
INTRODUCTION

Stress disrupts the balance between excitatory and

inhibitory signals in the brain, which are mediated mainly

by the changes in activity of the glutamatergic (excitatory)

system and GABAergic (inhibitory) system. Disturbance

of this balance leads to morphological changes and reor-

ganization of the dendritic network in various brain struc-

tures [1]. Chronic deviations of the glutamate levels from

the norm could play a key role in long-term structural and

functional impairments of synaptic plasticity associated

with various psychopathologies [2]. Aberrations of the

glutamatergic system activity are present in various psy-

chiatric disorders such as depression [1-5], schizophrenia

[6-8], and autism spectrum disorders [9].

The key role in the synaptic-plasticity alteration in

response to stress is played by the postsynaptic-density

proteins, which include receptor complexes, scaffold pro-

teins, and adaptor proteins that are located predominant-

ly in glutamatergic synapses. The postsynaptic-density

proteins modulate signal transduction by combining

synaptic signals from the presynaptic neurons and various

neurotransmitter systems, mostly through N-methyl-D-

aspartate (NMDA) glutamate receptors and group I meta-

botropic glutamate receptors (MGLUR1 [also known as

GRM1] and MGLUR5). Scaffold protein HOMER1

binds to MGLUR1, MGLUR5 [10], adaptor proteins (in

particular to Shank family scaffold proteins [10]), phos-

pholipase Cβ [11, 12], 1-4-5-inositol triphosphate recep-

tor [13, 14], TRPC channels [13, 14], ryanodine recep-

tors (RyRs) [15], and selectively with L type Ca2+ chan-

nels [16], thereby regulating signal transmission, Ca2+
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Abstract—Stress negatively affects processes of synaptic plasticity and is a major risk factor of various psychopathologies

such as depression and anxiety. HOMER1 is an important component of the postsynaptic density: constitutively expressed

long isoforms HOMER1b and HOMER1c bind to group I metabotropic glutamate receptors MGLUR1 (GRM1) and

MGLUR5 and to other effector proteins, thereby forming a postsynaptic protein scaffold. Activation of the

GLUR1–HOMER1b,c and/or GLUR5–HOMER1b,c complex regulates activity of the NMDA and AMPA receptors and

Ca2+ homeostasis, thus modulating various types of synaptic plasticity. Dominant negative transcript Homer1a is formed

as a result of activity-induced alternative termination of transcription. Expression of this truncated isoform in response to

neuronal activation impairs interactions of HOMER1b,c with adaptor proteins, triggers ligand-independent signal trans-

duction through MGLUR1 and/or MGLUR5, leads to suppression of the AMPA- and NMDA-mediated signal transmis-

sion, and thereby launches remodeling of the postsynaptic protein scaffold and inhibits long-term potentiation. The studies

on animal models confirm that the HOMER1a-dependent remodeling most likely plays an important part in the stress sus-

ceptibility, whereas HOMER1a itself can be regarded as a neuroprotector. In this review article, we consider the effects of

different stressors in various animal models on HOMER1 expression as well as impact of different HOMER1 variants on

human behavior as well as structural and functional characteristics of the brain.
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homeostasis, long-term potentiation (LTP), and long-

term depression (LTD) [17, 18]. Because the impaired

glutamate transmission is observed in a variety of stress-

induced psychopathologies, we have hypothesized that

HOMER1 can be considered as an important component

of stress susceptibility/resistance. Research in the last two

decades indicates that changes in the expression of

HOMER1 or its dominant negative isoform HOMER1a

are observed in animals after restraint stress [19], social

defeat stress [20], and in adult animals subjected to pre-

natal stress [21]. In addition, it has been shown that the

expression of HOMER1 changes after treatment with

anxiolytics or antidepressants [22]. Nonetheless, despite

extensive investigation of the function of HOMER1 in

synaptic plasticity, little is known about the role that the

altered ratio of its isoforms plays in stress susceptibility

and in stress-induced psychiatric disorders.

STRUCTURE OF HOMER1

HOMER1 has nine protein isoforms, three of them

(HOMER1b, HOMER1c, and HOMER1d) are “long”

isoforms that contain all functional domains, another two

(HOMER1a and Ania3 [HOMER1m]) lack the C-termi-

nal domain, and four isoforms (HOMER1e, -f, -g, and

-h) partially or completely lack both functional domains

[23]. In our review, we will focus on the four most studied

isoforms (HOMER1a, HOMER1b, HOMER1c, and

Ania3) because only these have been reported to have

functional significance.

In neurons at rest, the Homer1 gene is transcribed

into constitutively expressed transcripts Homer1b and/or

Homer1c. Neuronal activation stimulates formation of the

short transcripts Homer1a and Ania3, which are immedi-

ate early transcripts; and expression of these isoforms

ensures adaptation to stress at the molecular level. The

mechanism of the expression switch from the long to short

transcripts is not fully elucidated and is believed to be

related to premature stalling of RNA polymerase II,

mRNA cleavage, and polyadenylation of the formed 3′-
end [24]. It has been shown that the transcription factor

MEF2 and the regulatory sequence TTGTTGGG (locat-

ed near the site of transcription termination in short

Homer1 transcripts) are important for this process [24].

