustrate the overlap in transcriptome‐wide alterations in gene expression between the two
given datasets. Bar graphs illustrate the P‐values of overlap of genes upregulated (red arrows) or downregulated (blue arrows) by each condition.
Note the scale of y‐axis is the same in A‐C and D‐F, respectively. Ast, astrocytes; FS neurons, fast‐spiking neurons; OL, oligodendrocytes
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F IGURE 4 Transcriptomic similarities in the hippocampus between FLX‐treated mice and mice in models of neuropsychiatric disorders
showing pseudo‐immaturity phenotypes. A‐D, Gene expression patterns in the hippocampus of FLX‐treated mice were compared with those of
Shn2 knockout (KO) mice (dentate gyrus [DG], A), Camk2a+/− mice (DG, B), Snap25 knockin (KI) mice (hippocampus, C), and pilocarpine‐induced
epileptic rats (DG, D), respectively. Venn diagrams illustrate the overlap in transcriptome‐wide gene expression changes between the two given
datasets. Bar graphs illustrate the P‐values of overlap of genes upregulated (red arrows) or downregulated (blue arrows) by each condition,
between the two conditions. E, Overlap P‐values (upper right cells) and the number of common genes/transcripts (lower left cells) responsive to
both conditions for each pair of interest. Cells are colored according to the overlap P‐value of the given two datasets. See also Figure S2 for
the details of mPFC analyses. Red spectrum colors indicate positive correlations; green spectrum colors indicate negative correlations. DG,
dentate gyrus; FLX, fluoxetine; Hip, hippocampus; KA, kainate; Pilo, pilocarpine
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F IGURE 5 Network analysis identifies modules of co‐expressed genes associated with FLX‐induced dematuration. A, Correlation of each
module eigengene with FLX treatment. B‐D, Networks of the connected transcripts in the brown (B), red (C), and green modules (D) for the
dataset DG. The networks are visualized with the “Degree sorted circle layout” of Cytoscape. Each node is one transcript, represented by the
gene name and Affymetrix ProbeSet ID corresponding to the transcript. Circles are sized by the within module connectivity. Each edge
represents the topological overlap or interconnectedness between two nodes. The top 30 hub genes with high connectivity in the module are
shown. E, Gene Ontology enrichment analysis (top three pathways are shown for each module). F, Comparisons of expression patterns of the
modules with global markers for maturity or immaturity marker genes (Bioset 1 and 2 defined in Figure 1C,F, respectively)
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oligodendrocytes to dematuration‐related gene expression changes

induced by chronic FLX treatment in the adult hippocampus and

mPFC. Furthermore, the hypothesis‐free approach characterizing

FLX‐induced gene expression alterations revealed that FLX treat-

ment is associated with maturation abnormalities, especially in the

hippocampus.

Based on typical maturation‐related molecular/electrophysiologi-

cal cellular markers, it has been suggested that chronic FLX may

reverse maturation states of preexisting GCs in the hippocampal

DG6 and PV‐positive FS neurons in the hippocampus and mPFC7

in adult mice to those found in approximately 10‐day‐old infant

mice. Our results are fairly consistent with previous findings, indi-

cating that gene expression patterns of FLX‐treated adult mice

were more similar to those of 1‐ to 3‐week‐old hippocampus and

2‐week‐old mPFC than those of older mice. In the mouse hip-

pocampus, 1 and 2 weeks of age corresponds to the peak period

for neuronal differentiation and synapse formation.34,35 Astrocytes

in the hippocampus exhibit immature morphological properties dur-

ing this period.36 In the mouse PFC, 2 weeks of age is considered

the middle of maturation of FS neurons and oligodendrocytes,

based on the expression of conventional genes for maturation of

these cell types that is drastically increased between 1 and

3 weeks of age.37 Considering these findings, our results suggest

that chronic FLX treatment may induce dematuration of astrocytes,

oligodendrocytes, GCs, and FS neurons in the adult hippocampus

and mPFC. This may reopen developmental or juvenile‐like states

in these cell types as previously proposed for FS neurons in the

visual cortex and lateral amygdala.10,11,38

Striking similarities in gene expression patterns were observed

in mice chronically treated with FLX, several rodent models of neu-

ropsychiatric disorders, and naive infant mice, especially in the hip-

pocampus. GCs in the hippocampal DG of rodent models of these

diseases commonly exhibit molecular, morphological, and/or electro-

physiological features that are similar to those of naive infant

mice.8 Indeed, the existence of shared endophenotypes related to

immaturity of the hippocampus was confirmed at a transcriptome

level in this study. In contrast, gene expression patterns in the PFC

of these models were not necessarily similar to each other. Behav-

iorally, these rodent models of disease exhibit a decrease in

depression‐like behaviors as measured by forced swim

test,14,25,29,39,40 consistent with the findings found in FLX‐treated
mice.41 Such shared and distinct endophenotypes in the brain, and

their unique combinations may underlie mechanisms of common

and specific behavioral abnormalities in rodent models of these

disorders.8

We confirmed transcriptomic dematuration induced by chronic

FLX treatment especially in the hippocampal DG with a hypothesis‐
free approach using WGCNA. The WGCNA identified gene modules

associated with FLX treatment in the DG, with the most relevant

module being cell/tissue maturation‐related. Importantly, the module

most relevant to FLX reflected a decrease in the maturity of GCs.

Previous WGCNA studies using whole hippocampal samples also

identified gene modules, one of which was downregulated by

chronic FLX treatment (as well as by voluntary exercise, another

antidepressant intervention) and was enriched for genes involved in

neuronal differentiation and maturation.42 More than half of the top

10 genes significantly correlated with FLX treatment in the module

were maturity marker genes of the DG, whose expression was

increased in adult mice compared to 2‐week‐old infants (ie, Igfbp2,

Mkl2, Hap1, Smarca2, Ntng1, and Rasgrf2)42 (GSE42778,

GSE113727). This module may reflect decreased maturity of the hip-

pocampus induced by chronic FLX treatment, consistent with our

findings.

In conclusion, the results of bioinformatics analyses of genome‐
wide gene expression patterns support the dematuration hypothesis

of FLX in the hippocampal DG and the mPFC. Further studies are

needed to investigate whether the dematuration effects of FLX in

these brain regions mediate its therapeutic actions.
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