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The efficacy of depressive disorders treatment is insufficient. It is explained by an incomplete understanding of both
pathogenesis of depression and antidepressants mechanism action. An improvement of the treatment efficacy of depression
disorders is closely associated with complete knowledge of the pathogenesis of disorders and antidepressant mechanism of action.
The effect produced by the first line of antidepressants prescribed currently in the clinical practice includes the accumulation of
monoamines and prolonged activation of their membrane receptors. However, a decrease in the membrane receptors density
evoked by prolonged activation of monoaminergic receptors is counteracted by the second line of antidepressant activity. It
is associated with the expression of inducible regulatory protein SI00A10 (p11) and its partners. In this review, the authors
examined the structure and function of protein pll, its interaction with such proteins as annexin A2, Ahnak, chromatin-
remodeling factor SMARCA3. The authors analyzed the influence of p11 on the membrane density of serotonin 5-HT1B and
5-HT4 receptors, metabotropic glutamate receptors 5, voltage-dependent potassium Kv3, and calcium Cavl.2 and 1.3 channels,
that play an important role in both the effect of antidepressants and the pathogenesis of depression disorders. A systematic
literature search was conducted in Scopus, Web of Science, MedLine, elibrary, and other databases.
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HoBbie MOJICKYJIAPHbBbIC MUIIICHU ,ZleICTBI/IH AHTHUACIIPECCaAaHTOB
10.B. Kysueros, [/I.B. EBgoknmos, VI.VI. A6pamer,

Joneykuii HayuoHanvHolil meOuyuHckuti ynusepcumem um. M. Topvkoeo, Joneuyx, JTHP

9 deKTUBHOCTD TeYeHNs HelPEeCCUBHBIX PACCTPOIICTB HEFOCTATOYHA. DTO 0OYCTIOB/IEHO HEMIO/THBIM IIOHMMAaHIEM KaK I1a-
TOTeHe3a JIeIIPECCUN, TaK Y MEXaHU3MOB [Ie/ICTBIS aHTHeNIpeccanToB. [ToBbinrene 3 PeKTMBHOCTI IeIeH s JEIIPECCUBHBIX
PACcCTPOIICTB TECHO CBSA3AHO C MOTydYeHNeM 0ojiee TIOTHBIX IIPEACTABICHMII O IaTOreHese 3ab0/IeBaHNs I MEXaHM3MaxX JIeli-
CTBMSI AHTUJIETIPECCAHTOB. [lepBas MMHNA [eJICTBYA IPUMEHAEMbIX Ceifdac aHTU/IEIPECCAHTOB — HAKOIIeHVe MOHOAMIHOB
U JUINTeNbHAsE aKTUBAL[MS MeMOPaHHBIX perentopoB. OZHAKO CHIDKEHUIO IUIOTHOCTY MeMOpPAaHHBIX PeLienTOpPOB, 00YC/IOB-
JIEHHOMY BK/IIOYeHJEM FOMEOCTaTNIeCKIX MEXaHIU3MOB BCTIE[ICTBIE AINTEIbHON aKTUBALINI PeLlelITOPOB, IPOTUBOAENCTBYeT
BTOpast IMHUA aKTUBHOCTI aHTHAEIPeccaHToB. OHa CBsA3aHA C KCIIPeccuelt MOy AeICTBIEM aHTHUIEIIPECCAHTOB MHAYIUOEb-
HOTO perynaTopHoro 6emka SI00A10 (pl1) u ero mapTHépoB. B 0630pe paccMoTpeHs! cTpyKTypa 1 (yHKIMM 6enka pll, ero
B3auMojiericTBIe ¢ 6enkamu anHeKcuHOM A2, Ahnak, perynsatopom xpomatina SMARCA3. TIpoananusuposano BavsHue pl1
Ha MeMOpaHHYIO INIOTHOCTb cepoToHNMHOBBIX 5-HT1B 1 5-HT4 perenTopoB, MeTabOTPOITHBIX ITyTAMATHBIX PEIeNTOPOB 5,
MOTEHI[MaI03aBUCUMbIX KameBblx Kv3 n xamprueBpix Cavl.2 u 1.3 KaHa/moB, KOTOpble UIPAIOT CYLIECTBEHHYIO POJIb KaK B
IeICTBUYM aHTUJIETIPECCAHTOB, TaK 1 B IIaTOreHe3e JIeNPECCUBHBIX PacCTpoitcTB. CUCTEMHBIN IOMCK IMTEPATYPHI IIPOBOJIIC
1o 6asam faHHbIX Scopus, WebofScience, MedLine, elibrary n apyrum.

