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Abstract. The signal pathway of actin remodeling, including LIM-kinase 1 (LIMK1) and its substrate cofilin, regulates
multiple processes in neurons of vertebrates and invertebrates. Drosophila melanogaster is widely used as a model
object for studying mechanisms of memory formation, storage, retrieval and forgetting. Previously, active forgetting
in Drosophila was investigated in the standard Pavlovian olfactory conditioning paradigm. The role of specific dopami-
nergic neurons (DAN) and components of the actin remodeling pathway in different forms of forgetting was shown. In
our research, we investigated the role of LIMK1 in Drosophila memory and forgetting in the conditioned courtship sup-
pression paradigm (CCSP). In the Drosophila brain, LIMK1 and p-cofilin levels appeared to be low in specific neuropil
structures, including the mushroom body (MB) lobes and the central complex. At the same time, LIMK1 was observed
in cell bodies, such as DAN clusters regulating memory formation in CCSP. We applied GAL4 x UAS binary system to
induce limk1 RNA interference in different types of neurons. The hybrid strain with limk1 interference in MB lobes and
glia showed an increase in 3-h short-term memory (STM), without significant effects on long-term memory. limk1
interference in cholinergic neurons (CHN) impaired STM, while its interference in DAN and serotoninergic neurons
(SRN) also dramatically impaired the flies’ learning ability. By contrast, limk1 interference in fruitless neurons (FRN) re-
sulted in increased 15-60 min STM, indicating a possible LIMK1 role in active forgetting. Males with limk1 interference
in CHN and FRN also showed the opposite trends of courtship song parameters changes. Thus, LIMK1 effects on the
Drosophila male memory and courtship song appeared to depend on the neuronal type or brain structure.
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AHHoTauumA. CUrHanbHbI Kackag peMofeNnvpoBaHMA akTUHA, B COCTaB KOToporo BxoaAaT LIM-knHasa 1 (LIMK1) n ee
cy6cTpat KOPUAVH, YYacTByeT B pPerynauum pasfnyHbiX NPOLECCOB B HEMPOHAX MNO3BOHOYHbIX N 6ECMO3BOHOYHbIX
XKUBOTHBbIX. Drosophila melanogaster winpoko ncnonb3yeTca Kak MOAeNbHbIN 00beKT ANsA 13yUYeHUs MexaH3MoB ¢op-
MUPOBaHWsA, COXPAHEHUA 1 BOCNPOV3BEAEHWs NaMATK, a TakxKe 3abblBaHuA. PaHee akTMBHOe 3abbiBaHue y fpo3odu-
Nbl NCCNeoBany C MOMOLLbIO KIAaCCUYeCKOro NaBfIOBCKOro 0Nb$pakTOPHOro 0byyeHus. bbino nokasaHo, YTo B pasHbIX
dopmax 3abbiBaHUA yyacTBYIOT crieyuduryeckme godbammHepruyeckmne HempoHbl U KOMMOHEHTbI akTUHOBOIO KacKaga.
B naHHoM paboTe mbl oueHnBany ponb LIMK1 B npoueccax namati 1 3abbiBaHusA y 4po30dunbl B mapagurme ycnos-
HO-pedneKTOPHOro NoAaBNeHUs yxaxnBaHua. B mosre gposodunbl yposeHb LIMKT n docdokodunuta nsbrpatens-
HO CHWPKEH B OTAENbHbIX CTPYKTYpax Helponuns, BKAoYas Sonact rpUGoBUAHBIX TN U LeHTPasbHbIA KOMMIEKC.
B 10 ke Bpema LIMK1 npucyTcTBYeT B Tenax HEPBHbIX KNETOK, TaKMX KaK KnacTepbl fodaMUHeprnyeckrx HeMpoHOB,
perynupyowmne popmMmnpoBaHne NamaTyi NP yCnoBHO-pedIeKTOPHOM NoAaBieHNN yxaxneaHua. C ncnonb3oBaHnem
cuctembl 6rHapHoro ckpewysaHua GAL4 x UAS mMbl nHnumuposanu PHK-untepdepeHumio imk1 B pasnnuHbIx TMnax
HepPBHbIX KNETOK. Y rmbpufHbIX NMHWMA ¢ nHTepdepeHumein imk1 B nonactax rpmboBMAHBIX TeN 1 rumn Habnoganocb
ycuneHne 3-4acoBoW KpaTKOCPOUYHOW NamaATy, 6e3 BMAMMOro BAUAHMUA Ha AONFOCPOYHYI0 NamATb. MHTepdepeHums
limk1 B XonvHepruyecknx HempoHax NPMBOAMIA K CHUXKEHMIO KPaTKOCPOYHOW NamaATH, B AodamMUHeprmyecKknx n ce-
POTOHUHEPIMYECKMX HEMPOHAX ee pe3ynbTaToM Obl1o TakKe CYLeCTBEHHOE HapyLleHre CMOCOOHOCTU MyX K 06yye-
Huto. HanpoTue, uHtepdepeHuus limk1 B HelipoHax fruitless ycunvsana 15-60-MUHYTHYIO KPaTKOCPOYHYIO MamATb, UTO
YKa3blBaeT Ha BO3MOXHyto posb LIMK1 B npoueccax akTvBHOro 3abbiBaHusA. Y camuos ¢ uHtepdepeHuuein limki 8
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Bnuanwe LIM-KnHasbl 1 Ha namATb 1 6payHyio NecHto
camLoB Ap030$WIIbl 3aBUCUT OT TVNa HENPOHOB

XONMHeprnyeckrx u fruitless HelipoHax Tak»ke ObINM OTMEUEHbl Pa3HOHaMNpPaB/IEHHbIE U3MEHEHNS MapamMeTpoB 6pay-
Hol necHu. Taknm obpasom, 3¢ dekTbl LIMKT Ha namaTb 1 6payHyto necHio camuoB Apo30dusibl ONpesenanTca TMNom

HepPBHbIX KNETOK WSIN CTPYKTYPOIi MO3ra.

Kniouesble cnoBa: gpo3oduna; LIMK1; ycnoBHo-pednekTtopHoe noaaBieHmne yxaxuBaHus; namaTb; 3abbiBaHuve; joda-
MUHEPrnYecKmne HeMPOHbI; XONMHEPryeckne HeMpPOHbI; fruitless; GpayHas necHsa camua.

Introduction

Memory formation and forgetting serve as the basis of be-
havioral plasticity. Whereas memory is a specific process of
information acquisition, storage and retrieval by the nervous
system, active forgetting is defined as “a mechanism or series
of mechanisms to remove memories that become unused”
(Davis, Zhong, 2017). Associative memory formation and
active forgetting occur in both mammals and invertebrates,
including Drosophila melanogaster (Medina, 2018), which
is a well-known object of classical genetics. Having a short
life cycle and relatively simple nervous system, the fruit fly
makes it easy to perform genetic analysis of the molecular
basis of behavioral and cognitive processes.