HOMER1 contains a conserved region that includes

the N-terminal EVH1 (WH1, RanBP1-WASP) domain,

which binds to a consensus proline-rich sequence (Pro-

Pro-X-X-Phe), as well as to the so-called proline motif

(P-motif): a sequence of 5 amino acid residues (Ser-Pro-

Leu-Thr-Pro) [23]. EVH1 binds to a variety of adaptor

proteins, receptors, and ligands (see [18, 23] for review).

P-motif can also bind to the EVH1 domain, but EVH1

binding to Pro-Pro-X-X-Phe is stronger [25]. Therefore,

P-motif can bind to the neighboring EVH1 domains only

in the absence of available Pro-Pro-X-X-Phe motifs, thus

preventing multimerization of the HOMER1–receptor

and/or HOMER1–effector protein complexes. Hence,

P-motif is important for regulation of HOMER1 multi-

merization [25].

Additionally, the long isoforms (HOMER1b and

HOMER1c) have a C-terminal coiled-coil (CC) domain,

which mediates multimerization of these isoforms owing

to the binding of specific motifs of the leucine zipper type

to each other [26]. Isoforms HOMER1b and HOMER1c

have similar structures and functions and differ only in a

12-amino-acid sequence, whose function is not fully

understood (Fig. 1). Multimeric complexes of HOMER1b

and/or HOMER1c (hereafter HOMER1b,c) are capable

of binding to many different effector proteins, thus ensur-

ing high velocity of synaptic transmission at the postsy-

naptic membrane. Transcripts Homer1a and Ania3 lack

the sequence coding for the CC domain, while the 3′-
untranslated region (3′-UTR) contains many AUUUA

repeats that are characteristic of early response genes

[26, 27]. The presence of such repeats reduces mRNA

stability and leads to its selective degradation [28]. The

truncated transcripts contain 5-6 exons, in contrast to 10

in the full-length transcripts Homer1b and Homer1c.

Homer1a and Ania3 differ from each other in the C-ter-

minal amino acid sequence (Fig. 1), and functional sig-

nificance of these dissimilarities remains unclear too.

Nevertheless, it should be noted that the expression pat-

terns of Homer1a and Ania3 mRNAs in response to neu-

ronal activation are different: Homer1a mRNA expres-

sion reaches its peak within an hour, whereas Ania3

mRNA expression peaks only after 4 h [29].

The absence of the CC domain in the isoforms

HOMER1a and Ania3 does not allow them to form

oligomeric complexes with each other, while the presence

of the EVH1 domain enables these isoforms to bind to

proline-rich motifs of various receptors, including

MGLUR1 and/or MGLUR5 and adaptor proteins. Thus,

both short isoforms serve as dominant negative genetic

factors by capturing molecules that target HOMER1b and

HOMER1c and causing dissociation of the protein com-

plexes involving HOMER1b,c on the postsynaptic mem-

brane. Disruption of the HOMER1b,c links under the

influence of HOMER1a leads to the decrease in the intra-

cellular Ca2+ concentration [30] and to inhibition of the

signal transduction pathways; both effects together con-

tribute to postsynaptic-density remodeling. It should be

pointed out that in many studies, short isoforms are not

categorized into HOMER1a and Ania3, and the long ones

into b and c; therefore, the functions of individual iso-

forms remain poorly investigated.

ROLE OF HOMER1 IN SYNAPTIC PLASTICITY

The speed and duration of synaptic transmission and

ability of the cell to respond appropriately to external
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stimuli are integral characteristics of synaptic plasticity.

Even though HOMER1 binds to many protein molecules,

its most important role in synaptic plasticity is most like-

ly related to its interaction with MGLUR1 and/or

MGLUR5 [10, 17, 18, 26, 31]. Complexes MGLUR1–

HOMER1b,c and/or MGLUR5–HOMER1b,c play an

important part in various types of synaptic plasticity, such

as LTP [32], LTD [33-35], or depotentiation [36]. It is

worth noting that the molecular mechanism underlying

MGLUR1- and/or MGLUR5-mediated initiation of

LTP is similar to that of LTD, and, in all likelihood,

whether LTP or LTD gets triggered is determined by the

activity of other components of the system [32].

Canonical MGLUR1 and MGLUR5 signal transmission

proceeds through phospholipase C activation by the Gqα

subunit, which forms after dissociation of the het-

erodimeric complex of G proteins MGLUR1 and

MGLUR5 as a result of ligand binding to the receptor

(Fig. 2a) [37]. Phospholipase C catalyzes hydrolysis of

phosphoinositides with formation of inositol-1,4,5-

triphosphate (IP3) and diacylglycerol. IP3 binds to its

receptors (IP3R) on the surface of endoplasmic reticulum

and promotes Ca2+ release into the intracellular space;

diacylglycerol, in turn, activates protein kinase C [38].

Both mechanisms underlie MGLUR1- and/or

MGLUR5-mediated activation of signal transduction

pathways via mitogen-activated kinase (MAPK), mTOR,

and cAMP-CREB [38-40]. In addition, protein kinase C,

just as Ca2+-induced kinase CAMK2B, directly phospho-

rylates C-terminus of the α-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid receptor (AMPA receptor)

subunits, thereby ensuring their stability on the postsy-

naptic membrane.

