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1 | OVERVIEW OF DEPRESSIVE

Abstract

Depressive disorder is one of the most widespread forms of psychiatric pathology,
worldwide. According to a report by the World Health Organization, the number of
people with depression, globally, is increasing dramatically with each year. Previous
studies have demonstrated that various factors, including genetics and environmental
stress, contribute to the risk of depression. As such, it is crucial to develop a detailed
understanding of the pathogenesis of depressive disorder and animal studies are es-
sential for identifying the mechanisms and genetic disorders underlying depression.
Recently, many researchers have reported on the pathology of depression via various
models of depressive disorder. Given that different animal models of depression show
differences in terms of patterns of depressive behavior and pathology, the compari-
son between depressive animal models is necessary for progress in the field of the
depression study. However, the various animal models of depression have not been
fully compared or evaluated until now. In this paper, we reviewed the pathophysiol-
ogy of the depressive disorder and its current animal models with the analysis of their
transcriptomic profiles. We provide insights for selecting different animal models for

the study of depression.
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Depression is considered to be caused by the mutual influence

DISORDER

Depressive disorder is one of the major emerging psychiatric mood
disorders, worldwide. It was reported that around 17% of people
experience depression at least once in their lifetime.! The symptoms
and comorbidity of depression include social withdrawal, disturbed
sleep, depressed mood (sadness), apathy, anxiety, changes in food
consumption, psychomotor retardation, and memory deficits.?
Major depressive disorder is mainly characterized by consistently
depressive mood, loss of pleasure, appetite pattern change, insom-
nia, behavior motor retardation, fatigue, and feelings of worthless-

ness for a minimum of 2-week period.®

of multiple psychological and social factors as well as epigenetic fac-
tors.* Physical pain and chronic stress can induce depression and
influence its progression and severity.>® Cases of depression are
heterogeneous in terms of genetic influences, clinical progression,
neurobiological changes, and treatment responses to antidepres-
sants.”® In recent decades, studies of the progression of depression
have reported on abnormalities in brain circuitry and on cellular and
molecular alterations in the depressive brain.?1°

Human neuroimaging studies and studies using animal mod-
els have reported that depression results from functional impair-
ments in connections between various brain regions **'*? and that

itis involved in the alteration of brain structures *° (Figure 1). Such
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studies have also reported that depression is associated with al-
terations in the structure and functional morphology, as well as
the modulation of cellular factors, such as transcription factors,
in affected brain regions.'>! The nucleus accumbens is consid-
ered the main regulation center of neuronal circuits implicated
in depression.’>* The nucleus accumbens integrates limbic and
cortical information from the prefrontal cortex, ventral hippocam-
pus, and the amygdalar region.!” Depression-related brain regions
also include the dorsal and medial prefrontal cortices, insular lobe,
orbitofrontal cortex, amygdala, hippocampus, and cingulate cor-
tex.1®20 Decreases in metabolism, in these brain regions, promote
the onset of depression and greatly accelerate its progression.?%%?
Previous studies have reported that decreases in metabolism,
accompanied by reductions in blood flow, are positively cor-
related with reduced brain volume in these brain regions and with
depression.181%.23-26

Dopaminergic neuron in the ventral tegmental area mainly pro-
duces dopamine and projects to other brain areas including the
striatum and mesolimbic reward pathways related to pain relief
center (Figure 1). Dopamine neurons in the ventral tegmental area
are key to mediate stress response.27 Also, dopamine neuron in pars
compacta of substantia nigra contributes to cortico-basal ganglia-
thalamocortical circle.?”?® Generally, pain contributes to various
brain regions, such as the prefrontal cortex, anterior cingulate cor-
tex, dorsal and ventral striatum, and amygdala.?? Dopamine pro-
jected to nucleus accumbens could block physical somatosensory
pain.30

Serotonin neuron from raphe nucleus projects to thala-
mus, limbic pathway, and prefrontal cortical regions and affects
depressive-like behaviors such as anxiety (Figure 1).3! Serotonin
influences the activity of food eating, motor function, and anxiety
feeling.%?

