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Loss of the Schizophrenia-Linked Furin Protein from
Drosophila Mushroom Body Neurons Results in
Antipsychotic-Reversible Habituation Deficits

Kyriaki Foka,' Eirini-Maria Georganta,'* Ourania Semelidou,' and ““Efthimios M. C. Skoulakis!
nstitute for Fundamental Biomedical Research, Biomedical Science Research Centre “Alexander Fleming,” 16672 Vari, Greece, and 2Department of
Molecular Biology and Genetics, Democritus University of Thrace, 68100 Alexandroupolis, Greece

Habituation is a conserved adaptive process essential for incoming information assessment, which drives the behavioral
response decrement to recurrent inconsequential stimuli and does not involve sensory adaptation or fatigue. Although the
molecular mechanisms underlying the process are not well understood, habituation has been reported to be defective in a
number of disorders including schizophrenia. We demonstrate that loss of furinl, the Drosophila homolog of a gene whose
transcriptional downregulation has been linked to schizophrenia, results in defective habituation to recurrent footshocks in
mixed sex populations. The deficit is reversible by transgenic expression of the Drosophila or human Furin in adult o'/’
mushroom body neurons and by acute oral delivery of the typical antipsychotic haloperidol and the atypical clozapine, which
are commonly used to treat schizophrenic patients. The results validate the proposed contribution of Furin downregulation

in schizophrenia and suggest that defective footshock habituation is a Drosophila protophenotype of the human disorder.
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Genome-wide association studies have revealed a number of loci linked to schizophrenia, but most have not been verified
experimentally in a relevant behavioral task. Habituation deficits constitute a schizophrenia endophenotype. Drosophila with
attenuated expression of the schizophrenia-linked highly conserved Furin gene present delayed habituation reversible with
acute exposure to antipsychotics. This strongly suggests that footshock habituation defects constitute a schizophrenia proto-
phenotype in Drosophila. Furthermore, determination of the neurons whose regulated activity is required for footshock habit-
uation provides a facile metazoan system to expediently validate putative schizophrenia genes and variants in a well
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Introduction

Habituation is a highly conserved form of adaptive behavioral
plasticity underlying response attenuation to repetitive inconse-
quential stimuli (Rankin et al., 2009). Mechanistically, processes
underlying habituation are thought to drive toward inhibition
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the excitation/inhibition balance in circuits that process and
mediate responses to incoming stimuli (Ramaswami, 2014;
Heinze et al., 2021). Habituation latency refers to the time of
recurrent stimulation without observable response decre-
ment (Rankin et al., 2009; Semelidou et al., 2018), when proc-
esses driving this shift to response inhibition likely occur.
Mutations that reduce latency result in premature habituation
(Acevedo et al., 2007; Roussou et al., 2019). Conversely, defec-
tive habituation may be manifested as prolonged latency or
habituation failure, resulting in continued responsiveness to
recurrent stimuli (Roussou et al., 2019). Importantly, habitua-
tion defects have been associated with a number of neuro-
psychiatric conditions (McDiarmid et al., 2017; Heinze et al,,
2021), including schizophrenia (Meincke et al., 2004; Williams
etal.,, 2013; McDiarmid et al., 2017; Avery et al., 2019).
Schizophrenia is a psychiatric disorder with complex mani-
festations including hallucinations and delusions (positive
symptoms), affective flattening, loss of initiative and anhedo-
nia (negative symptoms), and cognitive deficits in attention,
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memory, and executive function (van Os and Kapur, 2009;
Patel et al., 2014; Christensen and Borglum, 2019). Its etiology
is ostensibly complex, with polygenic genetic contributions
representing ~80% of the risk to develop the condition (van
Os and Kapur, 2009). The concept of endophenotypes was
developed to deconvolute the complexity of psychiatric ill-
nesses to fundamental symptoms linked to genetic alterations,
which could serve as potential biomarkers (Gottesman and
Gould, 2003; Meyer-Lindenberg and Weinberger, 2006; Insel
et al., 2010). Much of the genetic evidence comes from ge-
nome-wide association studies (GWASs) as disease-associated
polymorphisms in multiple loci (Fromer et al., 2016, Richard
et al., 2017; Christensen and Borglum, 2019). However, the
effect of most schizophrenia-linked polymorphisms on
affected or nearby loci has not been experimentally vali-
dated, despite studies suggesting association with different
manifestations of the condition (Ripke et al., 2014; Richard
et al.,, 2017). Modeling the habituation deficits of schizo-
phrenic patients (Avery et al., 2019) in simple genetically
facile experimental organisms has been proposed as neces-
sary to facilitate understanding of the genetic and mecha-
nistic basis of the disease (McDiarmid et al., 2017; Kepler et
al., 2020), and this approach is supported by the extensive
conservation of schizophrenia risk genes in model organ-
isms (Kasap et al., 2018).

Protophenotypes are endophenotypes conserved in model
organisms (Dwyer et al., 2015) and defects in habituation, a pro-
cess conserved in all species examined (McDiarmid et al., 2017),
constitute an accepted schizophrenia endophenotype (Meincke
et al, 2004; Avery et al,, 2019). Therefore, habituation defects
could serve as a protophenotype (Dwyer, 2018) for the disease in
Drosophila. We have developed habituation paradigms engaging
particular neuronal circuits in the Drosophila CNS (Acevedo et
al., 2007; Semelidou et al., 2018) and a genetic approach to reveal
molecular mechanisms underlying latency and habituation
(Semelidou et al., 2018; Roussou et al., 2019). The defective
habituation of one such mutant was reversed by antipsychotics
(Roussou et al., 2019), suggesting that habituation deficits could
in principle serve as a schizophrenia-linked protophenotype in
Drosophila.

To provide support for footshock habituation deficits as a fly
schizophrenia protophenotype, we selected furin, a gene with
polymorphisms strongly associated with the condition (Fromer
et al,, 2016, Christensen and Berglum, 2019; Schrode et al., 2019)
and tested mutants in its Drosophila ortholog furinl (Roebroek
et al,, 1993), in this paradigm. Furin is a subtilisin family, cal-
cium-dependent serine endoprotease, which regulates the
activity of proprotein substrates including growth factors,
receptors, and extracellular-matrix proteins (Thomas, 2002).
These Furin substrates are essential for neuronal development
in human cultured cells and zebrafish embryos (Fromer et al.,
2016). However, the consequences of Furin attenuation osten-
sibly because of noncoding polymorphisms in the human
furin gene (Schrode et al., 2019), on neuronal function have
not been assessed experimentally. Therefore, Drosophila Furin
levels were attenuated and its effects on footshock habituation
are reported below.

Materials and Methods

Drosophila husbandry

Drosophila were raised in standard wheat-flour-sugar food supple-
mented with soy flour and CaCl, food (Roussou et al., 2019), at 22-25°C
and a 12 h light/dark cycle, unless specified otherwise.
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The following strains were obtained from the Bloomington
Drosophila Stock Center (BDSC): Furin 1 MiMIC insertion mutants
(stock #42180: y'w* Mi[MIC]Fur™®®%; stock #36401: y'w* Mi
[MIC]Fur™M®%* 51 078: y'w* Mi[MIC]Fur™ >/ TM38b'Ser’
(henceforth furl’, furl?, and furl’, respectively), furinl RNA inter-
ference [RNAi; stock #42481 and stock #25837, BDSC (henceforth,
SurI®NA and fur1™A2)], UASfurinl (#63078, BDSC) and UAShfurin
(stock #66055, BDSC). All MiMIC mutant strains were normalized to
the y'w’ (yw) genetic background. To match the genotype of RNAi-
expressing flies in driver heterozygotes, all Gal4 driver strains were
crossed with the y’vl;P(y[+t7.7]:Cary)attP2 (stock #36303, BDSC),
which is the genetic background of all RNAi strains used. In the case of
Sur"NA2 heterozygotes, the furl® 2 strain was crossed with w'**% to
match the background of the experimental strains it was a control for.

The Gal4 driver strains used have been described before: elav-Gal4
(FlyBase ID: FBrf0237128), MB247-Gal4, dnc-Gal4 (stock #48571,
BDSC), ¢739-Gal4, and c305a-Gal4 (Roussou et al., 2019). The y neuron
driver VT44966-Gal4 (Shyu et al., 2017) was obtained from the Vienna
Drosophila Resource Center (stock #203571). The patterns and specific-
ity of the /8-, @'/B'-, and y-specific drivers, as well as the pan-MB
dncGal4 (FlyLight Project team; Jenett et al., 2012) are seen in Figure 5
by driving UASmyrGFP for the first three and UASmCD8GEP for the
last one. Gal80" was introduced to these driver strains by standard
crosses or recombination, as indicated. The following double-transgenic
strains were also generated by standard crosses or recombination as nec-
essary: c305a-Gald; furl’, VT44966-Gal4, furl’, UASfurinl; furl’, and
UAShfurin, furl'. UAS-shibire” (Kitamoto, 2001) was used to block neu-
rotransmission. Flies carrying UAS-shi® were raised at 25°C, and the
dynamin was inactivated by incubation at 32°C for 30 min before behav-
ioral testing.

Crosses involving strains containing the temperature-sensitive sup-
pressor Gal80" (TARGET system; McGuire et al., 2004) were raised at
18°C and transferred to 30°C to induce UAS transgene expression for
2d, as specified, while control flies of the same genotype (uninduced)
remained at 18°C for the same amount of time.

Western blots

Five female fly heads at 2-5d after eclosion were homogenized in
1x Laemmli buffer (50 mm Tris, pH 6.8, 5% 2-mercaptoethanol, 2%
SDS, 10% glycerol, and 0.01% bromophenol blue) and loaded per
lane. Proteins were transferred to PVDF membrane and probed
with the mouse anti-HA-Tag antibody (F-7; catalog #sc-7392, Santa
Cruz Biotechnology) at 1:1500. To normalize sample loading, anti-
Syntaxin (catalog #mAb 8C3, Developmental Studies Hybridoma
Bank) was used at 1:12,000. Mouse HRP-conjugated secondary anti-
body was applied at 1:5000.

Imaging and immunohistochemistry

The expression patterns and specificity of the dnc-Gal4, c739-Gal4,
c305a-Gal4, VT030604-Gal4, and VT44966-Gal4 were revealed by cross-
ing these driver strains to UAS-mCD8GFP reporter strains. To reveal
synaptic connections, the trans-TANGO method (Talay et al., 2017)
was used by crossing c305a-Gal4, VT030604-Gal4, or VT44966-Gal4 to
UASmyrGFP.QUAS-mtdTomato-3xHA (article #77124,) at 25°C and
keeping 2- to 3-d-old adults at 30°C for 16-20 h before dissecting
brains, staining with appropriate antibodies, and imaging as described
before (Georganta et al., 2021). The primary antibodies used were:
mouse anti-HA (sc7392, Santa Cruz Biotechnology, 1:400) and rabbit
anti-GFP (1:400; catalog #A-6455, Thermo Fisher Scientific). The sec-
ondary antibodies were Alexa Fluor 488-conjugated goat anti-mouse
and Alexa Fluor 647-conjugated goat anti-rabbit (both were used at
1:400; both from Thermo Fisher Scientific). Furl expression images
were obtained by permission from the FlyLight Project team (Jenett et
al., 2012).