KiroueBsplie cmoBa: ieripeccuBHBIE PACCTPONICTBA, AHTU/EIIPECCAHTBI, p11, MeMOpaHHBIe peljelTOPbl, HOHHbIE KaHA/IBL.
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Introduction

ajor depressive disorder occurs with a

lifetime probability of 20% to 25% in

women, 7% to 12% in men. Despite
seventy years of intensive research, the pathophysiology
of this disorder is yet to be fully understood. Treatment
of depression is complex since the effect comes with
a great latency, is not universally observed, and the
therapy has multiple adverse effects [1]. Apparently,
treatment of depressive disorders must be made more
effective, which requires a better understanding of its
pathogenesis and antidepressant pharmacology.

There are different functional classes of anti-
depressants today: selective and non-selective inhibitors
of serotonin, noradrenaline, and dopamine reuptake, as
well as monoamine oxidase inhibitors; they amplify the
signaling pathway of cAMP, increase the levels of Gas
in neuron membranes, and activate adenylate cyclase-
coupled monoamine receptors, which activates protein
kinase A (PKA) in neuron cytoplasm and nuclei.
PKA, calcium/calmodulin-dependent protein kinase
type IV (CAMK4) and mitogen-activated protein
kinases (MAPK) phosphorylate and activate CREB, a
transcription factor that enables protein production.
An increase in the activity of PKA, MAPK ERK1/2,
and CREB on top of continuous administration of
antidepressants results in higher levels of mRNA,
neurotrophins, and growth factors. The latter enable
normal neuron functional, synaptogenesis and
neurogenesis in the dentate gyrus, as well as homeostatic
processes in neural networks [2, 3].

Therefore, the first line affected by antidepressants
consists of positively adenylate cyclase-coupled
monoaminergic  receptors, N-methyl-D-aspartate
(NMDA) glutamate receptors, metabotropic glutamate
receptors, M choline receptors, etc. Since chronic
administration of monoaminergic antidepressants
results in a long-term increase in the extracellular
concentration of monoamines in the brain, membrane
receptors respond naturally to disrupted homeostasis
by reducing their density. However, such chronic
treatment also produces interesting collisions: the
change in the membrane density of the same receptors
varies from region to region in the brain. For instance,
the density and activity of 5-HT1A receptors decreases
in the somato-dendritic synapses of raphe nuclei while
increasing in the hippocampus and in the cortex, where
the levels of 5-HT1B and 5-HT4 receptors rise as well.
Membrane density of alpha2 adrenoreceptors decreases
in the somato-dendritic synapses of the locus coeruleus
while increasing in the neurons of forebrain structures,
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even though the density of beta adrenoreceptors
decreases there [4].

The therapeutic effects of selective serotonin
reuptake inhibitors (SSRIs), which are the most popular
antidepressants today, come from activating 5-HT1B
and 5-HT4 receptors. However, it remains unclear
why the membrane density of these receptors increases
rather than decreases whilst SSRIs persistently raise
the levels of serotonin in the extracellular fluid. It has
been discovered in the last decade that the phenomenon
is a result of serotonin receptors interacting with
the inducible regulatory protein pll also known as
S100A10, nerve growth factor-induced 42C, calpactin I
light chain, annexin light chain [5].

p11, its functions and partners

The protein is a member of S100, a family of low-
molecular-weight (11-12 kDa) acidic proteins. Its struc-
ture shown in Figure 1 has two EF hands binding Ca2+.
A loop (a hinge) between the second and the third spi-
ral enables the molecule to bend. The protein forms ho-
modimers that can form heterotetramers with annexin
A2, a cytoskeleton protein. Beside membrane receptors,
p11 has been found to interact with Nav1.8, Kv, and H+
iron channels, with TRVP5 cation channels, as well as
with the fragments: tissue plasminogen activator, phos-
pholipase A2, etc. [5, 6].