Nucleus accumbens has glutamatergic neurons and
GABAergic neurons, and is linked to depressive behavior-related
brain regions such as the ventral tegmental area, prefrontal cor-
tex, and striatum (Figure 1).33%* Glutamatergic neurons in the
nucleus accumbens project to the prefrontal cortex, hippocam-
pus, amygdala, and basal ganglia, and influence mood and anxiety
feeling.35 GABAergic neurons in the nucleus accumbens project
to the prefrontal cortex, thalamus, hippocampus, and amygdala
and affect the mesocorticolimbic reward system. These neurons
regulate dopamine release and reward system, and contribute to
memory function by activating the hippocampus and prefrontal
cortex.3¢%7

Based on these findings, many researchers have endeavored to
identify meaningful biomarkers for depression, in order to diagnose
depression and identify its stage of progression. Suggested biomark-
ers include peripheral blood-based biomarkers,*® pro-inflammatory

factors’39-41 42,43

neurotrophic factors, vascular endothelial growth
factor,** neurotransmitters,*® lipid profile,** and hypothalamus pi-
tuitary adrenal (HPA) axis biomarkers, including cortisol.*’ In partic-
ular, epigenetic markers may be key to characterize the pathology

of depression, because epigenetic alterations lead to change in

the production of proteins related to depressive behavior.*® Some
studies have demonstrated that the accelerated shortening of telo-

4950 anxiety,51 and depressive-like behav-

meres is related to stress,
jor.’2 Other researchers have emphasized the strong contribution of
genetic factors to the pathogenesis of depression and individuals’

t.5% However, it has not been possible to identify

susceptibility to i
predictors of any value at the onset of depression or during its later
stages, until now. This is because depression is a biologically hetero-
geneous psychiatric disease that is associated with a diverse array
of potential causes and symptoms. These include anxiety, chronic
stress, traumatic experiences, neurochemical reconfigurations, and
genetic susceptibility.

One study has also reported that the brains of depressed indi-
viduals are commonly under oxidative stress resulting from the over-
production of reactive oxygen species. Further, damage to proteins,
lipids, and cell DNA was observed, as was cell death.>* Other studies
have suggested changes in growth factors and inflammatory pro-
teins and stress-related enzymes and protein interaction system in
the depressive brain.>>>¢ By combining knowledge from these and

other studies, it may be possible to identify biomarkers that can be

Cerebral cortex
Dorsal striatum
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FIGURE 1 The neuroanatomical image of depression. This
schematic image presents the important neurotransmitter
pathway and the neuronal connection between different brain
regions in depression. The nucleus accumbens plays as a critical
connection hub in depression-related brain regions. GABA (gamma-
aminobutyric acid) and Glu (glutamate), the neurotransmitters,
contribute to the connective signal between the nucleus
accumbens and the prefrontal cortex. Serotonin, which is secreted
from the raphe nucleus of the brain stem, contributes to the limbic
pathway and finally affects the hippocampus, related to cognitive
function. Dopamine, another neurotransmitter, which is secreted
from the ventral tegmentum area of the brain stem, influences the
whole cerebral cortex region in the brain including the prefrontal
cortex. See texts for the details. Red arrows indicate the serotonin
pathway, and purple arrows indicate the dopamine pathway.

Blue lines show the neuronal connection between different brain
regions
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used to make specific, reliable predictions regarding the course of
depression. In turn, these predictions could shape the development
of suitable, individualized treatments for patients with depression.
The detection of early changes in the brains of patients with depres-
sion could allow us to better manage the progression of depressive
symptoms.