Reverse transcription and PCR

RNA extraction from 30 fly heads of both sexes was performed within
30min after induction as detailed previously (Kotoula et al, 2017).
Detection of transgene-specific transcripts was performed as described
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Table 1 Continued

Genotype Mean = SEM Fratio p
Figure 14
ANOVA Fi3.43 = 15.5826, p < 0.0001
Control (naive) 62.24 + 3.43 26.599 <<0.0001
Control (15 shocks) 3718 + 4.16
fur1’ (naive) 64.38 = 335 0.0892 0.7667
fur1” (15 shocks) 65.83 *+ 2.64
Figure 18
ANOVA F(3,32) =49721, p= 0.0066
Control (naive) 67.58 = 455 129736 0.0012
Control (15 shocks) 50.20 = 3.83
fur?? (naive) 59.08 £ 212 1.3794 0.2498
fur1? (15 shocks) 64.91 + 2.29
Figure 1C
ANOVA Fs 46) = 14553, p < 0.0001
Control (naive) 53.55 + 3.40 28.1329 <0.0001
Control (15 shocks) 19.50 * 4.65
Control (naive) 53.55 = 3.40 14.9613  0.0004
Control (30 shocks) 2872 = 6.19
furl’ (naive) 4945 + 533 2.8797 0.0973
fur1’ (15 shocks) 60.72 = 4.00
fur?’ (naive) 49.45 + 533 17.9564  0.0001
furl” (30 shocks) 224 + 297
Figure 1D
ANOVA Fs 50 = 25.4552, p < 0.0001
Control (naive) 69.93 = 3.97 828  <<0.0001
Control (30 shocks) 2537 = 5.04
Control (30 shocks) 2537 = 5.04 46.242 <<0.0001
Control (30 shocks+Y0) 5773 = 3.24
fur?’ (naive) 5761 +3 25847 <0.0001
fur1” (30 shocks) 33.42 + 1.99
fur1” (30 shocks) 33.42 = 1,99 30.458 <<0.0001
fur1" (30 shocks+Y0) 58.90 = 2.55
Figure 1£
ANOVA Fi3 47) = 5.2587, p = 0.0035
Control (naive) 56.86 = 4.46 11.388  0.0016
Control (15 shocks) 29.52 + 5.64
fur/+ (naive) 54.80 = 7.38 0.0086 0.9267
fur?®/+ (15 shocks) 55.55 = 5.00
Figure 1F
ANOVA Fis 47) = 23.8953, p < 0.0001
Control (naive) 72.82 = 4.57 55.6859 <<0.0001
Control (30 shocks) 15.45 = 5.25
Control (30 shocks) 15.45 = 5.25 52.186 <<0.0001
Control (30 shocks+YO0) 71 = 6.39
fur’/+ (naive) 77.04 £ 4.62 43.5035 <0.0001
fur?®/+ (30 shocks) 2633 * 6.64
fur’/+ (30 shocks) 26.33 * 6.64 24.4541 <0.0001
fur?®/+ (30 shocks+Y0) 6435 + 4.77
Figure 16
ANOVA Fi3.55 = 0.3457, p = 0.7924
Control (naive) 5461 = 342 0.1724 0.6797
Control (6 shocks) 56.43 = 2.73
fur?’ (naive) 58.79 £ 3.26 0.0445 0.8337
fur1” (6 shocks) 57.87 * 297
Figure 1H
ANOVA F(3,50) = 14272, p= 0.2467
Control (naive) 64.60 = 3.07 21592 0.1484
Control (6 shocks) 57.74 + 3.92
fur?? (naive) 5598 £ 3.14 0.0243  0.8769
fur?? (6 shocks) 56.73 = 3.09
Figure 1/
ANOVA Fi3.54 = 14.0257, p < 0.0001
Control (naive) 38.08 £ 512 15.9975 0.0002

Control (4 min OCT)

11.05 = 5.06

(Table continues.)

Genotype

Mean = SEM Fratio p

fur?” (naive)
fur1” (4 min OCT)
Figure 1J
ANOVA Fi3,47) = 7.3664, p = 0.0004
Control (naive)
Control (4 min OCT)
fur?? (naive)
fur?? (4 min OCT)
Figure 28
MB247-G4,G80" > fur1™A"
ANOVA £330 = 16.3363, p << 0.0001
UN (naive)
UN (15 shocks)
IN (naive)
IN (15 shocks)
Figure 2C
(739-G4,G80" > fiyr™A?
ANOVA Fi3 29) = 7.911, p=0.0007
UN (naive)
UN (15 shocks)
IN (naive)
IN (15 shocks)
Figure 2D
305a-G4;G80" > fur1™ A"
ANOVA Fi 47y = 7.2492, p = 0.0006
UN (naive)
UN (15 shocks)
IN (naive)
IN (15 shocks)
Figure 2F
305a-G4; 680> fur 1~V
ANOVA Fi3 55) = 5.0754, p = 0.0037
UN (naive)
UN (15 shocks)
IN (naive)
IN (15 shocks)
Figure 2F
80"V T44966-G4>>fur ™2
ANOVA Fi3 45) = 10.6144, p << 0.0001
UN (naive)
UN (15 shocks)
IN (naive)
IN (15 shocks)
Figure 2G
\IT44966-G4>>UASshi®
ANOVA F(5'79) = 5.1596, p= 0.0004
+>UASshi® (naive)
+>UASshi® (15 shocks)
VT44966-G4>+ (naive)
VT44966-G4>+ (15 shocks)
VT44966-G4>>UASshi® (naive)
VT44966-G4>>UASshi*® (15 shocks)
Figure 2H
dnc-G4,G80°> +
ANOVA F 43) = 23.7752, p < 0.0001
UN (naive)
UN (15 shocks)
IN (naive)
IN (15 shocks)
Figure 2/
305a-G4;G80°> +
ANOVA F3 45) = 11.82, p < 0.0001
UN (naive)
UN (15 shocks)

5243 = 3.19 18.3418 <0.0001
2403 = 5.28

4191 = 574 9.4659  0.0036
12.85 * 8.26
4137 £6.83 124708 0.0010
8.01 £ 553

70.25 = 4.43 34.0487 <<0.0001
30.50 = 7.83
70.48 = 2.63 0.0346  0.8537
69.25 £ 3.21

68.09 = 3.48 79184 0.0092
47.83 = 7.58
64.37 = 4.88 14.1932  0.0009
39.00 = 2.85

79.53 £ 6.29 18.8628  0.0001
4633 = 6.73
7255 £ 372 22745 0.1398
61.56 = 4.20

8211 =186  9.9442  0.0027
65.82 = 3.35
64.96 = 475 0.0672 0.7964
66.30 = 4.01

59.43 = 3.60 26.993 <<0.0001
3228 = 412
5430 = 3.81 0.002  0.9642
54.05 * 3.47

60.43 = 4.57 11.9565  0.0009
41.07 = 426
6135 = 444 7.8998 0.0063
46.74 = 3.25
61.92 = 415 0.7594 03863
56.84 = 2.10

65.68 = 5.15 34.9817 <<0.0001
2707 = 4.8
65.01 = 4.95 36.2933 <0.0001
2577 = 4.04