Nevertheless, the role of pl1 and its targets in the
development of the depressive behavioral phenotype
and in antidepressant effects remains unclear due to
a multitude of contradictory facts. On the one hand,
administering antidepressants, levodopa (an anti-
Parkinson medication), and serotonin (5-HT) has been
found to increase the levels of mRNA and pll in the
murine cortex and hippocampus, effects mediated by the
signaling pathways of neurotrophins, receptor tyrosine
kinase TrkB, and protein kinase ERK. On the other hand,
pro-depressive glucocorticoids, interleukins, tumor
necrosis factor, and interferons also increase the levels of
pl1 in the rodent cortex and hippocampus [7]. Besides,
non-steroidal anti-inflammatory drugs (NSAIDs) have
been found to inhibit the SSRI-induced increase in p11
and related behavioral effects whilst enhancing the same
effects caused by other antidepressants [8]. It is assumed
that the depressogenic effect-associated increase in p11
is likely a homeostatic brain reaction that counters the
development of depressive disorders.

Total p11 knockout causes the brain and the body
to lose this protein, which triggers the development of
depressive behavioral phenotype as shown by a change
in the results of a whole behavioral test battery; it is also
associated with a reduced effect of antidepressants on
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Figure 1. p11 structure. Roman numerals show spiralized molecule sites. The amino terminus to the left contains the site
of binding to another p11 molecule, which is involved in forming a homodimer. The carboxyl terminus to the right contains
the site of binding to annexin A2, which is involved in forming a heterotetramer.

Pucynok 1. Cxemarnueckoe cTpoenne 6enka pll. Pumckimu nudpaMy oTMedeHbI CIMPATN30BAHHbIE YIACTKM MOTEKYIbI.
CneBa Ha aMMHO-TePMUHATTBHOM Y4aCTKe HAXOJBUTCA CAMIT CBA3BIBAHIA C APYTOii MONEKY/Ioii p11 mpu o6pa3oBaHI
romoayumepa. CrpaBa KapOOKCH-TepMUHAIbHBII Y4aCTOK MOTEKY/IbI COIeP)KNUT CANIT CBA3BIBAHMA aHHEKCHHA A2
mpy 06pa3oBaHNI reTepoTeTpaMepa.

these indicators [9, 10]. Nucleus accumbens (NAcc)
has been found to be the key structure involved in the
development of depressive behavior in pll-deficient
rodents. Indeed, suppressing pl1 production in NAcc
only by administering viral mRNAi reproduces all the
signs of depressive behavior like total p11 knockout
does. In intact mice, pl1 levels in cholinergic NAcc
interneurons are 30 times those in GABAergic medium
spiny neurons; removal of pll from cholinergic
interneurons induces a depressive behavioral
phenotype. On the contrary, excessive virus-associated
pll production in the same interneurons but not in
dorsal striatum neurons eliminates behavioral disorders
in total p11 knockout mice. Interestingly, p11 deficiency
in cholinergic NAcc neurons does not diminish SSRI
effects in mice when immobilized in tail suspension
tests [11, 12]. Therefore, NAcc p11 is required to regulate
emotions and mood, but not for antidepressants to have
effect.

At the same time, pll biosynthesis in cortical
neurons is necessary for antidepressants to affect
rodent behavior. For instance, chronic administration
of antidepressants increases cortex and hippocampus
pl1levels and boosts the expression of 5-HT4 receptors
in p11-containing cortical murine neurons. Removing
pll from layer 5a projection neurons inhibits the
behavioral effects of SSRIs and prevents the densifying
of 5-HT4 receptors in neuron membranes whilst
not affecting the signs of the depressive behavioral
phenotype [9, 13].

26 NN

How p11 Affects Serotonin and Glutamate Receptors
of Membranes

Being a regulatory protein, pll can by itself or in
combination with other proteins interact with other
target proteins and alter their activity. In the murine
cortex, hippocampus, and NAcc, pll is localized in
close proximity to 5-HT1B/5-HT4 receptors in neuron
membranes. pll interacts with the third intracellular
loop of serotonin receptors and increases their density
in neuron membranes. This amplifies the cAMP-
mediated signaling pathways of these receptors.
However, p11 gene knockout suppresses the activity of
5-HT1B/4 receptors by reducing their density in neuron
membranes [14, 15]. Therefore, p11 regulates membrane
density rather than transcription and translation of
serotonin receptors. In cultured cortical neurons, p11
enhances the effects of serotonin receptors on Ca2+
transmembrane current and protein kinase ERK1/2
activity. Serotonin and agonists of 5-HT1B receptors
affect the phosphorylation of synapsin I, a presynaptic
protein, and the corticostriatal glutamatergic synaptic
transmission; these effects also depend on p11 [14].