Agglomerates MGLUR1–HOMER1b,c and/or

MGLUR5–HOMER1b,c are located at the periphery of

the synapse, either in the perisynaptic region or embed-

ded in the endoplasmic reticulum membrane [40, 41].

The multimeric HOMER1b,c complexes can form regu-

latory networks, such as MGLUR1/5–HOMER1b,c–

Shank–GKAP–PSD95 through protein–protein inter-

actions, the latter enhance efficiency of signal transduc-

tion through the N-methyl-D-aspartate glutamate recep-

tor (NMDA receptors) and are structural components of

the postsynaptic density [18, 42, 43]. Moreover, binding

of the MGLUR1–HOMER1b,c and/or MGLUR5–

HOMER1b,c complex to endoplasmic-reticulum IP3R

Fig. 1. Structures of Homer1 transcripts (splice variants) and its protein isoforms. Homer1 contains 11 exons. The first four exons encode

the EVH1 domain, the 5th exon codes for the sequence containing P-motif (“P” in the figure); exons 8-11 encode the coiled-coil (CC)

domain.



616 RESHETNIKOV, BONDAR

BIOCHEMISTRY  (Moscow)   Vol.  86   No.  6   2021

ensures regulation of Ca2+ homeostasis [44]. Hence,

interaction with various adaptor proteins in the postsy-

naptic density as well as the fact that HOMER1b,c is

required for maturation of dendritic spines [44-46] sug-

gest that HOMER1b,c helps to provide the necessary

“backbone” of the postsynaptic density.

The short isoform HOMER1a competes with

HOMER1b,c for binding to adaptor proteins causing dis-

sociation of the HOMER1b,c–Shank–GKAP–PSD95

agglomerates in a dose-dependent manner (Fig. 2b) [42].

Furthermore, binding of HOMER1a to endoplasmic-

reticulum MGLUR1 and/or MGLUR5 leads to their

transfer to the postsynaptic space [47], where they can

directly inhibit signal transduction through the NMDA

receptors via binding of the β-subunit of the MGLUR1 or

MGLUR5 receptor G protein to the C-terminus of the

NR1 subunit of NMDA receptor [48, 49]. Increase in the

HOMER1a expression and disruption of interactions

HOMER1b,c–MGLUR1 and HOMER1b,c–MGLUR5

launch the ligand-independent activation of MGLUR1

and/or MGLUR5 [17, 47, 50]. This activation causes

decrease in the number of AMPA receptors on the post-

synaptic membrane owing to the reduced phosphoryla-

tion of the GLUA2 subunit of AMPA receptors and their

increased endocytosis (see detailed review of the mecha-

nism in [17, 18, 50, 51]). The HOMER1a-induced reduc-

tion of the efficiency of synaptic transmission via

MGLUR1 and MGLUR5 provides the basis for the so-

called homeostatic synaptic plasticity, which is aimed at

maintaining long-term stability of molecular networks

[52]. Consequently, HOMER1a overexpression leads to

remodeling of the postsynaptic density. Functionally,

Fig. 2. Schematic representation of the postsynaptic membrane and role of HOMER1 in synaptic plasticity. a) The constitutively expressed

HOMER1b or -c isoform ensures interconnection of MGLUR1 and/or -5 with NMDA receptors through protein–protein complexes

Shank–GKAP–PSD95 and provides a link of MGLUR1 or -5 and TRPC calcium channels with IP3R on the postsynaptic membrane.

Formation of HOMER1b,c scaffold with other proteins enables LTP and efficient signal transduction. Ca2+ release from its stores in the endo-

plasmic reticulum into the intracellular space leads to activation of the protein kinase CAMK2B, which, along with the protein kinase C, par-

ticipates in phosphorylation of the C-terminus of AMPA receptor subunits; this modification, in turn, prevents their endocytosis and promotes

their stabilization on the postsynaptic-membrane surface. b) Molecular mechanisms underlying the HOMER1a-dependent synaptic-trans-

mission downscaling. The short HOMER1a isoform competes with HOMER1b,c for binding sites, thereby disrupting multimeric complexes

MGLUR1/5–HOMER1b,c–Shank and MGLUR1/5–HOMER1b,c–IP3R and switching MGLUR1 and/or -5 activation from ligand-

dependent to ligand-independent mode. Complexes MGLUR1–HOMER1a and MGLUR5–HOMER1a are capable of inhibiting NMDA

receptor activity through the β subunit of the MGLUR1 or MGLUR5 G protein leading to their subsequent endocytosis. Decrease in the

amounts of protein kinases reduces phosphorylation of the AMPA receptor subunits causing their endocytosis because the non-phosphorylat-

ed forms are less stable. (Colored versions of the figures are available in online version of the article and can be accessed at:

https://www.springer.com/journal/10541)
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these changes are accompanied by LTP suppression and