60.41 = 437 15.882  0.0003
25.20 £ 10.83
(Table continues.)
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Table 1 Continued Table 1 Continued
Genotype Mean = SEM Fratio p Genotype Mean = SEM Fratio p
IN (naive) 56.77 = 414 183999  0.0001 ANOVA Fs 55) = 6.8503, p << 0.0001
IN (15 shocks) 2237 + 482 fur1” (naive) 4266 = 2.76 03879  0.5362
Figure 2J fur1" (15 shocks) 47.44 + 453
G80™:\IT44966-G4> + 305a-G4/+; furl/fur1 (naive) 60.57 = 6.46 0.087  0.7692
ANOVA F334 = 43.7431, p < 0.0001 305a-Ga/+; fur1'/fur1” (15 shocks) ~ 62.59 =+ 5.59
UN (naive) 66.19 * 3.74 57.0926 <<0.0001 305a-G4/+; fur1’/+ (naive) 61.74 = 4.4 20.0779 <0.0001
UN (15 shocks) 19.53 * 4.79 305a-G4/+; fur?'/+ (15 shocks) 31 % 4.55
IN (naive) 67.55 = 2.85 74.078 <<0.0001 Figure 44
IN (15 shocks) 1871 + 438 305a-G4;G80™ > fur1™A?
Figure 3C ANOVA F(9,111) =3.3112, p= 0.0014
305a-Ga4/UASfur1; fur1/fur?’ UN vehicle (naive) 84.85 = 3.09 10945  0.0013
1 d induction UN vehicle (15 shocks) 61.82 = 4.75
ANOVA Fi7 83 = 5.7847, p < 0.0001 IN vehicle (naive) 62.37 = 6.23 0.4499  0.5039
fur1” (naive) 4897 = 448 1.8153 0.1819 IN vehicle (15 shocks) 67.05 = 531
fur1” (15 shocks) 39.74 = 5.03 IN 2 nm haloperidol (naive) 66.84 = 590 1.8443 0.1774
305a-G4/+; fur1’/+ (naive) 54.00 = 3.63 10.2535 0.002 IN 2 nm haloperidol (15 shocks) 57.58 = 2.76
305a-Gd/+; furl’/+ (15 shocks) 34.28 = 2.56 IN'5 nm haloperidol (naive) 64.96 = 552 13897 0.2412
UASFur1/+; furl’/+ (naive) 50.56 = 5.66 16.9432 <<0.0001 IN 5 nm haloperidol (15 shocks) 56.75 * 3.82
UASfur1/-+; fur1’/+ (15 shocks) 25.75 = 5.13 IN 10 nm haloperidol (naive) 76.95 = 4.03 7.1572  0.0087
305a-G4/UASTurT; furlffur1” (naive) 5315 + 3.08  7.9254  0.0062 IN 10 n haloperidol (15 shocks) 58.71 *+ 5.60
305a-G4/UASTurT; fur1’/fur’ (15 shocks) 35.39 * 4.98 Figure 48
Figure 3D 305a-G4:G80° > fuur 1~NA?
305a-G4/+; UAShfur, fur1'/fur1’ ANOVA Fig113) = 2.6165, p=0.0091
1 d induction UN vehicle (naive) 6597 = 3.53 7.8718 0.0060
ANOVA Fi7 64 = 19.4922, p < 0.0001 UN vehicle (15 shocks) 43.90 * 5.02
fur1” (naive) 46.61 = 2.55 0.1676  0.6838 IN vehicle (naive) 3693 = 8.0 41183 0.0450
fur1’ (15 shocks) 4441 + 345 IN vehicle (15 shocks) 53.57 = 476
305a-G4/+; fur1’/+ (naive) 63.09 = 2.69 36.4826 <<0.0001 IN 2 nm risperidone (naive) 37.21 = 468 0.0001 0.9909
305a-G4/+; furl’/+ (15 shocks) 33.57 = 4.02 IN 2 nm risperidone (15 shocks) 3731 £3.12
UAShfur, fur1'/+ (naive) 80.10 = 2.08 19.6632 <<0.0001 IN 5 nm risperidone (naive) 4131 £ 576 0.0872 0.7684
UAShfur, fur?'/+ (15 shocks) 56.31 = 4.23 IN 5 nm risperidone (15 shocks) 4378 = 7.42
305a-G4/+; UAShfur, fur1/furl’ (naive) 67.10 + 4.01 38.8837 <<0.0001 IN 10 nm risperidone (naive) 36.73 £ 7.24 12422 0.2676
305a-G4/+; UAShfur, fur’ /furl’ 3570 = 4.55 IN 10 nw risperidone (15 shocks) 46.07 + 6.52
(15 shocks) Figure 4C
Fiqure 3G 305a-G4;G80" > fur 1~V
UASFur1/+; \T44966-G4, furl’/fur1’ ANOVA Fig,110) = 2.9796, p = 0.0035
1 d induction UN vehicle (naive) 79.07 = 3.81 10.391 0.0017
ANOVA Fiz75) = 8.0094, p << 0.0001 UN vehicle (15 shocks) 59.44 + 539
furl’ (naive) 53.52 = 6.84 0.0348 0.8525 IN vehicle (naive) 58.06 = 6.57 0.0507 0.8222
fur1” (15 shocks) 52.09 * 5.45 IN vehicle (15 shocks) 59.55 * 5.49
\T44966-G4, furl'/+ (naive) 68.84 + 430 24.445 <<0.0001 IN 2 nm clozapine (naive) 72.80 = 4.83  9.1488  0.0032
\T44966-G4, furl’/+ (15 shocks) 3275 =532 IN 2 nm clozapine (15 shocks) 5227 = 427
UASfur1/+; furl'/+ (naive) 68.95 = 4.49 13.1299  0.0006 IN'5 nm clozapine (naive) 68.31 =3.23 07165 0.3993
UASfur1/+; fur1’/+ (15 shocks) 4251 *6.72 IN 5 nm clozapine (15 shocks) 62.40 *+ 3.07
UASfur1/-+; NT44966-G4, furl’ fur1’ 6134 = 531 41821 0.0447 IN 10 nm clozapine (naive) 61.48 = 461 0.0147 0.9038
(naive) IN 10 nm clozapine (15 shocks) 60.68 = 3.20
UASfur1/+; NT44966-G4, furl'/fur1’  77.07 + 2.58 Figure 4D
(15 shocks) 3052-G4; 680> fur 1™V
Figure 3H ANOVA F(5,60) =5.979, p= 0.0002
\T44966-G4, furl’ JUAShfur, furl’ UN vehicle (naive) 61.10 = 3.82  7.1849  0.0097
1 d induction UN vehicle (15 shocks) 4490 + 476
ANOVA Fi7 55 = 9.3652, p < 0.0001 IN vehicle (naive) 4581 =371 14547 0.2329
fur’ (naive) 53.87 = 6.28  0.5697  0.4541 IN vehicle (15 shocks) 53.56 + 4.40
fur1” (15 shocks) 58.33 = 4.62 IN 1 nm clozapine (naive) 62.67 = 4.56 19.9331 <0.0001
VT44966-G4, furl'/+ (naive) 7317 £ 2.66 14.6014  0.0004 IN 1 nm clozapine (15 shocks) 35.69 = 4.36
\IT44966-G4, furl’/+ (15 shocks) 48.05 = 331 Figure 4F
UAShfur, furl'/+ (naive) 75.93 + 240 23.1313 <0.0001 +>fur?™A2
UAShfur, fur1'/+ (15 shocks) 4431 + 6.17 ANOVA Fi7 87 = 8.124, p < 0.0001
\IT44966-G4, furl' /UAShfur, furl” (naive) 77.50 = 3.53 00122 09124 UN vehicle (naive) 55.55 = 4.94 109421 0.0014
\T44966-G4, furl’ /UAShfur, furl’ 76.80 + 2.98 UN vehicle (15 shocks) 29.11 £ 5.85
(15 shocks) UN 10 nm haloperidol (naive) 55.96 = 5.17 8.0298  0.0058
Figure 3J UN 10 nm haloperidol (15 shocks) 3331 £7.38
305a-G4/+; fur1’/fur?’ IN vehicle (naive) 58.09 + 5.87 15.9516  0.0001
1 d induction IN vehicle (15 shocks) 26.17 * 4.84

(Table continues.) (Table continues.)
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Table 1 Continued

Genotype Mean = SEM Fratio p

IN 10 nm haloperidol (naive) 5143 = 6.16 18.1904 <<0.0001

IN 10 nm haloperidol (15 shocks) 17.34 £ 447
Figure 4F
+ > fur7 A
ANOVA F7 87 = 3.7428, p=0.0015
UN vehicle (naive) 55.55 = 494 9.9875 0.0022
UN vehicle (15 shocks) 29.11 * 5.85
UN 2 nm clozapine (naive) 48.62 = 591 0.0472 0.8286
UN 2 nm clozapine (15 shocks) 46.8 = 7.13
IN vehicle (naive) 58.09 * 5.87 14.56 0.0003
IN vehicle (15 shocks) 26.17 + 4.84
IN 2 nm clozapine (naive) 4091 = 6.12  0.0009 0.9767
IN 2 nm clozapine (15 shocks) 40.66 = 6.35
Figure 4G
80"V T44966-G4>>fur1™A2
ANOVA Fo g5 = 6.7678, p << 0.0001
UN vehicle (naive) 72.04 =376  9.6549 0.0026
UN vehicle (15 shocks) 54,83 + 335
IN vehicle (naive) 45.01 = 4.05 0.0382 0.8456
IN vehicle (15 shocks) 46.17 = 542
IN 2 nm clozapine (naive) 60.72 = 455 0.1411  0.7082
IN 2 nm clozapine (15 shocks) 58.34 = 4.98
IN 2 nm risperidone (naive) 59.42 =500 0.1604 0.6899
IN 2 nm risperidone (15 shocks) 56.89 + 3.48
IN 2 nm haloperidol (naive) 71.32 £ 2.82 30.2152 <0.0001
IN 2 nm haloperidol (15 shocks) 36.47 + 5.19
Figure 4H
dnc-G4,G80° > fur1™A2
ANOVA Fig 143 = 3.8072, p = 0.0003
UN vehicle (naive) 73.88 = 3.49 12.7352  0.0005
UN vehicle (15 shocks) 50.50 = 4.62
IN vehicle (naive) 55.79 = 6.07 2507  0.1157
IN vehicle (15 shocks) 67.11 + 3.35
IN 2 nm clozapine (naive) 61.27 = 5.00 0.0572 0.8114
IN 2 nm clozapine (15 shocks) 59.65 = 3.86
IN 2 nm haloperidol (naive) 59.65 £ 7.04 18679 0.174
IN 2 nm haloperidol (15 shocks) 50.55 = 4.69
IN 10 nm haloperidol (naive) 7441 = 2.84 144551  0.0002
IN 10 nm haloperidol (15 shocks) 48.15 * 5.06

previously (Kotoula et al., 2017). Briefly, transgene-specific transcripts
were selected and reverse transcribed with transgene-specific reverse pri-
mers, while PCR amplification of the transgene-specific cDNAs was
achieved with transgene-specific forward primers in addition to the
reverse primers used for reverse transcription (Kotoula et al., 2017).

Behavioral analyses

Crosses for behavioral experiments. For the UAS-shi® crosses, UAS-
shi” and Gal4 driver homozygotes were crossed en masse to their cog-
nate genetic control strain w'''%, to obtain heterozygous controls. For
the genetic rescue experiments, female c¢305a-Gal4; fur11 or VT44966-
Gald, furl" were crossed to either UASfurinl; furl’ or UAShfurin, furl
to obtain the experimental animals. For these experiments, heterozygous
controls were used, obtained by crossing the c305a-Gald; furl’ or
VT44966-Gald, furl' and UASfurinl; furl’ or UAShfurin, furl" animals
with y'w’ flies.

To examine whether the temperature shift was responsible for the
observed deficient habituation phenotype, driver and fur1*"** heterozy-
gotes raised at 18°C until hatching and were then separated into two
groups. Half of them stayed at 18°C (uninduced) and the other were
placed at 30°C (induced) for 2d before training and testing. The heat
induction does not affect habituation to footshocks. To ascertain that the
presence of c305a-G4 driver alone does not suffice to rescue the habitua-
tion deficit, c305a-Gal4/+; furl l/furll animals, were raised at 18°C until
hatching and then were transferred to 30°C for 1d before training and
testing.
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Shock habituation. For the training phase, ~50-70 flies were seques-
tered in the upper arm of a standard T-maze lined with an electrifiable
grid. They were exposed to 1.2 s electric shocks at 45 V with a 5.15 s
interstimulus interval. After a 30 s rest and 30 s for transfer to the lower
part of the maze, the flies were tested by choosing between an electrified
and an inert grid. Testing was performed at the same voltage, shock du-
ration, and interstimulus interval as for training. During the 90 s choice
period, 17-18 1.2 s stimuli were delivered to the electrified arm of the
maze. At the end of the choice period, the flies in each arm were trapped
and counted, and the performance index (PI) was calculated as the per-
centage of the fraction of flies that avoided the electrified grid, minus the
fraction of flies present in the arm with the electrified grid (Acevedo et
al.,, 2007).

Dishabituation. To distinguish habituation from fatigue or sensory
adaptation after 30 footshocks, flies were dishabituated post-training
with an 8 s puff of yeast odor (YO) carried in air drawn at 500 ml/min
over a 30% (w/v) aqueous solution of Brewer’s yeast (catalog #68876-77-
7, Acros Organics) and then were submitted to testing (Roussou et al.,
2019).

Olfactory habituation. The olfactory habituation assay was per-
formed as described previously (Semelidou et al., 2018) using 3-octanol
as the aversive odorant. The PI was calculated as the percentage of the
fraction of flies that avoided the odorant, minus the fraction of flies that
did not and remained in the odor-carrying arm (Semelidou et al., 2018).

Drug treatment details. Clozapine was used at final concentrations of
1 nm, 2 nM, 5 nM, 10 nM, and 10 uM, and risperidone and haloperidol
were used at 2 nm, 5 nym, 10 nm, and 10 uM. Flies were exposed to drug or
vehicle only containing yeast paste for 14-16 h. The following day, the
flies were transferred in normal food vials for 1 h before the behavioral
task, trained, and tested. Since flies from both sexes were used, to deter-
mine whether the sex of the animals impacted their behavioral output,
possibly because of differential yeast paste consumption by the females,
mixed-sex +>furl™¥** populations were treated with vehicle or anti-
psychotics at the relevant concentrations after standard 2 d induction or
uninduced and were trained as mixed populations, but the PI of males
and females was calculated separately.

To test the effect of the temperature shift (induction) on the respon-
siveness to drugs, mixed-sex +>furl*? flies were either maintained
at 18°C (uninduced) after hatching or shifted to 30°C (induced) and
treated with the concentrations of clozapine and haloperidol that rescued
the phenotype.