Antidepressant-like effects of serotonin 1B and 4
receptor agonists in forced swim and tail suspension
tests are weaker in pl1l knockout mice compared to
intact animals. The anxiolytic effects of these agonists
are also reduced in p11-deficient mice subjected to open
field tests [14]. 5-HT1B agonists have different effects on
emotional learning in passive avoidance tests, disrupting
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it in intact mice and boosting it in p11 knockout mice.
Excessive p11 expression induced by viruses in dentate
gyrus and in the CA1 region of the hippocampus caused
emotional learning in p11 knockout mice to recover
[16].

Studies of pyramidal corticostriatal neurons of
the 5a layers of motor and sensory cortex in rats
found that only some of these neurons expressed p11.
These neurons have a higher electrical excitability
compared to pll-negative pyramidal neurons; chronic
administration of SSRIs increases the density of 5-HT2A
rather than 5-HT4 receptors in the former. Stressogenic
effects (chronic social isolation) reduced the density of
5-HT2A receptors in pll-positive pyramidal neurons
whilst chronic administration of fluoxetine reversed this
effect [15].

Aside from various serotonin receptors, pll also
interacts with c¢G protein-dependent metabotropic
glutamate receptors (mGluRs). These receptors are
divided into three groups: mGluRl and mGluR5
in Group I, mGluR2 and mGIuR3 in Group II, and
mGluR4/6/7/8 in Group III. Behavioral studies found
mGIuR5 and mGluR2/3 blockers to have a rapidly
developing antidepressant effect on mice. Besides,
the mGluR5 cytoplasmic tail was found to have a p11
binding site consisting of a ser-thr-val amino acids
sequence. Immunoprecipitation showed that pll1/
annexin A2 (Anxa2) heterotetramer was capable of
binding to mGluR5. Testing on cultured HEK293 cell
lines with embedded mGIuR5 showed the effects of
mGluR5 agonist to cause oscillations in the intracellular
concentration of Ca2+, which would increase in case
of excessive pll production and decrease in case of
damaged Anxa2. Therefore, p11/Anxa2 heterotetramers
enhance the functioning of mGluR5. Further tests
on the same cells, as well as on a COS-7 line, showed
pll and mGluR5 to co-increase their accumulation
in cytoplasmic membranes, with pll increasing the
membrane density of mGIuR5.

p11and mGluR5 are found together in glutamatergic
and GABAergic neurons. mGIuR5 knockout in
glutamatergic neurons prolonged the immobilization
time in forced swim and tail suspension tests whilst
reducing the sucrose preference, i.e., depressive
behavioral phenotype progressed. The same procedure
applied to GABAergic neurons caused an opposite
change in behavior, ie., it had an antidepressant-
like effect. Similar results were obtained with pl1
knocked out in GABAergic neurons. pl1 knockout in
glutamatergic neurons did not cause depressive behavior
but made the mice more sensitive to chronic moderate
stress. Another behavioral test (novelty-suppressed
feeding) is used to characterize depressive and anxious
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behavior; this test found MPEP, an mGluR5 blocker,
to have an antidepressant-like effect that would not
manifest in p11 knockout mice. mGluR2/3 blocker also
had an antidepressant-like effect, but that effect was not
altered by removing p11. Therefore, the antidepressant-
like effect of MPEP in intact mice could be eliminated
by pll knockout and reproduced by genetic deletion
of mGluR5 in PV+ GABAergic interneurons [19]. The
excitatory synaptic inputs of PV+ interneurons have
effects that are known to stem from the activation of
ionotropic AMPA and NMDA glutamate receptors,
and mGluR5 increase the functional activity of NMDA
receptors [20, 21]. Therefore, it can be assumed that
the pharmacological or genetic suppression of mGluR5
activity inhibits the activity of PV+ GABAergic
inhibitory interneurons and disinhibits glutamatergic
pyramidal cortical and hippocampal neurons. Behavior-
wise, this manifests itself as an antidepressant-like effect.