contribute to the decrease in synaptic-transmission effi-

ciency [53, 54] and to the reduction in the synapse size

and in the number of mature spines on a dendrite [46]. In

contrast, some studies indicate that HOMER1a expres-

sion enhances synaptic transmission due to the gluta-

mate-independent MGLUR5-mediated increase in the

expression and in the number of AMPA receptors on the

postsynaptic membrane [55, 56]. The mechanism behind

such activation of glutamatergic transmission is not clear

because it was demonstrated in [56] and in other previous

studies that the increased expression of HOMER1a

induced dephosphorylation of the AMPA receptor sub-

units. It is assumed that dephosphorylation leads to the

decrease in the number of AMPA receptors on the post-

synaptic membrane [57]. Therefore, we believe that the

claim that the enhanced expression of HOMER1a results

in the increase of AMPA-mediated signaling requires fur-

ther verification. It is possible that the effects observed in

these studies were caused by methodological details asso-

ciated with the increase of the HOMER1a content. In

particular, in the study [56] HOMER1a was synthesized

in bacterial cells and delivered into neurons as part of the

TAT–HOMER1a protein construct. We presume that this

method of delivery of HOMER1a into the cell could dis-

tort its effects on synaptic plasticity due to the fact of

selective transport of HOMER1a only in some of the

numerous different synapses [58].

ACUTE STRESS INDUCES

HOMER1A EXPRESSION

Acute stress leads to neuronal activation and signifi-

cantly raises the speed of Homer1 transcription initiation

with formation of the short transcripts Homer1a and

Ania3 [27]. It has been reported that acute stress in the

contextual fear conditioning test results in a persistent

increase in the Homer1a expression in various regions of

the hippocampus and amygdala; this change was observed

already 30 min after the stress and persisted for up to 24 h

[59, 60] (table). The stress caused by a predator fear also

induces expression of the Homer1a transcript in various

brain regions such as hippocampus, hypothalamus, and

amygdala [61]. Moreover, the level of Homer1a expres-

sion in these brain structures correlates with the duration

of the freezing reaction [61]. Similar changes were

observed after a single exposure to social defeat stress in

the adult male C57BL mice; these alterations did not lead

to upregulation of the Homer1a transcript by itself but

decreased the levels of transcripts Homer1b and Homer1c

(and probably changed the Homer1a/Homer1b/Homer1c

ratio) in the dorsal hippocampus and were accompanied

by impaired spatial memory [20]. On the other hand,

these negative effects of stress on spatial memory were

neutralized either by the targeted overexpression of tran-

scripts Homer1b and Homer1c in the dorsal hippocampus

or by administration of the MGLUR5 antagonist (3-2-

methyl-4-thiazolyl-ethynyl-pyridine, MTEP) 5 min

before the initiation of the social defeat stress [20]. In rats

shocked with an electric current (foot shock), Homer1b

and Homer1c expression in the prefrontal cortex was

found to be reduced 24 h after the exposure [62]. In gen-

eral, induction of the HOMER1a isoform expression

regardless of the type of stress is in good agreement with

the results of other studies, which have shown that

Homer1a induction is observed in response to various

types of stimuli, such as chemically induced neuronal

depolarization, epileptic activity, physical injury, admin-

istration of psychostimulants, physical activity, and the

stress caused by adverse environmental factors or new

environment (for review see [18, 22]). It can be conclud-

ed that the induction of HOMER1a expression during

acute stress is nonspecific and probably takes part in the

LTP suppression and in postsynaptic-density remodeling.

PARTICIPATION OF HOMER1

IN ADAPTATION TO CHRONIC STRESS

Chronic stress also affects the levels of expression of

various HOMER1 isoforms. For instance, in rats subject-

ed to chronic restraint stress (6 h/day for 21 days), the

amounts of isoforms HOMER1b and -c [63] and the lev-

els of their mRNAs [19] increased in the hippocampus

18 h after the last exposure to stress. Similar changes in

the expression of Homer1b and -c in the dorsal hip-

pocampus were observed after chronic social defeat stress

[64]. In addition, it was demonstrated in [64] that chron-

ic social defeat stress decreased the number of

HOMER1b,c complexes with MGLUR5 as compared to

the control group, although the amounts of HOMER1b,

HOMER1c, and MGLUR5 were similar between the

groups. An elegant study on mice [65] has revealed that

animals susceptible to chronic social defeat stress and

animals subjected to chronic restraint stress displayed

similar increase in the mRNA and protein expression of

HOMER1b and HOMER1c in the hippocampus, regard-

less of the type of stress. In that study, expression levels of

HOMER1b and HOMER1c negatively correlated with

the parameters of social behavior (social interaction

ratio) and positively correlated with the parameter of

depressive-like behavior (sucrose preference), which were

assessed in these animals after exposure to chronic stress.