There are several experimental techniques to form asso-
ciative memory in Drosophila, including short-term memo-
ry (STM) and protein synthesis-dependent long-term me-
mory (LTM). The most widely used technique is classical Pav-
lovian learning with negative electroshock reinforcement,
or olfactory aversive learning (OAVL), which revealed genes
responsible for different types of memory (Tully et al., 1994).
More natural is conditioned courtship suppression para-
digm (CCSP) (Siegel, Hall, 1979; Kamyshev et al., 1999).
GALA4 x UAS binary expression system (Duffy, 2002) is used
to study the effects of specific genes on memory processes.
The fine neural organization of the mushroom bodies (MB),
a principle structure responsible for associative olfactory
learning in Drosophila, was evaluated in detail. The MB out-
put neurons (MBON) are the main effectors of MB, whereas
specific clusters of dopaminergic neurons (DAN) regulate the
activity of MB — MBON synaptic contacts (Aso et al., 2009,
2014a, b). Among them are aSP13 DAN of the protocerebral
anterior medial cluster (PAM), which innervate y5 area of
MB, playing a crucial role in CCSP learning and memory
(Keleman et al., 2012).

The molecular and neural mechanisms of active forgetting
implicate the activity of DAN and Racl-dependent signal
pathways (Medina, 2018). Small GTPases of the Rho family,
including Rho and Rac, regulate neuronal actin polymerization
during the Drosophila nervous system development. Rho via
its effector ROCK or Rac/Cdc42 via its effector Pak activate
LIM-kinase 1 (LIMK1), which phosphorylates Drosophila
cofilin (twinstar) protein, blocking its actin-depolymerization
activity and inhibiting axon growth. Rac also acts through Pak-
independent pathway to antagonize LIMK 1 and promote axon
growth (Ng, Luo, 2004). In addition to its role in neurogene-
sis, Rac is crucial for both interference-induced and passive
forgetting in OAVL paradigm. PAK/LIMK 1/cofilin pathway
probably acts downstream Rac1 (Shuai et al., 2010). Forgetting
specific types of memory depends on different signal proteins
(Zhang et al., 2016; Gao et al., 2019).

Forgetting in OAVL paradigm is caused by several DAN
of the protocerebral posterior lateral 1 (PPL1) cluster, which
innervates some MB structures, such as pedunculus, lower
and upper stalk. Memory acquisition and forgetting are regu-

lated by different dopamine receptors, dDA1 and DAMB
respectively (Berry et al., 2012). Coincidence of conditioned
and unconditioned stimuli creates a memory trace in MBON-
v20'1, probably inhibiting the MB > MBON-y2a'l synapses.
The unconditioned stimulus alone activates DAN-y2a'l,
which in turn disinhibit MB > MBON-y2a'l synapses and
cause forgetting (Berry et al., 2018). DAN that innervate the
MB a0’ tip induce the interference-based forgetting through
the scaffold protein Scribble, binding together Racl, PAK3
and cofilin (Cervantes-Sandoval et al., 2016).

Whereas multiple data prove the importance of DAN and
actin-remodeling signal pathway for forgetting in OAVL para-
digm, there is virtually no data for molecular mechanisms of
memory decay in CCSP. Effects of LIMK1-dependent signal
cascade on CCSP learning and memory were firstly shown for
the temperature-sensitive mutant agn®3, with LIMK 1 increase
in the adult brain compared to the wild type Canton-S (CS).
Temperature rise leads to a decrease in agn®3 LIMKI1 level,
simultaneously restoring its learning ability and 3 h memory,
which are drastically impaired in the norm (Medvedeva et al.,
2008). agn’3 has multiple polymorphisms within and near
limk1 gene, as well as a changed profile of microRNA expres-
sion, and can serve as a model object for Williams syndrome
(Nikitina et al., 2014; Savvateeva-Popova et al., 2017). The
temporal profile of STM learning index (LI) was assayed
in CCSP for agn’3, as well as for the wild-type strains with
limk1 polymorphisms, CS and Oregon R. Only CS was able to
learn and store memory up to 24 h (Zalomaeva et al., 2021).

The behavioral effects of LIMK1 changes in agn3? do not
give information about specific cell types, where LIMK 1 can
be involved in learning and memory. In this study, we per-
formed the analysis of memory decay for several Drosophila
GAL4 x UAS strains with neuronal type-specific /imkl RNA
interference. LIMK1 distribution in the Drosophila brain
structures was studied in detail using confocal microscopy. The
effect of limkl interference on fly memory ability depended
on both neural type and memory form. LIMK 1 also appeared
to be involved in regulation of male courtship song: limkl
interference in different neuronal types specifically affected
some song parameters.

Materials and methods

Drosophila strains. Fly strains were provided by the Research

Center “Biocollection of Pavlov Institute of Physiology RAS

for the study of integrative mechanisms of the nervous and

visceral systems”. The strain numbers (#) are given in accor-

dance with the Research Center and Bloomington Drosophila

Stock Center, USA (Cook et al., 2010). The following strains

were used:

1. Canton-S (CS) — the wild-type strain with /imkl polymor-
phisms.

2. agn®3 — temperature-sensitive mutation on CS genetic
background with /imkl polymorphisms, characterized by
learning and memory defects.
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3. Strains expressing GAL4 in specific neuronal types:
#6794: w[*]; P{w[+mC]=nrv2-GAL4.S}8 P{w[+mC]=
UAS-GFP.S65T}eg[T10]. GAL4 and green fluorescent
protein (GFP) are expressed in nervous system under Nrv.2
regulatory element;

#6793: w[*]; P{w[+mC]=ChAT-GAL4.7.4}19B

P{w[+mC]=UAS-GFP.S65T}Myo31DF[T2]. GAL4 and

GFP are expressed in cholinergic neurons (CHN) under

ChAT and VAChKT regulatory elements;

#7009: w[1118]; P{w[+mC]=Ddc-GAL4.L}Lmpt[4.36].

GALA4 is expressed in dopaminergic (DAN) and seroto-

ninergic (SRN) neurons;

#30027: w[1118]; P{w[+mW.hs]=GawB }fru[NP0021].

GALA4 is expressed in fruitless neurons regulating mating

behavior.

4. Act-GAL4: w[1118]; P{w[+mC]=} 25FO1/CyO, y[+];
Canton-S background. GAL4 is expressed in the whole
body under actin promoter.