Experimental design and statistical analyses

For all experiments, controls and genetically matched experimental geno-
types were tested in the same session in a balanced experimental design.
The order of training and testing was randomized. When two genetic con-
trols were used, we required results from experimental animals to be sig-
nificantly different from both genetic controls. Untransformed (raw) data
were analyzed parametrically with the JMP 9 statistical software package
(SAS Institute). If significant, initial ANOVAs were followed by planned
comparisons [least square mean (LSM) contrast analyses], as to whether
they indicated significant differences among the genotypes and the level of
significance was adjusted for the experiment-wise error rate as suggested
by Sokal and Rohlf (2012). All statistical comparisons are detailed in the
text and the collective statistics table (Table 1).

Results

Furinl is necessary for habituation to recurrent footshocks
within specific adult mushroom body neurons

To determine whether Furinl (Furl) activity is required for
Drosophila footshock habituation, we used two homozygous via-
ble and a lethal transposon insertion allele furl’, furl?, and furl’,
respectively (for genotypes, see Materials and Methods).

Both viable allele homozygotes did not habituate after experi-
encing 15 recurrent stimuli of 45 V DC (Acevedo et al., 2007;
Roussou et al.,, 2019), in contrast to controls (Fig. 1A: ANOVA:
F3,43) = 15.5826, p <0.0001; subsequent LSM, control naive vs
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Figure 1.  Furin1 is necessary for shock habituation. Mean = SEM performance indices cal-
culated, as detailed in Materials and Methods, are shown. Values indicate aversion of the
shock stimuli and movement toward the stimulus-devoid arm of the maze. Dark gray bars
represent the response of control and mutant flies to the test stimuli after pre-experiencing 6,
15, or 30 footshocks or 4 min of 3-octanol. Open bars represent the naive responses to the
test stimuli. Light gray bars represent the dishabituation response of control and mutant flies
to the test footshock stimuli after pre-experiencing 30 such footshocks and 8 s of yeast odor
(Y0). Stars indicate significant differences from the naive response, and the collective statistical
details are presented in Table 1. A, B, Footshock avoidance of control flies and Furin1 mutants
furl” and fur??, either naive or after pre-exposure to 15 shocks: n > 11 for fur?” and n > 8
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15 shocks, p < 0.0001; and furl" naive vs 15 shocks, p =0.7667;
Fig. 1B: ANOVA: Fg; 3, = 4.9721, p=0.0066; subsequent LSM:
control naive vs 15 shocks, p=0.0012; and furl® naive vs 15
shocks, p=0.2498), which presented a significant post-training
reduction in shock avoidance. However, footshock avoidance of
the mutants remained within the levels of control animals (Fig.
1A,B), indicating that Furl is not involved in perception or trans-
mission of this aversive stimulus. A similar habituation failure
was presented by the furl’/+ animals (Fig. 1E: ANOVA: F( 47) =
5.2587, p=0.0035; subsequent LSM: control naive vs 15 shocks,
p=0.0016; and fur1’/+ naive vs 15 shocks, p = 0.9267). To deter-
mine whether the observed phenotype results from prolonged la-
tency or actual habituation failure, furl’ homozygotes were
exposed to 30 footshocks, which, as in similarly treated controls,
resulted in emergence of the habituated response (Fig. 1C;
ANOVA: Fs46) = 14.553, p < 0.0001; subsequent LSM: control
naive vs 15 shocks, p<<0.0001; control naive vs 30 shocks,
P =0.0004; furl’ naive vs 15 shocks, p=0.0973; furl" naive vs 30
shocks, p=0.0001).

To ascertain that this was indeed habituation and not fatigue
because of the extensive stimulation, the animals were exposed
to 8 s of YO, which is known to be an effective dishabituator
(Roussou et al., 2019), immediately after the 30th footshock. This
resulted in the recovery of shock avoidance to naive levels (Fig.
1D; ANOVA: F(550) = 25.4552, p<<0.0001; subsequent LSM:
control naive vs 30 shocks, p < 0.0001; control 30 shocks vs 30
shocks+YO, p<0.0001; furl’ naive vs 30 shocks p < 0.0001;
furl" 30 shocks vs 30 shocks+YO, p < 0.0001), demonstrating that
mutants habituate after 30 footshocks, instead of 15 footshocks,
which suffice for control animals to habituate. Heterozygotes for the
fur® allele, also habituated after 30 footshocks and dishabituated
with an 8 s puff of yeast odor (Fig. 1F; ANOVA: Fs 4;) = 23.8953,
p<<0.0001; subsequent LSM: control naive vs 30 shocks,
P <0.0001; control 30 shocks vs 30 shocks + YO, p < 0.0001;
furl’/+ naive vs 30 shocks, p < 0.0001; furl’/+ 30 shocks vs 30
shocks+YO, p<0.0001), indicating that neurons mediating
shock habituation are sensitive to Furl for timely latency termi-
nation and habituation onset by the 15th stimulus, as control
animals do (Fig. 1; Acevedo et al., 2007; Roussou et al., 2019).
Because 15 footshocks suffice for these and other control strains
to habituate (Acevedo et al., 2007; Roussou et al., 2019), we use
this stimulus number threshold to compare the performance of
mutants and animals with tissue-specific Furl attenuation in all
subsequent experiments.

However, unlike dBtk abrogation (Roussou et al,, 2019), the
furl mutants did not habituate prematurely to six footshocks
(Fig. 1G: ANOVA: F(355 = 0.3457, p=0.7924; and Fig. 1H:
ANOVA: F(5 59) = 1.4271, p=0.2467). Moreover, exposure to the
continuous aversive odorant 3-octanol for 4 min, which is known
to yield the habituated response (Semelidou et al., 2018), elicited
habituation in both controls and furl mutants (Fig. 1I: ANOVA:

«—

for fur?’. €, Assessment of the avoidance of control and fur?” mutant flies naive or exposed to
15 or 30 shocks: n > 7 for all groups. D, Footshock avoidance assessment of control and fur?’
mutant flies, either naive or after exposure to 30 shocks or 30 shocks followed by 8 s of a YO:
n > 8 for all groups. E, Shock avoidance of control and fur?/+ mutant flies exposed to
15 footshocks compared with naive: n= 12 for all groups. F, Footshock avoidance of control
and fur?/-+ mutants exposed to 30 footshocks or 30 footshocks followed by 8 s of a YO,
compared with naive: n=7 for all groups. G, H, Shock avoidance of control flies and furl’
and fur?® mutants exposed to six footshocks or naive: n =14 for furl” and n > 12 for fur?*.
1, J, Avoidance assessment of control flies and fur?" and fur7? mutants after 4 min of exposure
to 3-octanol compared with naive: n > 13 for fur” and n > 12 for fur1.
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Figure 2.  Furin1 is acutely required within MB «’/3" and -y neurons for shock habituation. A, Furin1 is expressed in adult mushroom body neurons, revealed by a gene fragment driving
a reporter GFP-expressing transgene as detailed in https://flweb.janelia.org/cgi-bin/view_flew_imagery.cgi?line=R26H09 (Jenett et al., 2012). 1-3, Expression in the -y neurons is highlighted
by the large arrowhead (1), in the /3 neurons by a large arrowhead (2) and the «'/3" neurons with a small arrowhead (2), while the respective dendrites and cell bodies by the small
arrowhead (3). B-J, Mean == SEM performance indices calculated as detailed in Materials and Methods are shown. Gray bars represent the response of control and mutant flies to the test foot-
shock stimuli after pre-experiencing 15 such shocks. Open bars represent the naive responses to the test stimuli. Stars indicate significant differences from the naive response, and the collective
statistical details are presented in Table 1. B, Avoidance of controls (UN) and flies with RNAi-mediated abrogation of Fur1 within adult MBs under MB247-Gal4, Gal80" (IN) exposed to 15 foot-
shocks or naive: n > 8 for all groups. €, Controls (UN) and flies with Fur1 abrogation (IN) in adult /3 MB neurons under c739-Gal4, Gal80" were assessed for avoidance either naive or
exposed to 15 shocks: n > 7 for all groups. D, Shock avoidance in flies with Fur abrogation in adult «’//3 "MB neurons under c305a-Gal4; Gal80" (IN) and controls (UN) exposed to 15 shocks or
naive: n > 10 for all groups. E, Avoidance of controls (UN) and flies with Fur1 abrogation in adult cv’//3 " MB neurons under c305-Gal4; Gal80® (IN) either naive or exposed to 15 shocks: n =14
for all groups. F, Flies with Fur abrogation in adult 7 MB neurons under Gal80"; VT44966-Gal4 (IN) and controls (UN) tested for avoidance after pre-exposure to 15 electric shocks or naive: n > 11
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F354) = 14.0257, p < 0.0001; subsequent LSM: control naive vs
4min OCT, p=0.0002; furl" naive vs 4min OCT, p < 0.0001;
Fig. 1J: ANOVA: F347) = 7.3664, p=0.0004; subsequent LSM:
control naive vs 4min OCT, p=0.0036; furl’ naive vs 4 min
OCT, p=0.0010). This indicates that, in contrast to footshock,
Furl activity is not required for olfactory habituation. Rather,
Furl likely operates within specific neuronal circuits of the adult
CNS engaged in assessing and mediating responses to footshock
stimuli.

Because an antibody to ascertain reduction in Furl levels is
not available, we sought to confirm that attenuation of this pro-
tein indeed results in footshock habituation defects using RNAi.
To get insights regarding the spatial restriction of Furl RNAi
expression, we searched the Janelia library of gene fragments
driving reporter expression (Jenett et al., 2012) for the GFP pat-
tern under furl genomic elements. Although broadly expressed
(Jenett et al., 2012), Furl also appears present within all mush-
room body (MB) neuronal subtypes (Fig. 2A). The ~2000 neu-
rons in the dorsal posterior per brain hemisphere comprising the
MBs project their axons anteriorly forming the horizontal y, 8,
and B’ lobes, and the vertical a and @' lobes. Given the role of
the MBs in the process (Acevedo et al., 2007; Papanikolopoulou
et al.,, 2019; Roussou et al., 2019) and in stimulus modulation
(Modi et al., 2020), we used the RNAi-mediating transgenes
(fur®™™) to abrogate Furl specifically in postdevelopmental
adult MBs using TARGET (McGuire et al., 2004). Consistent
with the reporter pattern, RNAi-mediated Furl attenuation (IN)
in all MB neurons (MBNs) under MB247-Gal4 (Fig. 2B) resulted
in deficient habituation to 15 footshocks, whereas sibling animals
with the RNAi-mediating transgene silent (UN) habituated nor-
mally (ANOVA: F(; 34y = 16.3363, p < 0.0001; subsequent LSM:
UN naive vs UN 15 shocks, p < 0.0001; IN naive vs IN 15 shocks,
p=0.8537). This independently confirms that the deficit of the
furl mutants is indeed because of attenuated Furl levels, and it is
not developmental in origin.

Processes underlying footshock habituation latency engage
the &/ B MBNs (Acevedo et al., 2007; Roussou et al., 2019), and,
as expected, Furl attenuation therein did not result in premature
habituation (Fig. 2C), as both experimental and control flies
responded normally (ANOVA: F3 5y = 7.911, p =0.0007; subse-
quent LSM: UN naive vs UN 15 shocks, p=0.0092; IN naive vs
IN 15 shocks, p=0.0009). In contrast, animals with attenuated
Furl within adult a'/B8 ' neurons under c305a-Gal4 (see Fig. 5,
expression pattern) whose activation has been reported to be
essential for normal habituation (Roussou et al., 2019) did not
habituate to 15 shocks in contrast to controls (Fig. 2D; ANOVA:
F3,41) = 7.2492, p = 0.0006; subsequent LSM: UN naive vs UN 15
shocks, p=0.0001; IN naive vs IN 15 shocks, p=0.1398). This
result was independently confirmed with a second RNAi-encod-
ing transgene (Fig. 2E; ANOVA: F3 55, = 5.0754, p = 0.0037; sub-
sequent LSM: UN naive vs UN 15 shocks, p =0.0027; IN naive vs
IN 15 shocks, p=0.7964).