Besides, the authors of that study demonstrated that in

animals susceptible to chronic social defeat stress, there

was enhancement of the MGLUR-mediated LTD and

reduced expression of the AMPA receptor subunits

(GLUA1 and GLUA2). Accordingly, those authors sug-

gest that the increase in the MGLUR–HOMER1b,c-

mediated signaling drives Ca2+ release from endoplasmic

reticulum, and this Ca2+ activates PERK–eIF2α and the
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Stress-induced changes in HOMER1 expression

Species

(strain)

Rats

(Lister

hooded)

Mice

(C57BL/

6J)

Rats

(Sprague–

Dawley)

Mice

(C57BL/

6N)

Rats

(Sprague–

Dawley)

Rats

(Sprague–

Dawley)

Rats

(Wistar)

Rats

(Wistar)

Mice

(C57BL/

6N)

Mice

(C57BL/

6J)

Rats

(Wistar)

Rats

(Wistar)

Mice 

(C57BL/

6J)

Mice

(C57BL/

6J)

Age/sex

during

stress

adults 

adults 

(6-10 w) 

adults 

adults 

(12 w) 

adults 

adults 

adults 

adults 

adults 

(12 w) 

adults 

(7-8 w) 

adults

(weight 

170 g) 

adolescents

(5-6 w) 

adults 

(8-10 w) 

adults 

(15-16 w) 

Stressor

type

contextual

fear condi-

tioning

contextual

fear condi-

tioning

exposure to

predator

social defeat

stress

foot shock

foot shock

restraint

stress

restraint

stress

social defeat

stress

social defeat

stress;

restraint

stress

chronic

mild stress

chronic

mild stress

chronic

mild stress

social defeat

stress; com-

bination of

early post-

natal stress

and social

defeat stress

at adult age

Stress duration

one-time

one-time

one-time for 15 min

one-time for 5 min

40 min

40 min

repeated at 6 h/d

for 21 d

repeated at 6 h/d

for 21 d

repeated once a day

for 21 d

repeated once a day

for 10 d; repeated

at 2 h/d for 21 d

repeated for 42 d

repeated for 56 d

repeated for 57 d

social defeat stress

once a day for 15 d;

early postnatal:

separation of pups

from mothers for 3 h

once a day from

postnatal day 2 to

postnatal day 14

Timing of

sampling

in 30 min;

1 h; 4 h;

24 h

in 2 h

in 1 h

in 1 h; 4 h;

8 h; 24 h

in 1 d; 

7 d; 14 d

in 24 h; 

7 d; 14 d

in 18 h

in 18 h

in 24 h

in 120 h;

in 72 h

n/a

n/a

in 120 h

at 48 h

after last

social

confront-

ation

Brain

structure

areas CA1,

CA3, and 

DG dHIP

(–3.5 mm

relative to

Bregma)

HIP; AMY

PVN (Bregma

–1.80 mm);

AMY, DG,

CA1, CA3

(Bregma

–3.14 mm)

CA1 area 

of HIP

HIP

mPFC

HIP

HIP

DG, CA1,

CA3 areas 

of dHIP

mPFC, HIP,

AMY; HIP

FC

mPFC

HIP; PFC

PFC

Method

in situ

qPCR

in situ

in situ

qPCR;

Western

blotting

qPCR

Western

blotting

qPCR

in situ

qPCR;

Western

blotting

qPCR

proteomics

Western

blotting

RNA-seq;

qPCR

Expression of HOMER1

Homer1b and Homer1c

unchanged in all tested

regions; Homer1a ↑ in CA1

in 30 min, 2, and 4 h;

↑ in DG in 30 min; Ania3 ↑
in CA1, CA3 and DG 

in 30 min

Homer1a ↑ both in HIP 

and in AMY; Homer1c

unchanged

Homer1a ↑ in all brain

structures

Homer1a unchanged at any

time point; Homer1b

and/or -c ↓ in 4 and 8 h

protein HOMER1 ↑ in 7

days, Homer1b and -c =

Homer1b and/or -c ↓
in 24 h

HOMER1b and/or -c ↑

Homer1b and/or c ↑

Homer1b and/or -c ↑ in

CA1, CA3; Homer1a

unchanged

HOMER1b and/or -c ↑ in

HIP in animals susceptible

to social defeat stress;

HOMER1a unchanged;

HOMER1b and/or -c ↑ HIP

Homer1b and/or -c ↓

HOMER1b and/or -c ↑

HOMER1a ↓ in HIP 

and PFC

Homer1a ↓ in combined-

stress group

Reference

[59]

[60]

[61]

[20]

[105]

[62]

[63]

[19]

[64]

[65]

[68]

[69]

[66]

[67]
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CREB signaling pathway in the hippocampus (the

amounts of phosphorylated forms of PERK, eIF2α, and

CREB are higher in the group susceptible to stress).

Similar effects have been reported in the model of chron-

ic mild stress, which downregulated HOMER1a in the

hippocampus and prefrontal cortex, and this decrease was

accompanied by the pronounced depression-like pheno-

type in the animals [66]. The prolonged exposure to high-

frequency transcranial magnetic stimulation (15 or 25 Hz

from day 30 to day 57 of stress), which stimulates the

activity of brain neurons and is used in the treatment of

various neurological and mental disorders, attenuates the

effects of stress both on behavior and on HOMER1a

expression in various brain structures [66]. Given that

HOMER1a is known to be a dominant negative isoform,

it can be assumed that the decrease in its amount

enhances HOMER1b,c-mediated signaling. The similar

decrease in Homer1 expression in the prefrontal cortex of

adult male mice exposed to chronic social defeat stress

and explained mainly by downregulation of HOMER1a

expression was noted in our work [67].