5. Strains with UAS-dependent /imkl suppression:

#26294: y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02063}

attP2. The strain expresses interfering RNA against /imk1

(RNAI1) under UAS (limk1-KD, knockdown).

#36303: y[1] v[1]; P{y[+t7.7]=CaryP}attP2. The control

strain with genetic background identic to that for #26294,

but lacking RNAi (limk1“+").

6. Strains with GFP gene regulated by UAS:

#32186: w[*]; P{y[+t7.7] w[+mC]=10XUAS-IVS-mCDS8::

GFP}attP40.

#32202: w[*]; P{y[+t7.7] w[+mC]=10XUAS-IVS-GFP-

WPRE} attP2.

To induce /imk! RNA interference in specific neuronal
types, a strain carrying GAL4 activator expressed under tis-
sue-specific promoter was crossed to UAS strain #26294. The
cross product of a GAL4 strain and #36303 strain served as
a control.

Flies were raised on the standard yeast-raisin medium at
25+0.5°C and a 12:12 daily illumination cycle. For behavioral
tests, experimental males were collected without anesthesia
and kept individually. 5-6-day-old males were used in experi-
ments. Females (CS) were collected as virgins and brought
together with CS males for fertilization in CCSP one day
before experiment.

Antibodies. Primary antibodies: Rat anti-LIMK1 multi-
specific monoclonal (Enzo Life Sciences, ALX-803-343-
C100); mouse anti-Drosophila cysteine string protein (CSP);
rabbit anti-Drosophila tyrosine hydroxylase (TH) (Abcam,
ab128249); rabbit anti-GFP (Abcam, ab290).

Secondary antibodies: Goat anti-mouse Alexa Fluor 488
(Invitrogen, A32723), donkey-anti-rat Alexa Fluor 594
(ThermoFisherScientific, A-21209), goat anti-rabbit Alexa
Fluor 633 (Invitrogen, A21071).

RNA extraction and RT-PCR analysis of limkl ex-
pression. The level of /imkl expression was assayed using
semi-quantitative PCR in complex with reverse transcription
(RT-PCR). Flies were anesthetized by freezing. 10 male flies
or 70 male heads were homogenized in 300 pl TRI reagent
(MRC, TR 118). Total RNA was extracted from homogenates
according to the manufacturer’s protocol. The quality of
RNA was checked by 1.5 % agarose gel electrophoresis. 1 pg
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RNA was reverse-transcribed by MMLYV reverse transcriptase
(Evrogen, #SK022S) according to the manufacturers’ protocol,
using random hexamer primers and RNAse inhibitor (Syntol,
#E-055). Semi-quantitative PCR was performed on a StepOne
Plus (Applied Biosystems, Inc., USA) using qPCRmix HS
SYBR+LowROX (Evrogen, # PK156L) containing direct and
reverse primers (0.5 mM each). Baseline and cycle threshold
values were determined by automatic analysis using StepOne
software v2.3 (Applied Biosystems, USA). rp/32 transcript
was used as an internal control. The predesigned /imkl pri-
mers (PP12636 in FlyPrimerBank, http://www.flyrnai.org/
flyprimerbank) were used to bind all five /imk! cDNA iso-
forms, both premature and mature forms, as primers do not
span the exon-intron borders. The relative limkl transcript
level was calculated using the comparative AACt method. The
number of biological replicates (independent RNA extractions
with reverse transcription) was 3—5, the number of technical
replicates was 3.

The primer sequences were the following:

rpl32:

Forward: 5'-TATGCTAAGCTGTCGCACAAATGGC-3'

Reverse: 5'-GTTCTGCATGAGCAGGACCTCCA-3’

limkl:

Forward: 5'-GTGAACGGCACACCAGTTAGT-3'

Reverse: 5'-ACTTGCACCGGATCATGCTC-3'

PCR parameters:

1. 1 cycle: 95 °C — 5 min.
2.45 cycles. 95°C—-205s,60°C—-20s,72°C-20s,77 °C -

15 s (detection).

3. Melting curve: 95 °C — 15 s, 60 °C — 1 min, 60-95 °C

(A0.3°C, 155).

Immunofluorescent staining of Drosophila brains.
5—-6-day-old imago males were anesthetized by freezing. The
brains were prepared in PBS buffer (pH 7.5) using needle-
sharp tweezers (Merck, T4412), fixed in 4 % paraformalde-
hyde in PBS for 1 h at RT and stained according to (Thapa et
al., 2019), without a freezing stage. Antibodies were diluted
in PBT (0.2 % Tween 20, 5 % BSA in PBS) as 1:200, for
anti-CSP — 1:20. Previously, for better staining of brains, we
increased the time of incubation with primary antibodies up
to 5 days (Zhuravlev et al., 2020). Here, the incubation was
performed at 4 °C for 3 days (with primary antibodies) or
overnight (with secondary antibodies). Brains were mounted
with Vectashield mounting medium containing DAPI (Vector
laboratories, H-1200-10).

Protein distribution analysis in the brain by confocal
microscopy. Brains were scanned frontally using laser scan-
ning confocal microscopy (LSM 710 Carl Zeiss; Confocal
microscopy Resource Center; Pavlov Institute of Physiology
of the Russian Academy of Sciences, St. Petersburg, Russia).
Scanning was performed using X63 objective at different
depths (z-step 2 pm). Images were analyzed using Fiji soft-
ware. The brain structures were visually mapped using the
Drosophila brain online atlas (Virtual Fly Brain). To measure
the average level of LIMKI inside the brain structures, the
average signal intensity was measured in three small square
areas (~10 % 10 pum) within each of the structures. The average
values were obtained and normalized to the average structure
intensity for the given brain. Colocalization Threshold analysis
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was performed to measure co-localization of LIMK1 with
neurospecific markers. To prepare figures, auto contrast func-
tion was used for each optical slice.

Learning and courtship suppression tests in Drosophila
males. Flies learning and STM were estimated in CCSP, as
described in (Zhuravlev et al., 2022). In the case of long term
memory (LTM), learning was performed by placing flies in
food-containing glasses (20 mm diam., ~20 mm high) for
5 h (Kamyshev et al., 1999). Courtship index (CI) and learn-
ing index (LI) were estimated at the following time points
after learning: for short-term memory (STM) analysis: 0 min
(learning), 3 h; for STM decay analysis: 15, 30, 60 min,
24 h; for LTM analysis: 0 min, 2 days, 8 days. In all groups,
naive males (without mating experience) served as a control
to calculate LI:

LI = [(CI — CI;)/CI;] % 100 % = (1 — CL,/Cly) x 100 %,

where Cly is the middle CI for naive males, and Cly is the
middle CI for males after training. The naive and trained
males were the same age. The decrease in LI compared to
LI (0 min) was considered a time-dependent memory decay.
The decrease in LI for a mutant strain compared to that for the
wild-type strain CS was considered a strain-specific impair-
ment of learning or memory.