2 | DIVERSE ANIMAL MODELS FOR THE
STUDY OF DEPRESSION

In order to study the neural mechanisms underlying depression,
researchers have developed various animal models for depression.
These include a model emphasizing unpredictable chronic stress
exposure,57 the learned helplessness model,”® a model emphasiz-
ing the role of depression induction via the exogenous adminis-
tration of glucocorticoids,59 the olfactory bulbectomy depression
model,®® the social defeat model,’! and a model emphasizing ge-
netic manipulation.”¢?¢® These models have shown depressive-
like behavior similar to that in human patients with depression.
However, each animal model of depression has advantages and
disadvantages and accounts for slightly different depression symp-
toms.®* Thus, a comprehensive review and analysis of each animal
model would be helpful for future research. We outlined the dif-
ferences between these depression models which may help other
researchers to choose a suitable animal model for the study of de-
pression (Table 1).

Previous studies have reported on the neuropathology of de-
pression based on various animal models (Figure 2). There are
public resources that analyzed the transcriptomic profile for each
animal model of depression. For the comparison of transcriptome
among diverse depression models and provide easy access to these
data, we obtained the RNA sequencing data and calculated gene
expression levels (Supplementary Figure 1).6°%% These data in-
clude the profiling of changes in gene expression in several brain
regions, including the prefrontal cortex, hypothalamus, and nucleus
accumbens, which are related to the progression of depression, as
described above (Table S1-S5.) For each depression model, we re-
viewed the pathophysiology of each model and presented the func-
tional changes based on gene expression for these brain regions as
described below.

TABLE 1 Differences between the depression models.

Inducing factors

Chronic mild stress Congener odor, predator odor, cage tiling,

sawdust change, confinement

Chronic social defeat Visual stress, olfactory stress, physical

contract

Physical pain Physical pain (spared nerve injury)

Electronic stress, continuous involuntary
movement

Learned helplessness

-Wi LEYJﬁ

2.1 | Chronic mild stress model
Chronic mild stress is the most common cause of depressive mood
disorders. It results in multiple physiological changes in the brain,
including the alteration of corticosterone regulation through the
HPA axis, impaired neurogenesis, synaptic dysfunction, and gene
expression changes.®””! It also induces behavioral changes includ-
ing depressive-like behavior, a reduction in the reward response, and
sleep disturbances.”>”® Several studies showed that animals exposed
to repetitive stress display behavioral changes in open field behavior
tests %7 and a decrease in saccharin or sucrose fluid consumption,
which is considered indicative of anhedonia.”*”> It was also shown
that chronic, uncontrollable stress contributes to the impairment of
the brain stimulation reward system.”® Therefore, these reports sug-
gest that the chronic stress animal model can be used to study de-
pressive neuropathology,”” and several studies used this model for
the test of therapeutic targets to treat the depressive disorder.”®”?
In the mouse model of chronic mild stress, the mice are sub-
jected to unpredictable mild psychosocial stressors for 9 weeks
(Figure 2A).8° From the transcriptome data, many genes showed
marked expression changes in brain region including the prefron-
tal cortex and hippocampus, in chronic mild stress animal models
(Table $2).%% Interestingly, the gene ontology (GO) terms related
to mitochondria and membranes were enriched in the increased
genes group, for the prefrontal cortex, but the same terms were
identified in the decreased genes group, for the hippocampus
(Figure 3A,B, and Table Sé). Related to this result, many studies
have shown the connection between mitochondria and depres-
sion.8282 Moreover, the GO terms related to neurogenesis were
enriched in the increased genes group, for the hippocampus.
Neurogenesis may be altered in animals with chronic stress, as

suggested above.”!