Nonetheless, not all brain structures show similar

effects of chronic stress on the HOMER1a/HOMER1b/

HOMER1c ratio. In the abovementioned study [65], the

animals exposed to chronic social defeat stress manifest-

ed changes in the expression of HOMER1b and

HOMER1c only in the hippocampus, while the levels of

HOMER1b, HOMER1c, and HOMER1a remained

unchanged in the prefrontal cortex and amygdala.

Chronic mild stress for six weeks led to the decrease in

Table (Contd.)

Species

(strain)

Mice

(C57BL/

6J)

Mice

(C57BL/

6J)

Mice

(C57BL/

6J)

Rats

(Sprague–

Dawley)

Rats

(Sprague–

Dawley)

Age/sex

during

stress

adults 

(12-15 w) 

adults 

(12-15 w) 

pups (15 d) 

juveniles

(21 d) 

adults 

(17 w) 

Stressor

type

early post-

natal stress

early post-

natal stress

early post-

natal stress

prenatal

stress com-

bined with

restraint

stress for

mothers

prenatal

stress com-

bined with

restraint

stress for

mothers

Stress duration

separation of pups

from mothers for

15 or 180 min once

a day from postna-

tal day 2 to postna-

tal day 14

separation of pups

from mothers for

180 min once a day

from postnatal day

2 to postnatal day

14; one-time sepa-

ration from moth-

ers for 24 h on

postnatal day 9

separation of pups

from mothers for

180 min once a day

from postnatal day

2 to postnatal day

14; one-time sepa-

ration from moth-

ers for 24 h on

postnatal day 9

repeated (3 times a

day for 30 min dur-

ing last 7 d of ges-

tation)

repeated (3 times a

day for 45 min

starting from day

11 of pregnancy)

Timing of

sampling

at adult

age

at adult

age

on post-

natal day

15

on post-

natal day

21

at adult

age

Brain

structure

dHIP (Bregma

–1.86 to

–2.16 mm);

PFC

PFC

PFC

AMY; HIP;

PFC

AMY; dHIP;

PFC

Method

qPCR

RNA-seq

RNA-seq

Western

blotting

in situ

Expression of HOMER1

Homer1a = in both 

groups; Homer1b

and -c = in both groups

in chronic postnatal stress

group: Homer1 ↓, but

Homer1a and Homer1b

and -c unchanged individu-

ally; in one-time separation

group: Homer1, Homer1a,

Homer1b and -c =

both in one-time separation

group and in repeated sepa-

ration group: Homer1,

Homer1a, Homer1b

and -c =

HOMER1a ↑ in AMY, HIP,

and PFC; HOMER1b

and/or -c ↑ in PFC

Homer1a ↑ AMY and ↓
in HIP and PFC; 

Homer1b and/or -c ↓ in

AMY

Reference

[74]

unpublished

results, NCBI

BioProject

PRJNA649640

unpublished

results, NCBI

BioProject

PRJNA649640

[73]

[21]

Notes. PVN, paraventricular nuclei of the hypothalamus; AMY, amygdala; FC, frontal cortex; HIP, hippocampus; dHIP, dorsal hippocampus;

PFC, prefrontal cortex; mPFC, medial prefrontal cortex; qPCR, quantitative PCR; RNA-seq, high-throughput RNA sequencing; ↑, increased

expression; ↓, decreased expression; =, unchanged expression; N/A, no data.
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Homer1b and Homer1c levels in the frontal cortex [68].

Besides, proteomic analysis revealed that the HOMER1b

and HOMER1c levels in the prefrontal cortex are higher

in the rats resistant to chronic mild stress, than in the sus-

ceptible animals [69]. It can be suggested that such differ-

ences in the effects of chronic stress on HOMER1 could

be related to the region specificity of these phenomena,

methodological differences, the type of stress, and differ-

ent methods for protein quantitation. We can conclude

that the most reproducible effects of various types of

chronic stress involve upregulation of HOMER1b,c and

decrease in the HOMER1a/HOMER1b/HOMER1c

ratio in hippocampus, and these molecular changes are

directly related to the susceptibility/resistance of animals

to chronic stress.

DELAYED EFFECTS OF STRESS

ON HOMER1 EXPRESSION

Stress early in life (prenatal and early postnatal peri-

ods) can affect stress susceptibility in adolescence and

adulthood. Molecular mechanisms underlying these

delayed effects of stress are most likely associated with

epigenetic changes that alter the pattern of gene expres-

sion [70, 71]. Homer1a expression in cortical structures

and in hippocampus increases gradually after birth and

reaches peak in the 3rd postnatal week in rodents [31, 72].

This process coincides with the period of intense reorga-

nization of synapses and establishment of the stable

synaptic networks. In a study on rats, it was found that

chronic stress during prenatal period increased mRNA

and protein expression of Homer1a in the amygdala in the

juvenile and adult animals [21, 73]. By contrast, the level

of Homer1a in hippocampus and prefrontal cortex was

high in the juvenile animals [73] and low in adults [21].