Courtship song analysis. The 5-day-old imago male
courtship song was recorded as in (Savvateeva-Popova et
al., 2008). A naive male of the studied line and a fertilized
female (CS) were placed together in a Perplex chamber with
a latticed bottom on top of a microphone. The chamber was
placed in a foam box in a soundproof room. The sounds were
recorded for 5 min using Audacity software (Mazzoni, Dan-
nenberg, 2020). The sound signals were filtered to exclude
noises, obtaining signals within 100-800 Hz. The level of
noise was decreased using a standard Audacity plugin. The
software Drosophila courtship song analysis (DCSA) (Iliadi
et al., 2009) was used to automatically detect pulse and sine
song components.

The results of analysis were manually edited. The mean
values of the song parameters were calculated for each fly.
The following parameters were estimated: pulse song index
(PInd, % of the total time), pulse song initiation frequency
(PFr; 100/s), sine song index (SInd, % of the total time), sine
song frequency (SFr, 100/s), interpulse interval (IPI, ms),
period of song pulse train (Per, s), intertrain interval (ITL, ms),
train duration (TrainDur), pulse number in train (PulseN), sine
song duration (SDur, ms), sine song amplitude (SAmp, C.U.),
IPI variance (Var(IPI), ms?). Per is the time between the starts
of the neighboring trains. ITI is the time between the end of
the previous and the start of the next train.

Statistical analysis. Analysis of LIMK1 mRNA level was
performed using two-sided #-test, Social Science Statistic
online resource (p < 0.05). Analysis of LI and courtship song
parameters was performed using two-sided randomization
test at significance level a of 0.05 (n = 20), using Drosophila
Courtship Lite software (Nikolai Kamyshev, 2006, nkamster@)
gmail.com), with 10000 iterations. The program is freely
available from the author upon request. Randomization test
was reported to be better for LI comparison than ¢-test or
some nonparametric tests (Kamyshev et al., 1999). Court-
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Fig. 1. Comparative levels of imk1 RNA in the UAS > GAL4 hybrids with
and without limk1 RNA interference.

X axis: GAL4 strains. Y axis, conditional units (C.U., expression levels are norma-
lized to the average value). Statistical differences: * between limk1-KD > GAL4
and limk1"+" > GAL4 (two-sided t-test; p and n are shown above the charts).
Standard error is shown.

ship song parameters were also analyzed using two-sided
Mann—Whitney U-test. Python 3 scripts were used to draw
the box plots charts.

Results

limk1 RNA level in Drosophila UAS x GAL4 hybrids

To check that GAL4 really induces /imk! RNA interference
in 26294 strain, we compared /imkl RNA level in the UAS (f)
> GAL4 (m) hybrids. Females with and without transgenic
RNAI for limkl suppression (limkl-KD and limkl“+", re-
spectively) were crossed to Act-GAL4 males, expressing
GAL4 in the whole body. The level of total /imkl RNA was
approximately 2-fold lower in the hybrid with /imk! interfer-
ence. These data confirmed the efficiency of RNAi-dependent
limk 1 suppression in 26294 strain (limkI-KD) upon its activa-
tion by GAL4. At the same time, there were no differences for
limk1-KD > 6794 and limk1“+” > 6794, where RNA expres-
sion was measured in heads and was regulated by neuronal
type-specific GAL4 (Fig. 1). Thus, /imkl RNA differences
after neural type-specific limkl RNA interference might be
local or too low to be detected in the whole Drosophila heads.

LIMK1 distribution in the Drosophila brain

When studying LIMK1 distribution, we focused on the
central part of the Drosophila brain, without the optic lo-
bes (OL), mainly at the level of the superior medial protoce-
rebrum (SMP) and gamma-lobes (yL) of MB. Here the PAM
clusters of DAN are located (Mao, Davis, 2009), responsible
for the Drosophila courtship learning and memory (Keleman
etal., 2012). Additionally, the area including the central com-
plex (CC) and calyx (Cal) surrounded by Kenyon cells (KC)
was studied. The CSP-positive neuropil structures and tyrosine
hydroxylase (TH)-positive DAN cell bodies and processes
served as landmarks in describing the LIMK1 distribution.
The following description is given for the wild-type strain
CS (see the Table and Suppl. Material 1)!.

1 Supplementary Materials 1-6 are available in the online version of the paper:
https://vavilovj-icg.ru/download/pict-2023-27/appx9.pdf
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LIMK1 and TH distribution in the Canton-S brain (visual analysis)

Semicircular tracts (#1) move laterally;

rity (#3) above yL. TH level is low in yL

Granularity (#5) at the area of B'L tips,

The cell bodies and processes of DAN

z N Neuropil structures (CSP) TH-positive structures
| 0 AL and SMP; the part of yL is observed as Two bilaterally symmetrical clusters
a shading (CSP lever is lower) of PAM cell bodies, the processes
of which form two semicircular
tracts (#1), enveloping SMP below
Il 3 yL of MB, subdivided into three unequal
parts; the putative y5 area is marked two tracts (#2) above SMP; granula-
with an asterisk (*); AOT lateral to SMP
11l 7  ylLis half hidden by 'L, with the horizon- Granularity (#3) above and laterally
tal BL below it. The beginning of a/a’L the B'L area; tracts (#2) join at the
is seen central line (#4). TH level is low in BL
\Y 11 aland d'L.The part of yL (#7) lateral
toal where the PAM processes converge
\Y 14 The tips of aL and a'L; the part of EB Area 5 is subdivided into two (#8),
corresponding to ('L tips.
Commissure (#9) above (#8)
Vi 16  EB;aL and yL join to the pedunculus Commissure #9 above EB
(Ped) of MB
VIl 20 CC(EB,FBand No) Commissure #9 continues laterally
Vil 26 CC(FB), W, Ped Tracts around FB
IX 29 CCisnolongervisible
clusters around Cal are partly visible
X 36 Cal, KCand PB; Ped below Cal - DAN clusters around Cal:

a small shading (#14)

PPL1 and PPM2

LIMK1 level

AL and SMP: high; thin tissue layers
resembling the neuropil glia: high;
cell bodies surrounding neuropil:
relatively low; cell nuclei: low

yL: lower than in SMP; the thin tissue layers
surrounding AL and SMP: high

Area #5: low; granularity along the central
axis of the brain (#6): high; yL (#7): very low

Ped and EB: low; the semicircular
granularity (#10) above and laterally EB:
high; commissure (#11) between EB
and the esophagus (ES): high

CC and Ped: low; tissue layers surrounding
neuropil structures: high

Commissure (#12) above CC and semicircular
structures (#13) surrounding wedge: high

The great commissure (#GC) above the ES:
high; glia-like layers among neuropil: high

Cal and PB: high; KC: relatively low; glia-like
layers (#15) in the bottom part near ES: high

Note. The depth of the studied zone (Z) is given for the brain optical slices, from the PAM cell bodies to CC (I-V) or from CC to Cal (VI-X). N is the number of the
brain optic slice for a given zone (step 2 um). For different brains, there may be slight differences in depth of the given N.