Interestingly, Furl attenuation within 7y neurons under
VT44966-Gal4 (see Fig. 5, expression pattern) also precipitated

«—

for all groups. G, Avoidance of controls (+>>UAS-shi® and VT44966-Gal4>> -+) and flies with
silenced adult -y MB neurons after exposure to 15 electric shocks, or naive: n > 11 for all
groups. H-J, UN and IN heterozygotes of the indicated Gal4 driver lines were assessed for
avoidance after pre-exposure to 15 shocks or naive. Both UN and IN were raised at 18°C until
hatching, and then IN were incubated at 30°C for 48 h to emulate induction while UN remained
at 18°C: n > 8 for all groups.
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defective habituation (Fig. 2F; ANOVA: F(545) = 10.6144, p <
0.0001; subsequent LSM: UN naive vs UN 15 shocks, p < 0.0001;
IN naive vs IN 15 shocks, p =0.9642). Because to date y neurons
have not been implicated in footshock habituation, we confirmed
their role by synaptically silencing them by expression of the tem-
perature-sensitive dynamin shi® (Kitamoto, 2001). In fact, silencing
v neurons resulted in deficient habituation (Fig. 2G; ANOVA:
Fs5,79) = 5.1596, p = 0.0004; subsequent LSM: +>UASshi® naive vs
+>UASshi® 15 shocks, p=0.0009; VT44966-Gal4>+ naive vs
VT44966-Gald>>+ 15 shocks, p = 0.0063; VT44966-Gald>UASshi"
naive vs VT44966-Gald>UASshi® 15 shocks, p=0.3863). This
result expands the MBNs needed to be synaptically active to
drive footshock habituation to include the y neurons, in addi-
tion to a'/B’' (Roussou et al., 2019). The RNAi-mediated
habituation deficit is not a nonspecific effect of induction by
incubation at 30°C for two reasons. First, because although
exposed to 30°C for the same amount of time as for animals
presenting defects on induction, habituation was normal in
animals expressing furlRNAi2 in a/ B neurons (Fig. 2C). Second,
heterozygotes of all drivers that underwent the same induction
regime also habituated normally (Fig. 2H: ANOVA: F3.43) =
23.7752, p<<0.0001; subsequent LSM: UN naive vs UN 15
shocks, p <0.0001; IN naive vs IN 15 shocks, p <0.0001; Fig.
2I: ANOVA: F(; 45 = 11.82, p <0.0001; subsequent LSM: UN
naive vs UN 15 shocks, p=0.0003; IN naive vs IN 15 shocks,
p=0.0001; Fig. 2J: ANOVA: F;34) = 43.7431, p < 0.0001; sub-
sequent LSM: UN naive vs UN 15 shocks, p < 0.0001; IN naive
vs IN 15 shocks, p<0.0001). In addition, for furl"~*?/+
ANOVA: F(3 43y = 9.8354, p <0.0001; subsequent LSM: UN na-
ive vs UN 15 shocks, p=0.0013; IN naive vs IN 15 shocks,
p=0.0001. Collectively then, these results verify that the Furl
attenuation leads to defective footshock habituation. Conversely,
Furl activity is required within adult «’/8’ and y MBNs for
normal footshock habituation.

To validate this conclusion, we aimed to reverse the habit-
uation deficit of furl’ mutants by the expression of a furl
transgene within their @'/’ and y neurons. Transgenes car-
rying Drosophila or human fur cDNAs were introduced to
furl” mutants and driven in adult furl’ homozygote MBs
under c305a-Gal4 and VT44966-Gal4. Expression of these
transgenes in control animals and furl' mutant homozygotes
under both drivers was verified using PCR (Fig. 3A,E, UASfurl,
B,F, UAShfur). Although expressed under Gal4, the animals were
raised at 18°C to minimize transgene expression during develop-
ment. In fact, the HA-tagged human protein, which could be
assayed with the available anti-HA antibody, was detectable only
after a 24 h incubation at 30°C (Fig. 3I). Therefore, all experi-
mental animals and relevant controls were incubated at 30°C for
24 h before behavioral experimentation.

Expression of the Drosophila furinl transgene (UASfurl) in
@'/B’ neurons (Fig. 3C) fully rescued the inability of furl’
homozygotes to habituate to 15 footshocks (ANOVA: F; g3, =
5.7847, p<0.0001; subsequent LSM: furl' naive vs furl' 15
shocks, p=0.1819; c305a-Gal4/+; furl'/+ naive vs c305a-Gald/+;
furl'/+ 15 shocks, p=0.002; UASfurl/+; furl'/+ naive vs
UASfurl/+; furl'/+ 15 shocks, p < 0.0001; c305a-G4/UASfurl;
furl'/furl" naive vs c305a-G4/UASfurl; furl'/furl' 15 shocks,
p=0.0062). Importantly, expression of the human Furin cDNA
within furl" homozygote @'/’ neurons also fully rescued their
deficient habituation (Fig. 3D; ANOVA: Fpey = 194922,
p<0.0001; subsequent LSM: furl’ naive vs furl’ 15 shocks,
p=0.6838; c305a-Gald/+; furl'/+ naive vs c305a-Gald/+;
furl'/+ 15 shocks, p<0.0001; UAShfur, furl'/+ naive vs
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Figure 3.  Genetic rescue of the footshock habituation deficit with Drosophila and human Furin transgenes. C, D, G, H, J,

Mean = SEM performance indices calculated as detailed in Materials and Methods are shown. Gray bars represent the
response of control and mutant flies to the test footshock stimuli after pre-experiencing 15 such shocks. Open bars represent
the naive responses to the test stimuli. All experimental animals were raised at 18°C and shifted to 30°C for 24 h to drive
the expression of Furin transgenes. Control heterozygotes were treated similarly. The “+" on the graphs (C, D and G, H) is
used to discriminate fur?" heterozygotes from the furl’ homozygotes. Stars indicate significant differences from the naive
response, and the collective statistical details are presented in Table 1. 4, B, E, F, Results of PR after reverse transcription
(RT-+) or without (RT-) of transgene-encoded RNAs expressed in fur7" homozygotes or in wild-type animals (first two lanes)
under the o’/ B driver c305a-Gal4 (A, B), or the -y driver VT44966-Gal4 (E, F). Transgene-specific transcripts were selected
and reverse transcribed with specific reverse primers, while amplification of transgene-specific (DNAs was achieved with spe-
cific forward primers and the reverse primers used for reverse transcription. The Drosophila transgene is assayed for expres-
sion in A and , and the human transgene in B and F. Experimental animals were raised at 18°C and 2- to 3-d-old adults
were shifted to 30°C for 24 h (1 d) or 120 h (5 d) to induce the transgenes. m denotes the size marker between 200 and
300 bp. Since the sought results are qualitative (i.e., expression or not), there are no loading or efficiency controls. C,
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UAShfur, furl'/+ 15 shocks, p < 0.0001;
305a-G4/+; UAShfur, furl'/furl’ naive
vs ¢305a-G4/+; UAShfur, furl'/furl’ 15
shocks, p<<0.0001). This indicates that
the human protein is functionally orthol-
ogous with Furl. In fact, comparison of
the Drosophila with the human sequence
using DIOPT version 8.0 (https://www.
flyrnai.org/cgi-bin/DRSC_prot_align.pl?
geneid1=47220&geneid2=5045) demon-
strates that both are members of the pro-
tein convertase family, with overall 53%
identity and 65% similarity. The identities
are primarily distributed over recogniz-
able functional domains, namely 53%
over the N terminus proximal S8 ser-
ine-type endopeptidase family domain,
71% over the Kexin-like domain, and
73% over the central S8 peptidase fam-
ily domain.

Based on the above, the consequences
of Furl loss within MBNs could be reflec-
tive of Furin attenuation in the human
CNS, which has been linked to schizo-
phrenia (Fromer et al., 2016, Christensen
and Berglum, 2019; Schrode et al., 2019).
Hence, as Furl loss is complemented by
its conserved human homolog, the collective
results suggest that footshock habituation
defects constitute a potential schizophrenia
protophenotype in Drosophila. Reversal of
the habituation deficit depended on trans-
gene expression as the driver alone did not
rescue the defect (Fig. 3, ANOVA: Fsss) =
6.8503, p < 0.0001; subsequent LSM: furl’
naive vs furl' 15 shocks, p = 0.5362; c305a-
G4/+; furl'/furl’ naive vs c305a-G4/+;
furl'/furl’ 15 shocks, p=0.7692; c305a-
G4/+; furl'/+ naive vs c305a-G4/+;
furl'/+ 15 shocks, p < 0.0001). Therefore,

«—

Avoidance of controls and flies expressing a Drosophila
furin1 transgene (UASfur7) in adult fur1! a'/B" MB neu-
rons exposed to 15 shocks or naive: n > 8 for all groups. D,
Shock avoidance in controls and flies expressing a human
furin transgene (UAShfur) in adult furl o'/ ' MB neurons
exposed to 15 shocks or naive: n > 7 for all groups. G,
Controls and flies expressing a Drosophila furin1 transgene
(UASFur?) in adult fur1’ 7y MB neurons were assessed for
avoidance after pre-exposure to 15 electric footshocks or
naive: n > 9 for all groups. H, Investigation of avoidance
in flies with the expression of a human furin transgene
(UAShfur) in adult fur?” 5 MB neurons and controls
exposed to 15 shocks or naive: n > 6 for all groups. /,
Assessment of hfur expression using the anti-HA-Tag
antibody in c305a-G4/+; UAShfur, fur1’/fur1’ flies. The
experimental animals were raised at 18°C (UN) and 2- to
3-d-old adults were shifted to 30°C for 24 h (IN) to drive
expression of the human Furin transgene. Control hetero-
zygotes were treated similarly. J, Avoidance in fur?” mu-
tant homozygotes and heterozygotes carrying the c305a-
G4 driver (c305a-G4/+; fur1/fur1") exposed to 15 shocks
or naive: n > 8 for all groups.
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Furl expression in &'/ neurons appears necessary and suffi-
cient to support mechanisms requisite for normal habituation to
footshocks.