2.2 | Chronic social defeat model

The chronic social defeat animal model has been used to study
the pathology of depression and its underlying mechanisms.8%84
The chronic social defeat model is characterized by decreases in
locomotor activity,85 reductions in enthusiastic and aggressive be-

havior,2® and increases in submissive behavior and anxiety,®’” as is

Applicable human symptom

Sleep disturbance, depressive-like behavior, reward response,
anhedonia

Reduction of locomotor activity, reduction of enthusiastic
behavior, anxiety, submissive behavior, social avoidance,
reduction of food eating

Neuropathic and nociceptive pain

Symptoms of traumatic stress, comorbid major depression
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(A) Chronic mild stress
« Congener odor (social stress) + Confinement
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(C) Physical pain (spared nerve injury)
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(D) Learned helplessness

FIGURE 2 Experimental models for the study of depression. (A) Chronic mild stress. In this model, the mice are exposed to a series

of low-intensity stressors at unpredictable times for 9 weeks. (B) Chronic social stress. In this model, depression is induced over 10 days
by directly exposing the experimental mouse to a larger and aggressive mouse for 5 minutes a day and then housing across a transparent
barrier to sustain sensory contact. (C) Physical pain. A spared nerve injury is surgically inflicted, resulting in depressive behaviors due to
persistent neuropathic pain. (D) Learned helplessness. The mouse is exposed to unpredictable and inescapable electric footshocks for two
consecutive days, after which the mouse shows a defect in its escape behavior and depressive symptoms

observed in humans with depression. These symptoms ultimately
lead to an increased risk of depression progression.®* Furthermore,
morphologically, the chronic social defeat model featured a reduc-
tion in neuronal cell proliferation and a decrease in hippocampus
volume.®8# |t was also demonstrated that the chronic social defeat
model could alter reward circuity and cause changes in the brain,
associated with increased susceptibility to engaging in depressive
behavior.”® Moreover, the chronic social defeat model altered the
activity of dopaminergic neurons in the ventral tegmental area and
ultimately resulted in social avoidance and a reduced preference for
sucrose, as is expected in depression pa\thology.33’91'92 Other stud-
ies also showed that chronic social defeat stress leads to functional
and structural changes in neural circuitry.*>8* In particular, it was
demonstrated that the ventral hippocampus and nucleus accumbens
were more susceptible to stress from chronic social defeat than was
the prefrontal cortex.%¢

In the previous work, it was established that chronic social de-
feat stress induces susceptible and resilient phenotypes in a ratio
of 2 to 1, respectively.8 The susceptible phenotype showed en-
during social avoidance, and the resilient phenotype exhibited a
tendency of social interaction similar to control mice. Therefore,
the expression data of susceptible phenotype were only used for
the following analysis. Based on the transcriptome of the prefron-
tal cortex, hippocampus, nucleus accumbens in the chronic social

defeat model®® (Table $3), the result of GO analysis for each gene
group is presented (Figure 3 and Table Sé). In the increased genes
group, the GO terms related to mitochondria were enriched for
the prefrontal cortex (Figure 3A). Moreover, the mitochondrion
term was also detected in the decreased genes group for the
hippocampus. These results are quite similar to those observed
in the chronic mild stress model. However, the terms related to
neurogenesis and the myelin sheath were enriched in the de-
creased genes group for the prefrontal cortex in the chronic
social defeat model. Some of these terms were identified in the
increased genes group for the hippocampus in the chronic mild
stress model (Figure 3A,B). Further, the small molecule metabolic
process term was the most highly enriched in the increased genes
group for the hippocampus in the chronic social defeat model. The
same term was the most highly enriched in the decreased genes
group for the prefrontal cortex in the chronic mild stress model.
We suggest that chronic mild stress and chronic social defeat
models have both common and opposite molecular alterations in
the prefrontal cortex and hippocampus, respectively. For the nu-
cleus accumbens, in the chronic social defeat model, the terms re-
lated to RNA and ribosomes were included in the increased genes
group while those related to neurogenesis and membranes were
included in the decreased genes group (Figure 3C). Because the
neurogenesis was decreased both in the prefrontal cortex and the
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Chronic mild stress Chronic social defeat Physical pain
Mitochondrion 1x10™4 M Mitochondrion 7x10%°| M RNA splicing 7x10°
Envelope 2x10"° M Mitochondrial envelope 3x10%| M Catalytic complex 3x10°®
Whole membrane 6x10"° § Mitochondrial part 3x102% RNA splicing via transesterification reactions 3x10%
Mitochondrial part 2x10° Mitochondrion organization 2x10%" Regulation of infracellular signal transduction 5x10°®
Intracellular transport 6x10° Envelope 3x10%! Response to insulin 7x10°®
Small molecule metabolic process 3x1 0° Ensheathment of neurons x10% Catalytic complex 3x107°
Organic acid metabolic process 6x10° Myelin sheath 5x10™1° Organonitrogen compound bios;yniheﬁcprooess5x1O'10
Organic acid biosynthetic process 1x10° Neurogenesis 3x10™| | Transferase complex 7x10°
Branched chain amino acid catabolic process 1x1 0° Cell projection organization 2x10™""| [ RNA binding ax10®
Long chain fatty acyl coa biosynthetic process 1x1 0 Gliogenesis 2x10™"| | Protein containing complex assembly 1x1 0*®