The brain structures (here and below): g, a; 3, ’and yL — the corresponding lobes of MB, AL - the antennal lobes, AOT - the anterior optic tubercule, Cal - the calyx
of MB, CC - the central complex, EB - the ellipsoid body of CC, ES - the esophagus, FB - the fan-shaped body of CC, KC - the Kenyon cells, MB — the mushroom
body, MBI - the median bundle, No - the noduli of CC, PB - the protocerebral bridge, Ped - the pedunculus of MB, SEG - the subesophageal ganglion, SMP - the
superior medial protocerebrum, W — wedge. DAN clusters, according to (Mao, Davis, 2009): PAM - the protocerebral anterior medial cluster, PPL - the protoce-

rebral posterior lateral clusters, PPM - the protocerebral posterior medial clusters.

The distribution of DAN clusters corresponded to that
described in (Mao, Davis, 2009). PAM clusters were clearly
observed near SMP, with processes extending towards the
central part of the brain. The processes formed glomerular
structures around the MB horizontal lobes (y, 3 and B'L), pro-
bably being the synaptic endings innervating the correspond
areas. The structure #3 was located above yL, the structures
#5 and 8 — in the 'L area, the commissure #9 was seen in the
central part of the brain. TH signal was relatively low in fL
(see Suppl. Material 1). PPL1, PPM2 and other DAN clusters
were observed around Cal, sending their processes to the dif-
ferent brain areas (Fig. 2, a).

LIMKI1 was concentrated in the neuropil structures of the
anterior part of the brain, such as SMP and AL. The LIMK1-
positive granularity was observed inside SMP, between the B’
tips (#8) and around the ellipsoid body (EB) of CC (#10, 11).
LIMKI1 level was also high in thin tissue layers adjacent
to neuropil and some neural tracts, such as #12 around the
great commissure, #13 around wedge (W) and #15 near eso-
phagus (ES), morphologically resembling glia (Hartenstein,
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2011). LIMKI signal was lower in cell bodies of the neurons
surrounding AL (ALCB), probably being the cell bodies of the
projection neurons, as well as in KC surrounding Cal. Here,
LIMK1 was mainly concentrated in the cytoplasm, beyond
the nuclei. LIMK1 level was significantly decreased in all the
MB lobes and pedunculus (Ped), as well as in the CC struc-
tures, whereas in Cal and the protocerebral bridge (PB) it was
relatively high (see Suppl. Material 1). LIMK1 and TH co-
localization was observed in SMP, AL, Cal, the TH-positive
cells and processes, and in glomerular densities, such as #3,
5 and 6 (see Fig. 2, b).

To check that the antibody specifically binds to LIMK1, the
distribution of LIMK1 main product p-cofilin was assayed in
CS. The pattern of p-cofilin distribution was generally similar
to that for LIMK1 (Suppl. Material 2). The level of p-cofilin
was low in MB (including Cal) and CC (mostly EB, as well
as in the case of LIMK1). In contrast to LIMK1, p-cofilin was
mainly concentrated in the cell nuclei in the peripheral area of
the fly brain, such as Kenyon cells around Cal, as well as in PB,
subesophageal ganglion (SEG), and cell bodies surrounding
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Fig. 2. LIMKT1 spatial distribution in the CS brain.

a, Z-projection. AL level (above) and Cal level (below). Color scheme: green - CSP, red — TH, yellow - LIMK1, blue — DAPI.
b, Co-localization of TH and LIMK1 in different optic zones. Color scheme: green - LIMK1, red — TH, white - the areas of LIMK1 -
TH co-localization. The scale bar size is 50 um. See the Table for abbreviations and description of the optic zones.

AL. p-Cofilin was also localized in diffuse layers within the
brain structures, such as EB, probably formed by glia. The
p-cofilin-enriched cells were found in SEG, forming structures
with two glomerular branches (*), and around CC structures,
fan-shaped body (FB) and EB (**).

Several GAL4 activators were used to initiate /imk/ RNA
interference. Both 6793 and 6794 strains specifically express
the green fluorescent protein (GFP) under GAL4 promoter.
In strain 6794, GAL4 was reported to be expressed in OL,
thoracic ganglion, different nerves, and cortex glia (Sun et
al., 1999; Okamoto, Nishimura, 2015). In 6794 > limkl-KD
hybrid, GAL4-driven GFP expression was detected in glia-
like cells, surrounding the neuropil structures, such as AL,
SMP, CC and its parts, as well as in the MB lobes, Ped and
some KC (Suppl. Material 3, @). GFP level was higher in alL
and BL compared to o'L, 'L and yL. The signal was lower
in Cal and virtually absent in most neuropil structures, such
as AL, SMP, CC and others. Thus, /imk! interference should
occur in Cal and some glia cells, where the levels of both
GAL4 and LIMK1 were relatively high. Similar distribu-

tion was observed in the control 6794 > limk[*“+” strain (see
Suppl. Material 3, b). In the strain 6793, GAL4 is expressed
in cholinergic neurons (CHN), with GFP signal in OL, AL
with the surrounding interneurons, the parts of CC, the great
commissure (GC), Cal and the mechanosensory area of SEG
(Salvaterra, Kitamoto, 2001). In the strains 6793 > limk-KD
and 6793 > limkl“+” (see Suppl. Material 3, c, d), we ob-
served a strong GFP signal in cell bodies surrounding SMP
and AL, as well as in some KC, several neuropil structures
(AL, o/BL, EB, FB), and GC. In all the studied strains, LIMK 1
distribution character appeared to be similar to that in CS.
To check that GAL4 is active in 7009 and 30027 strains,
we crossed them to strains expressing GFP under GAL4 pro-
moter. In 7009 > 32186 hybrid, we observed a prominent GFP
signal in cell clusters near SMP, morphologically similar to
the TH-positive PAM clusters. Some cells might be SRN, but
they constitute the minority of the observed neurons in this
area (Albin et al., 2015; Kasture et al., 2018). The processes
of PAM neurons extended to the horizontal MB lobes, includ-
ing yL, and the densely innervated B'L tip (#5) connected by
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a commissure, and to a much lesser extent the BL tip (Suppl.
Material 4, a). EB was surrounded by the GFP-positive pro-
cesses extending from different parts of the brain. The GFP-
positive DAN around Cal were also observed. Hence, GAL4
activator of 7009 should suppress /imk ! inside DAN, including
PAM neurons, which regulate memory storage in CCSP. The
fruitless-positive neurons (FRN) are responsible for mating
behavior. In 30027 > 32202 hybrid, we observed GFP in
some KC, in the cell bodies located near SMP and AL, and
glomerular structure, forming a ring-like structure around Ped
(see Suppl. Material 4, b). Similar structures were described
in (Yu et al., 2010). The distribution of LIMK1 in the hybrid
strains with and without /imk/ knockdown in the above neu-
rons was similar to that in CS (Suppl. Material 5).