In contrast, the expression of either Drosophila (Fig. 3G) or
human transgenes (Fig. 3H) within the y neurons did not
reverse the habituation deficit of furl’ homozygotes (Fig. 3G:
ANOVA: F7 75) = 8.0094, p < 0.0001; subsequent LSM: furll na-
ive vs furl’ 15 shocks, p = 0.8525; VT44966-G4, furl'/+ naive vs
VT44966-G4, furl'/+ 15 shocks, p<0.0001; UASfurl/+;
furl'/+ naive vs UASfurl/+; furl'/+ 15 shocks, p < 0.0006;
UASfurl/+; VT44966-G4, furl'/furl’ naive vs UASfurl/+;
VT44966-Gd4, furl'[furl" 15 shocks, p < 0.04471; Fig. 3H: ANOVA:
Fi755 = 9.3652, p < 0.0001; subsequent LSM: furl" naive vs furl’ 15
shocks, p=0.4541; VT44966-G4, furl'/+ naive vs VT44966-G4,
furl'/+ 15 shocks, p =0.0004; UAShfur, furl'/+ naive vs UAShfur,
furl'/+ 15 shocks, p < 0.0001; VT44966-G4, furl' [UAShfur, furl’
naive vs VT44966-G4, furl' [UAShfur, furl’ 15 shocks, p=0.9124).
Lack of rescue under the vy driver was apparent even after pro-
longed transgene expression for 2 and 5d at 30°C, respectively
(Table 2). Because Furl abrogation therein resulted in habitua-
tion deficits (Fig. 2F) and neurotransmission from 7y neurons is
required for footshock habituation (Fig. 2G), Furl activity
within these neurons is necessary for the process. However,
lack of rescue when «'/' neurons are mutant indicates that
Furl is not cell autonomously sufficient within y neurons to
drive habituation.

It should also be noted that although the habituation assay
yields somewhat variable results, the performance of mutants
and animals with abrogated Furl is consistently defective over
multiple independent experiments in different genetic back-
grounds, as detailed above and below and summarized in the
statistics table (Table 1).

Pharmacological amelioration of habituation deficits on
Furl abrogation

Polymorphisms that ostensibly lead to Furin attenuation have
been linked to schizophrenia in humans (Sharma et al., 2009;
Fromer et al., 2016, Schrode et al., 2019), with antipsychotics
being the main treatment course. Thus, antipsychotics were used
to attempt reversal of the habituation defects on Furl loss as
these drugs have been reported to be effective in reversing foot-
shock habituation defects (Roussou et al., 2019). There are two
main classes of antipsychotics, typical and atypical, thought to
address with broadly variable affinities a number of receptors.
These include primarily serotonin and dopamine receptors, but
also muscarinic, adrenergic, glutamatergic, and histaminic recep-
tors (Kapur and Mamo, 2003; van Os and Kapur, 2009; Patel et
al., 2014). Typical antipsychotics, such as haloperidol appear to
antagonize mainly the DRD2 dopamine receptor (Kapur and
Mamo, 2003), while the atypical clozapine and risperidone are
thought to be potent antagonists of catecholamine receptors,
with the HTR2A being a primary target (Patel et al., 2014).

Since Furl activity is required for habituation in specific
MBNs (Figs. 2, 3), we opted to treat pharmacologically animals
where the protein was specifically abrogated therein. We used
drug concentrations in the low-nanomolar range to avoid non-
specific effects because of drug excess. Because we offer the drugs
orally with unknown, at the moment, pharmacodynamics and
pharmacokinetics, it is reasonable that the concentration reach-
ing the fly CNS and the neurons lacking Furl, must be signifi-
cantly lower than that added in the food and reported below.

The deficient habituation on conditional Furl abrogation
within &'/B" neurons was reversed by the typical antipsychotic

J. Neurosci., September 28, 2022 - 42(39):7496-7511 - 7505

Table 2. Extended transgene expression in y neurons fails to rescue the habit-
uation deficit of fur7’ mutant homozygotes

Genotype Mean = SEM  F ratio p
UASfur/+; VT44966-G4, furl'/ furl’
2 d induction
ANOVA F7.103) = 6.1248, p << 0.0001
fur1” (naive) 56.47 = 449  0.1429 0.7062
fur1” (15 shocks) 53.80 = 3.70
\T44966-G4, furl’/+ (naive) 57.40 = 555 220973  <<0.0001
\T44966-Gd4, furl'/+ (15 shocks) 28.04 =+ 557
UASfur1/+; furl'/+ (naive) 5846 = 3.82  9.8189 0.0023
UASfur1/+; furl’/+ (15 shocks) 39.22 + 2.60
UASfur1/+; NT44966-G4, furl’/ fur1’ 5833 + 492 2.0107 0.1594
(naive)
UASfur1/+; VT44966-G4, furl’/ fur’’  48.95 * 5.04
(15 shocks)
\T44966-Gd, fur1' /UAShfur, furl’
2 d induction
ANOVA Fi7 g4y = 11.2156, p < 0.0001
fur1” (naive) 5030 == 398  0.0094 09232
fur1” (15 shocks) 49,61 =+ 5.20
\T44966-G4, furl'/+ (naive) 7298 = 439 421933 <0.0001
VT44966-Gd4, furl'/+ (15 shocks) 2898 = 7.10
UAShfur, fur1’/+ (naive) 63.02 + 468 261768  <<0.0001
UAShfur, fur1'/+ (15 shocks) 29.84 + 3.76
\IT44966-Gd4, furl' /UAShfur, furl’ 6497 = 446 13436 0.25
(naive)
\T44966-Gd4, furl' /UAShfur, furl’ 56.51 = 433
(15 shocks)
UASFur1/+; NT44966-G4, furl'/ furl’
5 d induction
ANOVA F(7.72) = 109129, p < 0.0001
fur1” (naive) 6329 =428 03224 0.5721
fur1” (15 shocks) 60.02 = 2.65
\T44966-G4, furl'/+ (naive) 5945 = 596  13.5777 0.0005
\T44966-G4, fur1’/+ (15 shocks) 36.97 + 4.56
UASfur1/+; furl’/+ (naive) 64.33 =349 38.0843  <<0.0001
UASfur1/+; furl’/+ (15 shocks) 25.35 = 4.95
UASfur1/+; VT44966-G4, furl’/ fur’’ 6037 =331  0.1046 0.7474
(naive)
UASfurl/+; VT44966-G4, furl/ furl’  61.98 =+ 3.41
(15 shocks)
\T44966-G4, fur1’ JUAShfur, furl’
5 d induction
ANOVA F7.70) = 7.8879, p < 0.0001
fur1” (naive) 5561 = 429  0.3895 0.5348
fur1” (15 shocks) 59.83 = 429
\IT44966-G4, furl'/+ (naive) 68.36 +3.98 304706  <0.0001
\T44966-G4, fur1’/+ (15 shocks) 29.00 =+ 5.64
UAShfur, fur1'/+ (naive) 5848 = 6.01  10.829 0.0016
UAShfur, fur1’/+ (15 shocks) 3429 + 7.03
\IT44966-Gd4, fur1' /UAShfur, furl’ 63.50 = 456 0.0889 0.7666
(naive)
\T44966-Gd4, fur1'/UAShfur, furl’ 61.24 =+ 4.02
(15 shocks)

Avoidance assessment of flies expressing a Drosophila furin1 transgene (UASfur1) or a human furin transgene
(UAShfur) in adult fur?” y MB neurons for 2 or 5d and in control heterozygotes exposed to 15 electric
shocks or naive. All experimental animals were raised at 18°C, and 2- to 3-d-old adults were kept at 30°C
for the indicated 2 or 5d to induce (IN) the Furl transgenes. Control heterozygotes were treated similarly.

haloperidol specifically at 10 nwm, but not at lower (Fig. 44;
ANOVA: Fg 111y = 3.3112, p=0.0014; subsequent LSM: UN ve-
hicle naive vs UN vehicle 15 shocks, p =0.0013; IN vehicle naive
vs IN vehicle 15 shocks, p=0.5039; IN 2 nm haloperidol naive
vs IN 2 nm haloperidol 15 shocks, p=0.1774; IN 5 nm haloperi-
dol naive vs IN 5 nm haloperidol 15 shocks, p=0.2412; IN 10
nM haloperidol naive vs IN 10 nm haloperidol 15 shocks,
»=0.0087).
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Figure 4.  Selective pharmacological reversal of deficient footshock habituation on Fur1 attenuation in MB neurons. Mean == SEM performance indices calculated as detailed in Materials and
Methods are shown. Gray bars represent the response of control and mutant flies to the test footshock stimuli after pre-experiencing 15 such shocks. Open bars represent the naive responses
to the test stimuli. All pharmaceuticals were dissolved in DMSO (vehicle) and delivered in yeast paste as a sole food source for 14—16 h. Stars indicate significant differences from the naive
response, and the collective statistical details are presented in Table 1. A, Shock avoidance in flies with adult-specific Fur1 abrogation (IN) in «’/3"MB neurons treated with haloperidol as
indicated and vehicle-treated control animals either exposed to 15 shocks or naive: n > 11 for all groups. B, Similarly, avoidance of animals exposed to 15 shocks and naive animals with
adult-specific Fur1 abrogation (IN) in adult &’/ 3"MB neurons treated with risperidone as indicated and of vehicle-treated controls was assessed. n > 11 for all groups. €, Animals with Furl
abrogation (IN) within adult &’/ 8 'MB neurons were assessed for avoidance after treatment with clozapine as indicated and vehicle-treated controls, after exposure to 15 footshocks or naive:
n > 9 for all groups. D, Shock avoidance of animals with Fur1 abrogation (IN) in adult /3" MB neurons treated with vehicle or 1 nw clozapine and of vehicle-treated controls exposed to 15
shocks or naive: n > 8 for all groups. E, Vehicle-treated or haloperidol-treated + >fur1™42 kept at 18°C (UN) or shifted to 30°C for 48 h (IN) were tested for shock avoidance after exposure
to 15 footshocks and naive: n="11 for all groups. F, Similarly, Vehicle-treated or clozapine-treated + > fyr1™2 kept at 18°C (UN) or shifted to 30°C for 48 h (IN) were tested for avoidance
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To test whether Furl loss in «'/B' MBNs is ameliorated
specifically by haloperidol, we used the also commonly used
atypical antipsychotic risperidone, which had rescued the foot-
shock habituation deficit of Drosophila dBtk mutants (Roussou
et al,, 2019). However, risperidone did not reverse the habitua-
tion deficit at any of the tested concentrations (Fig. 4B; ANOVA:
Fo,113) = 2.6165, p=0.0091; subsequent LSM: UN vehicle naive
vs UN vehicle 15 shocks, p =0.006; IN vehicle naive vs IN vehicle
15 shocks, p = 0.045; IN 2 nMm risperidone naive vs IN 2 nMm risper-
idone 15 shocks, p=0.9909; IN 5 nwm risperidone naive vs IN 5
nM risperidone 15 shocks, p=0.7684; IN 10 nMm risperidone naive
vs IN 10 nwm risperidone 15 shocks, p =0.2676). Because risperi-
done rescues the deficient habituation of dBtk mutants (Roussou
et al,, 2019), lack of rescue herein is unlikely because of the lim-
ited efficacy of the drug and suggests that Furl attenuation may
affect receptors whose activity is not affected by risperidone.