Homer1a expression in the hippocampus and prefrontal

cortex directly correlated with the time spent in a light

zone in the light-dark box test, while its expression in the

amygdala correlated with this parameter inversely [21].

Our research on models of early postnatal stress has

shown that either chronic separation of pups from their

mothers during the first 2 weeks of life (3 h/d) or single

separation on the 9th postnatal day (24 h) does not change

expression levels of Homer1 and Homer1a, Homer1b, and

Homer1c transcripts in the prefrontal cortex of male mice

on the 15th postnatal day; however, in adulthood, there is

a decrease in total mRNA expression of Homer1 without

the change in the ratio of short to long transcripts (unpub-

lished data, NCBI BioProject PRJNA649640). Taken

together, our results obtained in mouse models also indi-

cate that the delayed effects of early postnatal stress are

present only in males [74]. Diminished total expression of

the gene in question could be evidence of the epigenetic

changes that occurred in its regulatory regions or in the

genes whose protein products are regulators of Homer1

expression. It was shown using in vitro and in vivo tech-

niques that epigenetic regulation of Homer1 depends on

the BDNF-induced signaling [75], which is strongly

affected by the early postnatal stress [76, 77]. Thus, stress

early in life, in all likelihood, has no direct impact on the

HOMER1b/c–Homer1a transcription switch but can

affect the level of HOMER1 expression, which, in turn,

determines the amplitude of this switch.

GENETIC VARIANTS OF HOMER1 ASSOCIATED

WITH THE DEVELOPMENT OF DEPRESSION

AND OTHER MENTAL DISORDERS

The data obtained in the genome-wide association

studies point to the link between depression and some

polymorphisms in the regulatory regions of the HOMER1

gene [78, 79], and there are similar reports regarding sui-

cidal behavior [80, 81]. Functional significance of such

polymorphisms is still not fully understood; however,

investigators have been able to predict possible transcrip-

tion factor-binding sites (e.g., for CEBPA, REL, and

NFKB1) that can be disrupted by polymorphic substitu-

tions using various bioinformatic approaches [79, 81].

Functional magnetic resonance imaging data have shown

that the presence of the rs7713917 polymorphism in

humans results in the decreased activation of the pre-

frontal cortex during expectation of a reward [78] and in

increased activation in response to emotional stimulus

[82]. These data probably mean reduced level of motiva-

tion and increased impulsivity. Furthermore, carriers of

this allele switch attention more slowly in response to

negative stimuli, possibly indicating an anomaly in the

processes of executive control [83]. Aside from the func-

tional changes in carriers of the risk allele (A) of

rs7713917, the volume of the medial prefrontal cortex

proved to be smaller in these individuals, and indicators

of fractional anisotropy in the frontal tract were found to

be reduced [82]. Such structural features are suggestive of

a myelination decrease, which is often associated with the

stress-induced mental disorders [84]. It must be men-

tioned that the results of postmortem studies show no

changes in the HOMER1 expression between those who

were depressed when alive and those who were not

depressed; only recently, a study revealed that the

HOMER1a level in interneurons of the striatum is higher

in the depressed patients compared with the nominally

healthy individuals [85]. On the other hand, the region-

specific changes in the expression of MGLUR1 and

MGLUR5 are often detectable in the depressed individ-

uals [5, 86], which may also indicate aberration of the

HOMER1-mediated signaling. Furthermore, the impor-

tance of HOMER1 in resistance to mental illness is con-

firmed by the finding that the carriers of HOMER1 risk

alleles are less responsive to the treatment with antide-

pressants [82, 87].
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STRESS-INDUCED ACTIVATION OF HOMER1A

CAUSES POSTSYNAPTIC-DENSITY

REMODELING AND EXERTS

NEUROPROTECTIVE ACTION

The data presented so far indicate that acute stress

mostly increases HOMER1a expression in various regions

of the brain, whereas chronic stress most often upregu-

lates isoforms HOMER1b and/or HOMER1c in the hip-

pocampus. It is noteworthy that these changes in the

HOMER1a/HOMER1b/HOMER1c ratio in the hip-

pocampus or prefrontal cortex can determine resistance

or susceptibility to stress [65, 67]. These data are in good

agreement with the previous studies demonstrating that

the induction of Homer1a in the cortical structures allows

better adaptation to stressful conditions [88] and has a

pronounced antidepressant effect [22, 89-91]. Moreover,

increase in the Homer1a expression is observed during

treatment with various pharmaceuticals [22] and during

treatment with other modalities, such as transcranial

magnetic stimulation [89], electroconvulsive therapy

[91], sleep deprivation [91], or phototherapy [90].