The normalized intensity of LIMK1 signal was calculated
for several brain structures (Fig. 3). The LIMK relative levels
in specific structures were very similar for the CS brain and
the average brain of all the strains. The biggest differences
were observed for the TH-positive glomerular structure #6
(TH+(6)), which is possibly responsible for memory forma-
tion in CCSP. In the average brain, ALCB had the normalized
LIMK1 level about 1. Compared to them, AL, SMP and
TH+(6) structures had the higher LIMK1 level, whereas the
MB lobes, EB and Ped had the lower LIMK1 level. In agn®3,
AL and ALCB had the higher LIMK1 level compared to CS,
whereas most of the rest studies structures had lower LIMK 1
level. This corresponds to more contrast LIMK1 staining in
agn's3 relative to CS (Suppl. Material 6). There were no pro-
minent differences after /imkl knockout, except for several
structures with minor changes. The interstrain differences
might be local or beyond the resolution of the method.

3 h STM differs in hybrids

with and without limk1 interference

3 h STM was estimated for limk1-KD (f) > 6794 (m) and the
control limk1“+” (f) > 6794 (m) hybrids. In both cases, we
observed the decrease of courtship index (CI) after learning,
with its partial recovery after 3 h. The box plot height was
minimal for CS and rather big for UAS x GAL4 hybrids,
showing that the value of courtship suppression significantly
varied for individual flies. All strains were capable to learn in
CCSP, with learning index LI (0 h) immediately after training
ofabout 60-70 % (Fig. 4, @). The CS LI was still high after 3 h,
indicating STM preservation, in agreement with (Zhuravlev et
al., 2022). The strain with /imkl interference also preserved
STM: although its LI (3 h) was only about 20 %, it did not
statistically differ from that for CS, as well as from LI (0 h). In
the control strain, LI (3 h) decreased compared to LI (0 h) and
did not differ from zero, indicating the impaired STM. Thus,
while 3 h memory storage or retrieval was impaired in the
control strain, /imk! interference seems to improve 3 h STM.
At the same time, it did not affect the impaired 8 day LTM,
with only minor positive effect on 2 day LTM (see Fig. 4, b).

Neuron type-specific limk1 interference

differentially affects STM dynamics

To investigate the dynamics of STM decay in different strains
with limk] interference, we performed LI analysis immediately
and 24 h after learning (Fig. 5). To exclude the possible effect
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of eye color on learning and memory abilities, we applied
GAL4 (f) > UAS (m) crossing scheme, where both the strain
with /imkl knockdown and the control strain had the same
wild-type eye color. For 6794 activator (MB and glia), the
control strain showed nearly the same LI within 24 h, whereas
the strain with /imkl interference demonstrated a steeper
forgetting curve. Hence, 6794 > [imkl-KD showed high LI
after learning, but seemed to increase the speed of memory
forgetting on the interval 0-30 min. /imkI knockdown in CHN
(6793) was associated with significant decrease of LI within
60 min after training.

For DAN and SRN activator (7009), both the strain with
limkl interference and the control strain showed nearly the
same dynamics of STM decay, except for 30—60 min period.
limk1 interference was associated with a dramatic defect on
learning: LI did not differ from zero. LI (24 h) was negative
in both hybrids, possibly being the effect of sensitization:
males did not suppress the courtship activity but courted more
actively some time after training. For FRN activator (30027),
the effect of /imkl knockdown was the opposite to that of
MB/glia and CHN activators: /imk! interference decreased
the speed of forgetting, and LI (30 min) did not differ from
zero. Thus, the effect of /limk [ interference on STM dynamics
appeared to depend on the neuronal type.

LIMK1 interference in CHN and FRN neurons

differentially affects courtship song parameters

Finally, we studied the influence of /imk! interference on the
male courtship song parameters. The hybrids with CHN and
FRN drivers were studied (Fig. 6). There were no interstrain
differences in interpulse interval (IPI), the species- and popu-
lation-specific parameter (Ritchie et al., 1994), and IPI vari-
ance (Var(IPI)), the marker of neurodegenerative processes
(Savvateeva-Popova et al., 2003). limk! interference in CHN
(6793) decreased the pulse song index and frequency (PInd,
PFr), increasing the mean period (Per), intertrain interval (ITI),
train duration (TrainDur), sine song duration (Sdur) and train
pulse number (PulseN). On the contrary, in the strain with FRN
activator (30027), limkI interference resulted in PFr increase,
as well as Per, ITI, SInd and SDur decrease. /imkl knockdown
by two different activators had the opposite effects on PInd,
PFr, Per, ITI and SDur, leveling the initial differences between
SInd, TrainDur and PulseN. Thus, /imk! interference in CHN
seemed to decrease the rate of switching from the singing
mode to silence mode and back, resulting in longer trains and
ITI, while /imkI interference in FRN neurons generally had
the opposite effect.

Discussion

In mammals, LIMK - and cofilin-dependent actin remodel-
ing is widely involved in regulation of synaptic processes,
such as exocytosis, receptor trafficking and remodeling of
dendritic spines. These processes underlay long-term potentia-
tion (LTP), long-term depression (LTD) and different forms of
memory. LIMK1 also affects gene expression through CREB
and LTM formation. Deregulation of LIMK1-dependent
actin remodeling is involved in multiple pathologies, such as
Alzheimer’s and Parkinson’s diseases, Williams syndrome,
schizophrenia, and autism (Ben Zablah et al., 2021).

BaBunoBckuii )KypHan reHeTuku u cenekuunm / Vavilov Journal of Genetics and Breeding - 2023 - 27 - 3



A.B. Kypaenes, E.C. 3anomaesa, E.C. Ero3osa, A.[l. EmenuH Bnuanwe LIM-KnHasbl 1 Ha namATb 1 6payHyio NecHto 2023

B.B. Cokyposa, E.A. HnknTurHa, E.B. CaBBaTteeBa-lonosa CamLoB AP030dWIibl 3aBUCKT OT TWMa HEPOHOB 27.3
C.uU.