How p11 Affects Voltage-Gated Potassium and
Calcium Channels

Beside serotonin and glutamate receptors, p11 also
controls the membrane density and activity of potassium
channels, which determines the excitability of neurons,
as well as the duration and frequency of neural spike
generation. In pll knockout mice, the hippocampus
was found to have suppressed transmembrane current
through Kv3.1 potassium channels that are densely
packed in the membranes of parvalbumin-positive
(PV+) interneurons; this suppression was associated
with a lower frequency of neuron discharge in response
to depolarizing the membrane with a 100 pA step in
inward current. HCN cation channel currents did not
change under the same circumstances. Degradation
and the resulting destruction of Kv3.1 channels caused
a reduction of transmembrane currents in PV+ basket
cells of the dentate gyrus. Besides, pl1 knockout in
dentate gyrus granule cells caused mice to have double
the amplitude of GABAergic IPSPs due to optogenetic
stimulation of PV+ interneurons. This was due to
the loss of Kv3.1 channels in axon terminals of PV+
interneurons, which limit the duration of action
potentials and the presynaptic release of GABA. pl1
knockout in PV+ interneurons also caused more
pronounced anxious behavior in a novel environment
whilst compromising their resilience to depressogenic
effects of protective social stress, even though sucrose
preference and immobilization time in tail suspension
tests did not change [22].

PV+ interneurons are important for cognition,
emotions, learning, and memory. Emotional disorders,
epilepsy, or schizophrenia can develop should these
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neurons fail. In these neurons, Kv3 potassium channels
accelerate spike repolarization and shorten the inter-
spike interval; in presynaptic terminals of these
neurons, Kv3 channels regulate GABA release and
alter spike duration [23-25]. Interestingly, prefrontal
and parietal cortical neurons have lower membrane
density of Kv3.1 channels in schizophrenic patients;
antipsychotics increase that density to health levels [26].
On the other hand, p11 knockout mice only had a lower
density of Kv3.1 channels in hippocampus, but not in
other brain structures, i.e. the mechanisms that control
Kv3.1 density vary from structure to structure. Whilst
chronic administration of antipsychotics increases
the density of Kv3.1 channels in cortical structures,
chronic administration of antidepressants reduces such
density in the hippocampus. Chronically administered
antidepressants have an inhibitory effect on Kv3.1
channels in PV+ dentate gyrus interneurons; this effect
is associated with the activation of 5-HT5A receptors
and PKA-induced phosphorylation of serine residue
503 in the Kv3.1b alpha subunit [27]. Therefore, it seems
that the activity of Kv3.1 channels in PV+ interneurons is
modulated by chronic administration of antidepressants,
as it peaks early in treatment and is suppressed later on.
Indeed, the initial effects of antidepressants cause the
spike activity of PV+ interneurons to rise due to the
activation of 5-HT1B receptors, a reduction in cAMP
and in PKA activity, which reduces the phosphorylation
of the Kv3.1 alpha subunit and boosts the functioning of
Kv3.1 channels; however, the activity of these neurons
attenuates further one due to down-regulation of Kv3.1
channels caused by the increased activity of 5-HT5A
receptors [27].

Voltage-gated (VG) Ca2+ channels are another
depression- and antidepressant-related molecular
target of p11. Indeed, L type VG Ca29 channels enable
the delivery of Ca2+ into neuron cytoplasm, activate
CAMK4 and MAPK, and enhance the transcription
processes. These channels are needed for neuron
maturation, synaptic plasticity, and homeostasis of
neural networks [28, 29]. Genetic research has shown
that Cavl.2 (CACNA1C) polymorphism is associated
with a higher risk of major depressive or bipolar
disorders, or schizophrenia [29].

pll interacts with serotonin receptors and
potassium channels as a heterotetramer formed with
Anxa2, a cytoskeleton protein. In turn, pl11/Anxa2 can
form a complex with the chromatin-remodeling factor
SMARCA3. Knocking out the latter does not cause
depressive behavioral phenotype to emerge and develop
in mice; however, it mitigates the behavioral effects of
SSRIs as well as their effects on neurogenesis [30]. p11/

2% N

Anxa2 was later found to be able to form a complex with
Ahnak, a high-molecular-weight (680 kDa) protein.
This protein is involved in forming the gap junctions
between epithelial cells in ventricular walls [30]. Ahnak
was also found to be capable of binding to VG Ca2+
channel beta subunit in myocardiocytes and to be
involved in regulating the density of Cav1.2 channels in
the membranes of myocardiocytes, osteoblasts, and T
cells [31, 32].