(B) Hippocampus
Chronic mild stress

Chronic social defeat

Learned helplessness

Neurogenesis 4x10%| W Small molecule metabolic process 3x107° Drug binding 3x10™
Cell projection organization 3x10™| B Protein containing complex assembly 1x10°° Intracellular transport 3x107"7
Neuron differentiation 2x107® Organonirogen compound biosyntheticprooess2x10'9 Ribonucleotide binding oax10™"
Neuron development 5x10°"® ' Envelope 2x10°° Adenyl nucleotide binding ax10™
Nucleoplasm part 6x10"%| | Mitochondrial part 6x10° Cellular macromolecule localization 6x10™'
Mitochondrion ox10™" Nucleoplasm part oax10™" Synapse 7x10"
Mitochondrial part 2x10"| B Nuclear body 1x10® | M Neuron part 1x107
Cellular protein containing complex assembly 1x1 o™ Negative regulation of biosynthetic process 3x10°® Synapse part 3x10™
Mitochondrial envelope 1x10™| ' Mitochondrion 5x10°® Synaptic membrane 210
Mitochondrial membrane part 3x10™ Negative regulation of organelle organization 6x10° Neuron projection 4x10™
(©) Nucleus accumbens
Chronic social defeat Physical pain
RNA binding 3x10°%| M Catalytic complex 5x107"
Ribosomal subunit 4x10™*| B Positive regulation of RNA biosynthetic process 2x10™*°
Ribosome 1x10%| B Transferase complex 2x107°
Cytosolic ribosome 7x10°%°| * Positve regulation of biosynthetic process 2x10°

Nudiear ranscribed mRNA catabolc process NMD 3x 102

Positive regulation of gene expression 8x10*®

Neurogenesis 6x10™
Intracellular transport 5x10™"
Golgi apparatus 8x10™
Whole membrane 8x10™"
Cytoskeletal protein binding 7x10™"

Organic acid metabolic process 3x10™

Catalytic complex 6x10™
Post translational protein modification 2x107™2
Regulation of mitotic cell cycle ax10™"

Small molecule metabolic process 2x10™"

FIGURE 3 Gene ontology analysis of differentially expressed gene groups for each model. First, we selected the top 10000 genes for
each model, based on their average signal (FPKM) from RNA sequencing data. If there was any sample with an FPKM value of zero, we
removed the genes from further analysis. We selected the top 200 increased (red color box) and decreased genes (green color box) based
on their fold changes between the depression model mouse and its corresponding control mouse. We then used these gene groups for gene
ontology (GO) analysis with MSigDB (http://software.broadinstitute.org/gsea/msigdb/). Based on the p-value, we selected the top 20 GO
terms (Supplementary Table 6). We present the most significant five terms in this figure
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nucleus accumbens in this model, it is reasonable to expect that a
similar molecular change, related to decreased neurogenesis, oc-

curs in these areas.