301 m All

2.5+ mCS

301 301

55l B 6794 > limk1-KD 55l B 6793 > limk1-KD
’ W 6794 > limk1"+" ’ W 6793 > limk1"+"

301
W 30027 > limk1-KD
W 30027 > limk1"+"

B 7009 > limk1-KD
® 7009 > limk1"+"

25F

ALCB AL SMP yL BL BL yL(7) TH+(6) a/a’L EB  Ped ALCB AL SMP yL BL PBL yL(7) TH+6) a/a’L EB  Ped

Fig. 3. LIMK1 relative level in different brain structures.

The normalized levels are shown in conventional units (C.U.). All - the averaged brain of the all studied strains. Statistical differences (two-sided t-test): * from
CS (p < 0.05,0.01, 0.001 for one, two and three asterisks, respectively); # from the control hybrid without /imk1 interference; blue > cyan and red > pink color
change - the difference from ALCB (p < 0.05; blue and red - no difference). N = 47-61 (All), 5-6 (CS), 4-6 (agn's3), 7-8 (6794 > limk1-KD), 7-10 (6794 > limk1"+"),
5-6 (6793 > limk1-KD), 6-7 (6793 > limk1“+"), 3-5 (7009 > limk1-KD), 3-5 (7009 > limk1“+"), 4 (30027 > limk1-KD), 3-4 (30027 > limk1“+"). Standard error is shown.
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Fig. 4. The memory abilities of the Drosophila strain with limk1 suppression by 6794 activator.

a, STM. b, LTM. Cl - courtship index; box plot and whisker chart, median is shown by the bold black line. LI - learning index. Statistical differences: # from CS, $ from
LI (0 h/0 day) (two-sided randomization test; p < 0.05, n = 20).
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Fig. 5. STM dynamics in Drosophila strains with neuron type-specific limk1 suppression.

Cl - courtship index, LI - learning index. X axis: time (min; 24H - 24 hours). Stat
randomization test; p < 0.05, n = 20).

In mature neurons, actin is enriched in both pre- and post-
synaptic structures, such as dendritic spines, regulated by
Rho signaling pathway. The action of LIMKI1 on actin po-
lymerization and memory processes is rather complex, being
dependent on the mode of LIMKI1 regulation (transient or

istical differences: # from CS, $ from LI (0 min), * no difference from zero (two-sided

long-term overexpression) and cofilin level. While the active
cofilin destabilizes fibrillar actin, in high concentrations it
increases actin polymerization and nucleates actin filaments
in dendritic spines during long-term potentiation (reviewed
in Cuberos et al., 2015). Thus, it is hard to predict the integral
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Fig. 6. Courtship song parameters in Drosophila hybrids with neuron type-specific imk1 interference.
Hybrid numbers: 1.6793 > limk1-KD; 2. 6793 > limk1“+" (CHN); 3. 30027 > limk1-KD; 4.30027 > limk1“+" (FRN). Statistical differences: hybrids
with limkT1 interference vs control - the pairs with difference are shown by color (two-sided randomization test, p < 0.05) or hatching
(two-sided Mann-Whitney test, p < 0.05); hybrids with CHN driver vs hybrids with FRN driver: $ two-sided randomization test; # two-sided
Mann-Whitney test. For hybrids 1, 2, 3, 4, respectively: n = 20, 15, 17, 22 for pulse song parameters; n =18, 13, 15, 20 for sine song parame-

ters. Median is shown by the red line, the mean value is shown by the green line.

effect of LIMK1 and cofilin activity on memory processes.
It was crucial to check the behavioral effects of Drosophila
limk1 suppression in specific types of neurons.

Using paraffin section staining, both LIMK1 and its product
p-cofilin were shown to be homogeneously distributed in the
brain neuropil, with maximum level in CC (Lopatina et al.,
2007). Our results of the confocal microscopy analysis gave
a different picture of LIMK1 distribution, quite similar for all
the studied strains. We have shown a specific LIMK1 decrease

in MB, which is responsible for associative learning, as well as
in CC, involved in higher movement control (Strauss, Heisen-
berg, 1993). This puts under question the role of LIMKI in
the aforementioned processes. However, LIMK 1 was present
in the cell bodies and processes of DAN, which interact with
MB and CC (Mao, Davis, 2009) and regulate memory and
forgetting. The observed p-cofilin distribution resembled this
for LIMK1: its level was low in the MB lobes and CC. The low
level of p-cofilin in the MB lobes had been previously shown
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(Abe et al., 2014). In contrast to LIMK1, p-cofilin level was
low in Cal formed by PN and KC terminals and high in cell
nuclei. The latter corresponds to its functioning in the cell, as
cofilin phosphorylation is necessary for its translocation into
the nucleus (Abe et al., 1993).

The effectiveness of /imklI suppression at the RNA level was
confirmed using Act-GAL4 activator in the whole Drosophila
body. GAL4 was also active in specific brain areas of the cor-
responding strains. However, we failed to quantitatively check
the changes of /imkl expression in Drosophila UAS x GAL4
hybrids with neuronal-specific GAL4 expression. The de-
crease in LIMKI1 level might be local or too small. limkl
interference might also induce the compensatory activation
of LIMK1 translation.

To study limkI knockdown effects on memory, we used
CCSP modification applied by (Kamyshev et al., 1999):
training was performed with the mated female. In this case,
courtship learning results from the rise of sensitivity to the
antiaphrodisiac cis-vaccenyl acetate (cVA) due to unsuccessful
courtship. ¢VA is not required for learning, being necessary
for memory performance. aSP13 DAN, which innervate the
fru-positive tip of YL, are necessary and sufficient for courtship
learning (Keleman et al., 2012). 24 h memory consolidation
requires the prolonged aSP13 stimulation and Orb2 dimeriza-
tion in some y neurons (Kriittner et al., 2015). o/ neurons are
involved in LTM processes (Redt-Clouet et al., 2012; Jones
et al., 2018). Hence, other DAN innervating o/pL of MB,
including PAM and PPL1 cells (Aso et al., 2014a), may also
be involved in LTM.