Biochemical studies on dentate gyrus and layers 2/3
of murine prefrontal cortex found Ahnak to stabilize the
pll/Anxa2 complex; besides, the N-terminus of Ahnak
interacts with the pore-forming L-type Ca channel
alpha subunit, whilst the C-terminus interacts with
the modulatory beta subunit of the same channel and
with the p11/Anxa2 complex. Testing cultured embryo-
derived cortical neurons revealed Ahnak knockout to
reduce the total amplitude of Ca2+ currents by reducing
the transmembrane current component associated
with the activation of L-type calcium channels. Tests
on the murine prefrontal cortex and hippocampus
sections found layer 2/3 pyramidal neurons and PV+
interneurons of the dentate gyrus in Ahnak knockout
mice to have reduced amplitude of calcium currents
triggered by the activation of the Cavl.2 channels.
Importantly, the total number of Cavl.2 and Cavl.3 alpha
subunits and additional beta subunits would not change
even in light of a 50% reduction in transmembrane
currents. Consequently, triple protein complex pl1/
Anxa2/Ahnak regulates neuron membrane fixation of
L-type calcium channels, but not the transcription or
translation thereof [33].

Behavior-wise, Ahnak knockout mice had a
depression-like phenotype manifesting as lower sucrose
preference compared to water (a sign of anhedonia) and
longer immobilization in swim and tail suspension tests.
At the same time, local Ahnak knockout in glutamatergic
neurons of the forebrain caused depression-like behavior
in mice as indicated by a change in the behavioral test
results. Local Ahnak knockout in PV+ interneurons had
an antidepressant-like effect in sucrose preference and
forced swim tests [33].

Interestingly, L-type Ca2+ channels regulate neuron
excitability and spike generation. They employ several
methods to this end: similarly to T-type Ca2+ channels
(Cav3), L-type channel activation causes long-lasting
depolarization of neuron membranes, which generates
spikes; increased intracellular Ca2+ concentration
activates BK channels, whilst depolarization excites VG
Kv3.1 channels, and both types contribute to shortening
the spikes while making them more frequent. This is
why Ahnak knockout reduces the membrane density
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of L-type channels in limbic glutamatergic neurons
and suppresses their activity, causing a progressive
depressive behavioral phenotype. On the other hand,
local Ahnak knockout in PV+ interneurons suppresses
their activity as well, but it also disinhibits cortical and
hippocampal pyramidal neurons as is observed during
the administration of fast-acting antidepressants:
ketamine and mGluRS5 blockers [34, 35].

Conclusions

In conclusion, it is safe to say the second line of
antidepressant action comprises inducible regulatory
proteins S100A10 (pl1), annexin A2, etc., which can
interact with membrane receptors and ion channels.
Their intracellular carboxyl terminus or one of the in-
tracellular loops contains a specific sequence of amino
acids that determines the affinity to regulatory proteins.
Besides, regulatory proteins can also interact with cyto-
skeleton elements. Complexes of these proteins regulate
the transport of protein molecules and their fixation in
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membranes. Since chronic administration of antide-
pressants increases pll levels in neurons, it causes a
higher density of 5-HT1 and 5-HT4 receptors despite
the homeostatic mechanism that has an opposite effect.
On the other hand, serotoninergic and noradrenergic
neurons of the afterbrain have low or no pl11, causing
a homeostatic response to antidepressants. That being
said, complexes of pll, annexin A2, etc. stabilize and
enhance the effects of monoaminergic and some fast-
acting (e.g. mGluR5 blockers) antidepressants. Finally,
total or local p11 knockout in the brain causes depres-
sive disorders to progress, most likely due to disrupted
fixation and change in the density of receptors and ion
channels in neuron membranes.
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