However, the also atypical antipsychotic clozapine known to
antagonize serotonin (5-HT2A mostly) and secondarily dopa-
mine receptors (Naheed and Green, 2001), reversed the habitua-
tion deficit on Furl loss in «'/B' neurons at 2 nm (Fig. 4GC;
ANOVA: Fg 110y = 2.9796, p = 0.0035; subsequent LSM: UN vehi-
cle naive vs UN vehicle 15 shocks, p=0.0017; IN vehicle naive vs
IN vehicle 15 shocks, p =0.8222; IN 2 num clozapine naive vs IN 2
nM clozapine 15 shocks, p=0.0032; IN 5 nm clozapine naive vs
IN 5 nm clozapine 15 shocks, p=0.3993; IN 10 nwm clozapine na-
ive vs IN 10 nwm clozapine 15 shocks, p=0.9038), or 1 nm (Fig.
4D; ANOVA: F(s60) = 5.979, p=0.0002; subsequent LSM: UN
vehicle naive vs UN vehicle 15 shocks, p =0.0097; IN vehicle na-
ive vs IN vehicle 15 shocks, p=0.2329; IN 1 nM clozapine naive
vs IN 1 nM clozapine 15 shocks, p < 0.0001).

Significantly, a higher concentration of these antipsychotics
did not reverse the deficit (Table 3), strongly suggesting that lack
of rescue, especially in the case of risperidone, is not because low
levels of the drug reach the affected a'/ 'neurons. In fact, at
higher concentrations the drugs may inhibit or activate addi-
tional receptors, with the collective result being lack of rescue.
This is apparent with clozapine where the lower concentrations
rescue the phenotype, but higher concentrations do not (Fig. 4C,
D). This notion was tested further by exposing control animals
(fur ™42 heterozygotes) to the rescuing concentrations of halo-
peridol, which did not affect footshock habituation (Fig. 4E;
ANOVA: F(; g7y = 8.124, p <0.0001; subsequent LSM: UN vehi-
cle naive vs UN vehicle 15 shocks, p =0.0014; UN 10 nm haloper-
idol naive vs UN 10 nm haloperidol 15 shocks, p=0.0058; IN
vehicle naive vs IN vehicle 15 shocks, p=0.0001; IN 10 nm halo-
peridol naive vs IN 10 nm haloperidol 15 shocks, p < 0.0001) and
clozapine, which resulted in defective footshock habituation (Fig.
4F; ANOVA: F; 57 = 3.7428, p=0.0015; subsequent LSM: UN
vehicle naive vs UN vehicle 15 shocks, p=0.0022; UN 2 nm clo-
zapine naive vs 2 nM clozapine 15 shocks, p =0.8286; IN vehicle
naive vs IN vehicle 15 shocks, p =0.0003; IN 2 nm clozapine naive
vs IN 2 nM clozapine 15 shocks, p=0.9767). These results argue
that in control flies clozapine, even at the 2 nm concentration,
affects receptors implicated in normal footshock habituation. It

«—

after exposure to 15 shocks and naive: n =11 for all groups. G, Avoidance of exposed and
naive animals with Furl abrogation in adult -y MB neurons treated as indicated and vehicle-
treated controls: n > 8 for all groups. H, Animals with targeted abrogation of Fur1 through-
out adult MBs were pharmacologically treated as indicated and assessed along with vehicle-
treated controls for shock avoidance after pre-exposure to 15 shocks or naive: n > 13 for all
groups.
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Table 3. A Higher dose of antipsychotics does not rescue the habituation defi-
it of animals with abrogated fur1’ in their o'/’ mushroom body neurons

Genotype Mean = SEM F ratio p
305a-G4;G80" > fur1™A2
ANOVA Fig156) = 2.6871, p = 0.0064

UN vehicle (naive) 7327 £ 3.12 12.9585 0.0004
UN vehicle (15 shocks) 52.26 = 4.03
IN vehicle (naive) 55.76 = 3.84 0.6796 0.41
IN vehicle (15 shocks) 60.78 + 2.52
IN 10 um haloperidol (naive) 63.18 = 5.0 0.0098 0.9211
IN 10 pum haloperidol (15 shocks) 63.77 = 3.38
IN 10 gum risperidone (naive) 49,91 = 540 23211 0.1298
IN 10 gum risperidone (15 shocks) 58.89 * 4.32
IN 10 um clozapine (naive) 56.98 = 5.25 0.0575 0.8108
IN 10 um clozapine (15 shocks) 55.54 & 431

Animals with abrogated Furl in /3" neurons and relevant nonexpressing controls, treated as indicated,
were assessed for shock avoidance after pre-exposure to 15 shocks or naive. All pharmaceuticals were dis-
solved in DMSO (vehicle) and delivered in yeast paste as a sole food source for 1416 h.

is unclear at the moment whether on Furl attenuation clozapine
affects the same receptors to mediate normal habituation. It is
rather more likely that the drug acts on multiple target receptors
in many neurons, which in the case of control animals shifts the
balance toward inhibition of habituation and restores that bal-
ance in animals with depleted Furin specifically in their a'/B’
MBN:E.

Because Furl in y neurons is necessary, but not sufficient to
facilitate habituation to footshocks, we addressed the possibility
that these neurons will respond differently to pharmaceutical
amelioration. Interestingly, animals with attenuated Furl in y
neurons habituated normally when treated with 2 nm haloperi-
dol, but not with 2 nm clozapine or 2 nwm risperidone (Fig. 4G;
ANOVA: Fg 56 = 6.7678, p < 0.0001; subsequent LSM: UN vehi-
cle naive vs UN vehicle 15 shocks, p =0.0026; IN vehicle naive vs
IN vehicle 15 shocks, p = 0.8456; IN 2 num risperidone naive vs IN
2 nM risperidone 15 shocks, p =0.6899; IN 2 nm haloperidol naive
vs IN 2 nm haloperidol 15 shocks, p < 0.0001). This response
profile is distinct from that of a'/B' Furl-depleted neurons,
which respond to 10 num, but not 2 nm haloperidol (Fig. 4A) and
2 nM clozapine (Fig. 4C). This difference may reflect differential
distribution of targeted receptors in these two neuronal popula-
tions (Aso et al, 2019), with perhaps more receptor types
affected by Furl loss in a’/ ' than in y neurons.

To address this hypothesis, we abrogated Furl throughout
adult MB neurons using the dnc-Gal4 driver (Fig. 5, expression
pattern). These flies were treated with clozapine and haloperidol at
the concentrations that reversed the habituation defect when the
protein was attenuated either in &’/ or y neurons. Importantly,
the robust habituation deficit on Furl loss throughout the MBs
(Fig. 4H), was fully rescued only with 10 nm, but not 2 nm, halo-
peridol or 2 nm clozapine (Fig. 4H; ANOVA: Fg 43 = 3.8072,
p=0.0003; subsequent LSM: UN vehicle naive vs UN vehicle 15
shocks, p=0.0005; IN vehicle naive vs IN vehicle 15 shocks,
p=0.1157; IN 2 nm clozapine naive vs IN 2 nm clozapine 15
shocks, p=0.8114; IN 2 nm haloperidol naive vs IN 2 nm halo-
peridol 15 shocks, p=0.174; IN 10 nm haloperidol naive vs IN
10 nM haloperidol 15 shocks, p=0.0002). This indicates that
pharmacological reversal of the consequences of Furl loss in
a'/ B’ neurons with 10 nm haloperidol suffices to drive normal
habituation, confirming the necessary and sufficient role of
these neurons in the process. Clozapine appears to be effective
only when Furl is abrogated in «'/B’, but not in 7y neurons,
suggesting that haloperidol addresses receptors in both types of
neurons.
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Figure 5. Presynaptic and postsynaptic connections of «’/B" and -y mushroom body
neurons. The expression patterns of the ¢739-Gal4 and dnc-Gal4 revealed by the reporter
GFP-expressing transgene (top row). Bottom three rows, Presynaptic neurons are marked
with the GFP pattern (green) also detailing the expression pattems of c305a-Gal4 and
VT030604-Gal4 for '/ 3" neurons and VT44966-Gal4 for -y neurons. The postsynaptic pat-
tern of these neurons is revealed by the anti-HA pattern (red), while the merged panels
denote the overlap of the two patterns, which is not obvious.

Because antipsychotics are offered mixed in yeast paste, we
wanted to ascertain that because of their larger size and repro-
duction-dependent metabolic demands females do not ingest
more. Differences in drug ingestion might result in sex-specific
differential rescue, increasing the variability of each experimental
repetition and skewing results depending on the male/female
proportion of the mixed sex populations used in these experi-
ments. To address this issue, we fed vehicle, clozapine, and halo-
peridol at the rescuing concentrations to mixed sex populations
of control flies (furl*™* heterozygotes) kept at 18°C (UN),
where metabolism is thought to be relatively lower relative to
flies kept under transgene induction conditions at 30°C (IN).
These mixed sex populations were subjected to habituation pro-
tocols, but their responses were scored separately for males and
females within each group. As demonstrated in Table 4, sex-spe-
cific statistical differences were not uncovered regardless of treat-
ment or incubation temperature, indicating that differential sex-
specific drug consumption does not affect the results.

Collectively, these results demonstrate that antipsy-
chotics are efficacious and relatively specific in reversing
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Table 4. The sex of the experimental animals does not affect drug
responsiveness

Genotype Treatment Gender Mean = SEM Fratio p
W1118X fu”RNAIZ
ANOVA F(23’253) = 32155,
p < 0.0001
UN (naive) Vehicle Females 51.62 = 7.45 0.4664 0.4953
Males  58.51 * 4.81
UN (15 shocks) Vehicle Females 32 £ 7.5 0.6585 0.4179

Males  23.82 = 7.45

Females 48.35 = 7.64 0.005

Males  49.06 * 6.98

Females 44.2 = 7.41 0.2012 0.6542

Males  48.72 = 7.67

10 nm haloperidol Females 58.43 = 6.28 0.4297 0.5128
Males  51.82 £ 7.2

10 nm haloperidol Females 32.86 + 7.94 0.0338 0.8543
Males  34.72 = 8.93

UN (naive) 2 nu clozapine 0.9439

UN (15 shocks) 2 nm clozapine

UN (naive)

UN (15 shocks)

IN (naive) Vehicle Females 62.93 = 7.26 0.7768 0.379
Males  54.04 * 7.33
IN (15 shocks) Vehicle Females 32.21 = 5.85 0.0629 0.8022

Males  29.68 * 7.26

IN (naive) 2 nm clozapine  Females 39.08 = 8.63 0.0688 0.7933
Males  41.72 + 6.29

IN (15) 2 nm clozapine Females 42.11 = 7.75 0.086 0.7696
Males  39.15 * 6.79

IN (naive) 10 nm haloperidol Females 50.08 == 6.32 0.041 0.8396

Males  52.13 = 7.36
10 nm haloperidol Females 21.30 =+ 5.59 0.7823 0.3773
Males 1238 £ 5.96

To determine whether the sex of the animals impacted their behavioral output, possibly because of differen-
tial yeast paste consumption by the females, mixed-sex +>fur?™*? (fur1™"? flies crossed with the w'’"®
genetic background of all drivers used) populations were treated with vehicle or antipsychotics at the rele-
vant concentrations after standard 2 d induction at 30°C or uninduced at 18°C, trained as mixed populations,
but the Pls of males and females were calculated separately.

IN (15 shocks)

habituation deficits of Drosophila mutants in a gene linked
to schizophrenia in humans. Interestingly, the selective res-
cue with the typical antipsychotic haloperidol at distinct
concentrations depending on the neurons lacking Furl and
the differential rescue with the atypical clozapine, but not
risperidone, argue that the drugs address particular spatially
restricted receptors and also argue against generalized, non-
specific ameliorative effects of antipsychotics on Drosophila
footshock habituation.