The behavioral differences were observed after /imk/ in-
terference, e.g., the restoration of 3 h STM for limkl-KD >
6794 strain. GAL4 drivers themselves affected memory
abilities, which were generally decreased compared to CS.
The drivers also significantly affected the forgetting curves.
Thus, we studied the effects of limkl interference relative to
a control strain with the same GAL4 driver. We applied two
different crossing schemes — UAS (f) > 6794 (m) (for 3 h
STM and LTM analysis) and reverse (in the other behavioral
experiments). In the first case, the control UAS > limk1“+”
hybrid had bright eyes due to v/1] recessive allele, in contrast
to UAS > limk1-KD hybrid with the wild type dark red eyes.
The observed 3 h STM differences are unlikely to be asso-
ciated with the differences in eyes pigmentation, as v/1] flies
showed a normal 3 h STM and 2 day LTM in CCSP (Nikitina
etal., 2021), while both forms of memory were impaired in the
control strain. However, memory retention depends on parent
affect, with some paternal epigenetic factors affecting STM
strength (Medvedeva etal., 2021). For 6794 > limk[-KD strain,
we did not see STM difference from the control strain, though
learning ability slightly increased after /imkl knockdown (see
Fig. 5). Thus, when studying LIMK1 effects on learning and
memory, it is necessary to consider the crossing direction.

Acetylcholine is the major excitatory neurotransmitter in
Drosophila. Among CNH are: PN forming synapses on KC
of MB (Yasuyama et al., 2002), the MB intrinsic neurons that
are responsible for olfactory memory, expressing ChAT and
VAChT (Barnstedt et al., 2016), and the o/ core neurons re-
quired for LTM consolidation (Yi et al., 2013). In the hybrids
with 6793 driver (GAL4 expressed in CHN), GFP level was
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specifically high in a/BL compared to the other MB lobes.
Here, limkl interference resulted in faster STM forgetting.
This contradicts the cofilin role in active forgetting shown in
OAVL, where cofilin was proposed to be regulated by LIMK 1
(Shuai, Zhong, 2010). The involvement of LIMKI1 and co-
filin in forgetting may occur locally, within specific neuronal
populations or synaptic terminals. At the same time, LIMK1
may be crucial for memory storage and retrieval in CCSP.
The glutamatergic MBON M6 neurons serve for STM output:
aSP13 DAN prolongs potentiation of YL — M6 synapses (Zhao
et al., 2018). Some cholinergic MBON appeared to regulate
the Drosophila visual appetitive memory (Aso et al., 2014b).
As the extrinsic MB cells responsible for CCSP memory were
similar to those used for appetitive memory (Montague, Baker,
2016), the decrease in 60 min STM might occur due to /limkI
suppression in some of these neurons.

The hybrids with 7009 driver (DAN and SRN) showed
generally low CI values and negative LI values 24 h after
learning. Males of these strains had pale pink eyes because of
defects of eyes pigmentation, due to non-complete w/1118]
rescue. w/1118] males demonstrated low courtship activity
and success, presumably due to some defects of sexual de-
velopment and maturation (Xiao et al., 2017). However, the
control 7009 > limkl“+” strain had normal LI up to 60 min
after training. /imkl knockdown by 7009 driver was associated
with dramatic defects of learning and memory: LI just after
training did not statistically differ from zero. Thus, LIMK1-
dependent signaling in DAN and SRN seems to be important
for learning and memory in CCSP.

limkl knockdown by 30027 driver (FRN) decreased the
forgetting rate in the time interval 30-60 min. This corre-
sponds to the role of actin-remodeling pathway in forgetting
in OAVL paradigm (Shuai et al., 2010). LI of the control
strain did not differ from zero starting from 30 min after
learning, while limkI knockdown increased it. In males, FRN
are responsible for courtship behavior. There are ~1500 FRN
in the Drosophila brain, including sensory organs, lateral
horn, lateral protocerebrum, SMP arch and motor control
centers. Together they provide multisensory integration to
regulate the male courtship process (Yu et al., 2010; Liu et
al., 2019). Some CHN and DAN are also Fru-positive, such
as ~300 yL neurons and aSP13 DAN located in SMP, which
regulates courtship learning and memory. The activity of fru
gene was reported to decrease upon LTM formation in CCSP
(Winbush et al., 2012). Hence, suppression of some FRN ac-
tivity may be associated with memory prolongation and con-
solidation.

In addition to memory processes, /imkI interference affected
some parameters of the male courtship song. As well as for
courtship memory, we observed the opposite functional effects
of limk1 knockdown in FRN and CHN. FRN of the P1 class
initiate Drosophila courtship behavior and trigger courtship
song. pIP10 neurons possibly convey the P1 signal to thoracic
dPR1 and vPR6 neurons, proposed to be the parts of a central
pattern generator (CPG), which defines the time and shape of
the pulse song. vPR6 possibly encode IPI (von Philipsborn et
al., 2011). Pulse and sine CPG either contain FRN or interact
with them. As sine and pulse song normally do not overlap,
the mutually inhibitory mechanisms must exist, switching
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between quasilinear and relaxation modes of oscillation for
sine and pulse song, respectively. Some descending interneu-
rons may control the type of the song, while the others trigger
singing or terminate the song (Clyne, Miesenbdck, 2008).

Indeed, we observed the opposite changes of PInd/PFr and
SInd/SDur upon /imk! interference in CHN and FRN, moving
the balance toward the sine and pulse song, respectively. The
increase in PFr after /imkl knockdown in FRN might indicate
the negative role of LIMK 1-dependent signaling on activity
of the pulse CPG or the upstream brain centers, which switch
them from active to silent mode. CC is important for control of
stability of pacemakers, which regulate the rhythmic structure
of courtship song. PB destruction leads to sound signal distor-
tions, FB and EB destruction additionally decreases sine and
pulse trains (Popov et al., 2004). CC includes a large number
of neuronal types, such as CHN, DAN, SRN, and others. CHN
are present in FB, EB, No and PB (Kahsai, Winther, 2011),
similarly to what we observed in our research. Hence, they
probably play some role in regulation of male singing. The
opposite effects of limk! interference in CHN and FRN may
indicate a specific role of LIMK1 in courtship controlling
network, whereas the other parts of the brain possibly have
a total antagonistic effects on its activity. Alternatively, CHN
and FRN fru neurons may differ in some aspects of regulation
of LIMK1-dependent signaling pathway.

Conclusion

In summary, we have shown that effects of /imk! interference
in Drosophila male courtship memory and song depend on
both the neuronal type and specific behavioral parameter.
limk1 interference in CHN and FRN had generally opposite
effects, whereas its suppression in DAN and SRN impaired the
flies’ ability to learn. Using activator strains with a narrower
pattern of GAL4 expression would help to better localize the
brain structures, where LIMK1 regulates memory and for-
getting in CCSP. Among such putative structures are yL and
aSP13 DAN innervating y5 area, as well as other DAN par-
ticipating in memory formation, consolidation and retrieval.
Studying the behavioral consequences of /imkl overexpression
in different brain areas will complement the estimates of the
effects of its suppression. The above investigation should also
focus on LIMK1 partner proteins, such as cofilin in its active
and phosphorylated form.
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