2.3 | Physical pain model
Physical pain is another major cause of depression. Neuropathic
and nociceptive pain, especially, increase the risk of developing
depression.93"94 Approximately one-fifth of the general population
currently suffers from chronic pain.”” Based on these epidemiologi-
cal data, we assume that many people are likely to have depressive
symptoms due to physical pain. Specifically, pain caused by damage
to sensory nerve pathways has been shown to influence depressive
moods and to be involved in neuronal cell death at brain regions
linked to depression, including the insular lobe, prefrontal cortex,
thalamus, hippocampus, anterior cingulate, and amygdalaf)6

It was reported that the prefrontal cortex and nucleus accumbens
experience neuronal cell death during pain, which subsequently led
to the development of depression.”” The nucleus accumbens is con-
nected to several brain regions related to depressive-like behavior
and pain regulation, including the ventral tegmental area, thalamus,

3334 (Figure 1). Several neuroimag-

prefrontal cortex, and amygdala
ing studies have demonstrated that patients suffering from chronic
physical pain differed from healthy individuals in terms of activity in
the nucleus accumbens and prefrontal cortex, which play a role in
reward processes.%'100 Synaptic dysfunction was also reported in
the prefrontal cortex, due to neuropathic pain, in the relevant animal
model.3410%192 |t has also been found that chronic physical pain is
strongly associated with areas ranging from the ventromedial pre-
frontal cortex to the periaqueductal gray. This region represents the
control center for descending sensory pain modulation and has pain-

103 3nd rodents.%*

reducing enkephalin-producing cells in humans
Thus, chronic pain and depression show common changes in neu-
roplasticity mechanisms and are strongly linked to each other. The
physical pain model can provide more understandable information
toward developing treatments for depression.

The GO analysis using the transcriptome of the prefrontal cortex
and nucleus accumbens in the chronic pain mouse model 2.5 months
after the injury was performed ¢’ (Figure 3A,C, and Tables S4 and S6).
Interestingly, the GO term “catalytic complex” was enriched both in
the increased and decreased genes groups for the prefrontal cortex
and nucleus accumbens. However, there was no notable overlap of
GO terms between the physical pain model and other models. This
maybe is because the physical pain model is a model of depression
induced by physical surgery, whereas psychological stimulation is in-
duced in the other depression models (Figure 2).

2.4 | Learned helplessness model

The learned helplessness model has been used to make predic-
tions in cases of depression because it accounts for the symptoms

of traumatic stress disorder and comorbid major depression.1%>1%¢

Learned helplessness features symptoms of depression that affect
neurochemical and molecular processes. These include increased in-
flammation and the cell death of norepinephrine neurons in the locus
coeruleus region, leading to depressive behavioral consequences.*?”

In the learned helplessness mice model, 360 scrambled electric
footshocks (0.15 mA) with varying duration (1-3 seconds) and in-
terval (1-15 seconds) are treated for two consecutive days.108 From
the GO analysis of the transcriptome from the learned helplessness
model,%® the most enriched terms in the decreased genes group, for
the hippocampus, included those related to the synapse (Figure 3B,
and Table S5 and Sé). A previous study reported on the remodeling of
synapses in the learned helplessness depression model.!°? However,
no GO terms that were enriched in the learned helplessness model
were identified in the GO analysis of the hippocampus in other de-
pression models (Figure 3B). We expect that this depression model
is characterized by different molecular changes in the hippocampus,
compared with other depression models including the chronic mild
stress and chronic social defeat models.