Discussion

Endophenotypes are fundamental observable symptoms that
characterize and differentiate disease from normal behaviors.
These are necessary simplifications to define and understand the
genetic contribution to complex psychiatric illnesses, including
schizophrenia. Deficient habituation is linked to and is consid-
ered an endophenotype of the disease (Williams et al., 2013;
McDiarmid et al,, 2017; Avery et al,, 2019; Heinze et al.,, 2021).
We demonstrate that the loss of Drosophila Furl specifically
from adult a'/B’ and y MBNs results in robust deficits in foot-
shock habituation. Significantly, the deficient footshock habitua-
tion facilitation is reversible with low-nanomolar concentrations
of haloperidol and clozapine, drugs used to treat schizophrenic
patients. Our collective evidence validates association studies
linking variants in the human Furin gene to schizophrenia
(Fromer et al., 2016, Christensen and Berglum, 2019; Schrode
et al.,, 2019) and shows that deficient footshock habituation
conforms to the criteria (Dwyer, 2018) and is a Drosophila
protophenotype for the disease.
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A
Receptor Type a’/B’ Y Function | Predicted
Fur site
GABA-B-R1 ° Inhibitory
GABA-B-R2 GABA ° Inhibitory °
Rdl . ° Inhibitory
Lcch3 . Inhibitory
Dop1R1 ° . Excitatory
Dop1R2 . ° . Excitatory
Dopamine —
Dop2R ° . Inhibitory
DopEcR ° . Excitatory
5-HT1A Serotonin ° . Inh!b!tory
5-HT1B ° Inhibitory °
OctbetalR ° . Inhibitory
CG18208 edtopamine ° Inhibitory °
(Octalpha2R)
B
HABITUATION LATENCY HABITUATION
furin1* ; furin1* ;
Delayed
I ; 0; { ] ; [ ]
AVOID @ HABITUATION
® ° \ eo— Avoid
DEFICIENT HABITUATION
furin1” ;?
I~
Del3yed
DELAYED
HABITUATION
Figure 6.  Footshock habituation model. A4, Summary of the receptors expressed in the indicated MBNs (Aso et al., 2019), their func-

tion, and predicted Furin cleavage sites. B, The proposed model for Drosophila footshock habituation latency, habituation facilitation,
and how Furl attenuation affects these processes are outlined. Incoming stimuli to /3 and «'/3 " neurons are represented by the
“thunderbolt” symbol. Large white dircles indicate the MBNs in which Fur1 expression is not necessary for latency or habituation, while
large gray circles indicate MBNs requiring Fur1 for the outlined processes. The large light gray circles denote Furl-devoid MBNs. The
small gray circles represent MBONs. The green arrows represent excitatory neurotransmission, and the red lines inhibitory neurotrans-
mission. The dashed arrows and lines indicate reduced or inefficient excitatory or inhibitory neurotransmission.

The MBs have also been implicated in olfactory habituation la-

tency, but are dispensable for habituation facilitation (Semelidou
et al,, 2018), in this paradigm. However, they are essential for
habituation to ethanol vapor-induced startle (Cho et al., 2004)
and for olfactory habituation in larvae (Hamid et al, 2021).
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Importantly, furl mutants do not pres-
ent olfactory habituation defects (Fig.
11,]), suggesting that the protein is not
involved in receiving or processing the
largely cholinergic excitatory signals
engaged in relaying olfactory informa-
tion to the MBs (Amin and Lin, 2019).
Although we did not investigate the role
of Furl in larval olfactory or ethanol habit-
uation in adults, our data indicate that the
protein is engaged specifically in mecha-
nisms underlying habituation to recur-
rent footshocks. This in turn indicates
that MBNs use distinct molecular and
circuitry engagement mechanisms to eval-
uate and respond to distinct stimuli.

Normal latency and habituation to the
recurrent footshock stimuli are likely a net-
work property requiring balanced excita-
tory and inhibitory signals (Glanzman,
2009; Rankin et al, 2009; Ramaswami,
2014). Attenuation of footshock avoidance
underlying the habituated response is
likely because of direct or indirect neuro-
transmission from MB output neurons
(MBON:S) to potentiate inhibition of stim-
ulus avoidance (Ramaswami, 2014). We
demonstrate that &'/’ neurons are nec-
essary and sufficient, but neurotransmis-
sion from 7y neurons is also required for
habituation to recurrent footshocks.
TANGO (Talay et al.,, 2017) was used
to probe whether y neurons synapse
with their '/B' counterparts, but, in
agreement with connectome data (Li et al,,
2020), such connections were not apparent
(Fig. 5). Curiously however, a subset of
dorsal B neurons appears postsynaptic to
o' and some B’', while a more restricted
subset of dorsal vy neurons appears postsy-
naptic to other y neurons.

Alternatively, signals from &'/’ to y
neurons are required to drive the habitu-
ated response. In support of the notion
that y neurons are directly involved in
driving the habituated response, compart-
ments formed within 7y neurons by the
dendrites of afferent MBONs are known
to drive approach and avoidance behaviors
(Falsenberg, 2021). This agrees with our
data that silencing neurotransmission
from these neurons abrogates habituation
(Fig. 2G). In addition, MBONs whose den-
drites arborize both in 7y and B'neurons
have been described (Aso et al., 2014), sug-
gesting that concurrent neurotransmission
from B’ and 7y neurons drives habitua-
tion. This synergy scenario is supported by
prior data (Roussou et al., 2019) and ones

herein (Fig. 2G) that synaptic silencing of either «’/8"or 7y neurons
results in defective habituation.

Based on prior and current results (Acevedo et al., 2007;
Roussou et al, 2019), we propose a model of this network,
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currently under investigation. It posits that footshock stimuli may
reach both «/B and «'/B’' MBNs. However, neurotransmission
from @/ neurons most likely indirectly, via MBONs (Aso et al,,
2014), drives toward inhibition the activity of a’/8’ neurons.
Inhibition of «'/B’' MBN activation does not alter the default
response to the stimulus, which we posit is avoidance (Acevedo et
al, 2007) and is manifested as latency to habituate (Fig. 6B). We
suggest that a/ 8 neurons concurrently signal to another inhibitory
MBON, which we propose to have high activation threshold requir-
ing multiple stimuli to depolarize, which is manifested as delayed
activation relative to the incoming stimulus. This MBON impinges
back on the @/ neurons (Aso et al.,, 2014) and inhibits their activ-
ity, effectively ending the latency period. Inhibition of /3 activity
relieves the «'/B’ inhibition shifting the balance to excitation,
which results in y MBN activation. We suggest that coordinated
neurotransmission from o'/’ and y to downstream inhibitory
circuits results in attenuated avoidance of the stimuli manifested as
habituation to footshock (Fig. 6B).

In the model presented in Figure 6B, «'/3' neurons receive
the excitatory signal and relay the excitation to y neurons, but
their joint activity is required for habituation. This requirement
for Furl within «'/8" neurons to receive activating signals and
indirectly relay them to y neurons is likely reflected in their neces-
sary and sufficient role for habituation. Because y neurons cannot
be activated without signals from «'/B 'neurons, Furl expression
therein is likely important for their activation, but that depends on
signals from their a'/B' counterparts deeming them necessary,
but not sufficient, to drive habituation.

How does reduction of Furl within «'/B' and vy neurons
result in prolonged latency manifested as delayed habituation (Fig.
1C,D,F)? The protein is typically located in the Trans-Golgi
Network (TGN), where it is thought to cleave proprotein sub-
strates, but also to traffic to the cytoplasm in vesicles, and it is even
active on the cell surface where it is known to cleave substrates
such as the anthrax toxin (Thomas, 2002). Hence, Furin may be
involved in the maturation of excitatory aminergic receptors in a
manner akin to its role in BDNF maturation (Chen et al., 2015).
Although the predicted Furin cleavage consensus motif Arg-X-
Lys/Arg-Arg (R-X-K/R-R; Thomas, 2002) is present in a number
of aminergic and GABAergic receptors expressed in o'/ 'and y
neurons (Fig. 6A), it is currently unknown whether they are
actually used, especially sites that fall within transmembrane or
extracellular domains. However, evidence that activated receptor
levels (Cheng and Filardo, 2012; Abdullah et al., 2016) or activity
(Shioda et al., 2017) are regulated via the TGN suggest the possi-
bility that Furin could in principle be involved in regulating recep-
tor levels in @'/B and y neurons. In fact, GABA, receptor levels
have been reported regulated by Furin levels in mice (Yang et al,,
2018) and trafficking of the D, dopamine receptor depends on
Furin activity (Blagotinek Cokan et al., 2020).

Therefore, as for BDNF, Furin could be involved in maturation
of excitatory aminergic receptors within «'/8" and y MBNS, or
D, receptor trafficking and its attenuation therein would reduce
their levels. In this case, on relief of the /3 -mediated inhibition,
the impact of incoming excitatory signals would be reduced in
mutant '/ neurons impairing the shift toward excitation and
neurotransmission to downstream circuits, resulting in delayed
habituation. Reception of the o/ -originating inhibitory signals
would not be affected as it would have precipitated premature
habituation, which was not observed (Fig. 1G,H).

In this scenario, the antipsychotics are likely to reverse the
habituation deficit by antagonizing receptors on '/’ neurons
receiving the «/f3-mediated inhibitory signals, thus facilitating
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a'/B’ excitation and activation of downstream habituation-
mediating circuits. Alternatively, these drugs could act as ago-
nists of excitatory receptors, whose reduced levels in mutant
a'/B' neurons would perceive excitatory signals inefficiently.
This would help shift the excitatory/inhibitory balance in
a'/ B’ neurons toward excitation resulting in afferent signals
driving habituation. The importance of the excitation/inhibi-
tion balance within neuronal circuits is underlined by reports
that the excitatory HTR2A receptor is upregulated in schizo-
phrenic patients (Greenwood et al., 2011; Morozova et al., 2019).
Although the Drosophila ortholog (5-HT2A) is not expressed in
a'/B" and y MBNs, our model predicts that its overexpression
therein may shift the balance and result in habituation defects, a
hypothesis currently under consideration.

The multiple potential targets and modes of action of the anti-
psychotics used do not enable an unequivocal determination of
their mechanism of action in the fly. However, overexpression or
attenuation of their predicted target receptors within '/ and/
or vy neurons that result in drug-reversible defective footshock
habituation should enable elucidation of this critical question.
However, establishing that attenuation of Furl in Drosophila
yields a disease protophenotype, enables systematic, hypothesis-
driven investigations of the molecular mechanisms underlying its
loss, likely also perturbed in the human disease. Participants in
these molecular pathways will probably be identified as disease-
linked loci by extant or future GWAS studies. The genetic facility
of Drosophila and its broad behavioral repertoire provide a system
to efficiently validate GWAS-indicated schizophrenia loci, explore
the mode of action of current antipsychotics, inform relevant
research in extant mouse models (Nomura et al., 2017), and lead
to the generation of new ones. This synergy will likely facilitate
targeted translational approaches toward the development of
more endophenotype/symptom-specific ameliorative drugs and
better understanding of this complex disease.
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