Meanwhile, the data on the delayed effects of stress in

animals suggest that behavioral disturbances and increased

susceptibility to stress may be related to the changes in the

total expression of Homer1 rather than to the altered

Homer1a/Homer1b/Homer1c ratio. Nevertheless, we could

hypothesize that it is the delay of Homer1a induction that

is causing negative effects on behavior because the specific

action of this short isoform has been associated with the

resistance to stress. Support of our hypothesis could be

found in the studies of Homer1 knockout animals, which

exhibit decreased exploratory activity, increased anxiety,

impaired adaptive behavior in the forced swimming test,

and impaired sensorimotor reactions and cognitive func-

tions [92, 93]. On the other hand, restoration of the expres-

sion of only the Homer1a isoform in the prefrontal cortex

by means of a vector construct eliminates most of the neg-

ative effects on behavior observed in these animals [93]. By

contrast, restoration of the Homer1b and/or Homer1c

expression in the prefrontal cortex does not lead to any

behavioral improvement.

What are molecular mechanisms of these effects of

HOMER1a? There is no exact answer to date. Given that

Fig. 3. Putative role of Homer1a-dependent remodeling in stress resistance and in synaptic transmission. a) Reversible repression (downscal-

ing) of synaptic transmission occurs with strong upregulation of HOMER1a (↑↑↑) in response to LTP, which is necessary to protect the cell

from excessive activation of glutamatergic transmission and to adapt the cell to subsequent LTP. This pattern is typical for stress-resistant indi-

viduals or for individuals exposed to short-term stress. b) HOMER1a-dependent activity reduction (downscaling) is observed in response to

LTP only in some synapses with weak HOMER1a upregulation (↑), while other synapses continue to be in the LTP state, after which an LTD

phase inevitably begins, which is accompanied by deeper inhibition of synaptic transmission. This pattern is characteristic for stress-suscep-

tible individuals and individuals under chronic stress.
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HOMER1b,c can modulate various forms of synaptic

plasticity, but in contrast, HOMER1a does not drive

remodeling of the postsynaptic density, it can be assumed

that the effects of these isoforms cannot be explained by

altered synaptic-transmission velocity alone. Recent

reports suggest that the antidepressant action of the

Homer1a induction is explained by the activation of the

ERK signaling cascade, both through the BDNF–

Ras–ERK and A1R–ERK1/2 pathways [22]. Another

work [65] indicates that the increased susceptibility to

stress is related to the PERK-eIF2α pathway activity in

the hippocampus. It must be pointed out that the

Homer1a induction in different brain structures, such as

prefrontal cortex and hippocampus, could play opposite

roles in the stress-induced depressive behavior [94].

Moreover, the impact of HOMER1a on stress susceptibil-

ity may also depend on the degree of specificity of

Homer1a expression induction (on whether it is activated

specifically in only one brain region or in several at

once) [95].

Interestingly enough, the suppression of LTP and of

synaptic transmission under the effect of HOMER1a

induction is not exactly consistent with the generally

accepted concept of a stress-induced biphasic change in

the glutamatergic transmission activity [96-98]. This con-

cept implies that acute stress enhances the glutamate

release and incorporation of AMPA and NMDA recep-

tors into the postsynaptic membrane, whereas chronic

stress is associated with the decrease in the number of glu-

tamate receptors on the postsynaptic membrane and with

suppression of the glutamate signal transduction. Possible

explanations for the discrepancy in the effects of

HOMER1a expression activation on AMPA receptor sig-

naling could be different time profiles of the stress

response [99] and the so-called biphasic remodeling of

postsynaptic-membrane architecture [100]. The latter

suggests that the prolonged stimulation with glutamate

leads initially (after 30-60 min) to disruption of the

HOMER1b,c-containing postsynaptic clusters, but

increase in the density of such clusters is observed (rela-

tive to baseline) 4-8 h after. In this context, the

HOMER1a-dependent remodeling can be regarded as an

important participant in the “switching” of synaptic

transmission, whereas Homer1a induction can be consid-

ered as a cell adaptation to aberrant activation of gluta-

matergic transmission; thus, HOMER1a can play a neu-

roprotective role. The results of in vitro studies on neu-

ronal cultures have revealed that Homer1a protects neu-

rons from NMDA-mediated damage, which speaks in

favor of such suggestion [101]. Furthermore, both overex-

pression of Homer1a and downregulation of Homer1b

and/or Homer1c suppress apoptosis in the neurons sub-

jected to traumatic treatments, enhance cell viability, and

stimulate autophagy processes [102, 103]. The impor-

tance of HOMER1a as a neuroprotective agent is also

confirmed by the observation that it plays a considerable

part in the homeostatic synaptic plasticity during sleep;

this plasticity includes removal of AMPA receptors from

the postsynaptic membrane and LTP inhibition, which

results in the decrease in the number of excitatory synaps-

es [104]. Nonetheless, although HOMER1a causes sup-

pression of LTP, the HOMER1a-mediated changes of

suppression of synaptic transmission (downscaling) are

reversible and less pronounced in comparison with LTD

or depotentiation [36].

Therefore, apparently, the possibility of rapid adap-

tation of synapses due to the HOMER1a-dependent

remodeling of postsynaptic density in response to various

stimuli facilitates stability and prevention of the stronger

inhibition of synaptic transmission in the neural networks

(Fig. 3) responsible for the psycho-emotional state. In

this context, upregulation of HOMER1b and/or

HOMER1c expression induced by chronic stress may be

a consequence rather than cause of the reduced gluta-

matergic signaling and the level of the activity-induced

HOMER1a expression.
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