Based on the description above, it is obvious that there are
commonalities and differences across the many animal models of
depression, in terms of changes in gene expression profiles and
depressive pathology, in each brain region. One of the notable
conclusions from the GO analysis is that the difference in gene ex-
pression among depression models is greater than that among tis-
sues that we analyzed such as the prefrontal cortex, hippocampus,
and nucleus accumbens (Figure S2). Thus, although there were
many functional terms commonly affected across the different
models, our findings indicate that we should consider the differ-
ence among the depression animal models, and that it is import-
ant to choose a proper model to study depressive disorder. We
found that chronic mild stress and chronic social defeat models
show very similar molecular changes for the gene group with the
greatest changes in gene expression. In contrast, the physical pain
model had no specific terms in common with the other depres-
sion models. This suggests that the selection of a suitable model
is required based on the type of depressive disorder that the re-

searcher wants to study.

3 | COMMONLY CHANGED GENES
AMONG DIFFERENT DEPRESSION MODELS

There were considerable differences, in terms of changes in gene
expression, among the depression models. To offer a list of com-
monly altered genes among these models, we cross-compared
the gene groups which were significantly altered for each model
(Figure S3 and Table S7). Among the models compared, the chronic
mild stress and chronic social stress models had the most genes in
common, as was expected based on the common GO terms shared
between these two depression models (Figure 3 and Figure S3).
Heat shock protein family B (small) member 11 (Hspb11) was the
only gene commonly decreased in the prefrontal cortex across
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three depression models (Figure S3A). Interestingly, the HSPB11
locus was reported as one of the most highly hypermethylated re-
gions associated with major depressive disorder.!'° Because pro-
tein misfolding and aggregation are observed in a diverse array of
neuronal disorders, we expect that Hspb11 also plays a role in the
pathology of depression.!*!

Among some of the other genes commonly detected across two
depression models, there were previous reports which showed the
roles of those genes in depression. Neuronal PAS domain protein 4
(Npas4), whose expression was decreased in the prefrontal cortex in
the chronic social stress and physical pain models, was reported to
play a critical role in depressive behavior, in a study using knockout
mice (Figure S3A).112 A recent co-expression analysis suggested that
ATP5G1 is associated with major depressive disorder,'!® and that a
functional polymorphism in the promoter of XBP1 was reported to
be associated with depressive episodes ' (Figure S3B). It was also
shown that hippocampal SPARC, which was included as an increased
gene in the prefrontal cortex, regulated depression-related behavior
115 (Figure S3B). Among the other genes, there was a report that
the G protein regulated inducer of neurite outgrowth 1 (Gprin1)
gene is involved in neurite outgrowth 16 and that YTH domain fam-
ily 2 (Ythdf2) is linked to the control of neuronal development.!?’
However, the relationship of these genes with depression is still
unknown (Figure S3C,F). Interestingly, timeless interacting protein
(Tipin) was identified as a commonly decreased gene in the prefron-
tal cortex and nucleus accumbens, in both the chronic social stress
model and the physical pain model.

As described above, several genes were commonly altered
across the different depression models. However, most differentially
expressed genes were included in one group exclusively. Therefore,
in addition to the study of common genes, the elucidation of the
function of these genes is necessary to identify the differences be-
tween the depression models. We also note that the change of gene
expression in different brain regions is not enough. Since there may
be differences in gene expression patterns for each cell type, it is
necessary to analyze the difference in expression patterns between
cell types (stimulatory, inhibitory, or modulatory neurons) in each
brain region. This process will be helpful to get a comprehensive un-

derstanding of the pathology of depressive disorder.

4 | CONCLUSION

The review of previous studies and the additional analysis presented
above show the commonalities and differences between depression
models that have widely been used in studies of depressive disorder.
These models are influenced by different environmental and physi-
cal factors and show slightly different neuropsychiatric features.
However, we observed that these diverse depression animal models
share altered genes related to the aggravation of neuroinflammation
and synaptic dysfunction. On the other hand, it also should be noted
that changes in gene expression are generally quite different across
the depression models. Consequently, we suggest that researchers

must consider the differences between the models when deciding
which depression model best fits their purposes. Our analysis could
contribute to informing such decisions. Further, a more in-depth re-
search is necessary to identify the animal model of depression that is
most comparable to human patients with depression.
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