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Regulation of sensory
perception and motor abilities
by brain-specific action of
chromatin remodeling factor
CHD1
Ines Schoberleitner†, Birte Mertens, Ingo Bauer and
Alexandra Lusser*

Institute of Molecular Biology, Biocenter, Medical University of Innsbruck, Innsbruck, Austria

The ATP-dependent chromatin remodeling factor CHD1 (chromodomain-

helicase-DNA binding protein 1) is involved in both the de novo assembly

and the remodeling of chromatin. Recently, we discovered a crucial role of

CHD1 in the incorporation of the histone variant H3.3 in the fly brain illustrated

by widespread transcriptional upregulation and shortened lifespan in Chd1-

mutant animals. Because many genes linked to sensory perception were

dysregulated in Chd1-mutant heads, we studied the role of CHD1 in these

processes. Here we show that Chd1-mutant flies have severe defects in their

response behavior to olfactory and gustatory but not visual stimuli. Further

analyses suggested that poor performance in gustatory response assays was

caused by reduced motivation for foraging and feeding rather than defects

in taste perception. Moreover, we show that shortened lifespan of Chd1-

mutant flies is accompanied by indications of premature functional aging as

suggested by defects in negative geotaxis and exploratory walking assays.

The latter phenotype was rescued by neuronal re-expression of Chd1, while

the olfactory defects were not. Interestingly, we found evidence for indirect

regulation of the non-neuronal expression of odorant binding proteins (Obp)

by neuronal expression of Chd1. Together, these results emphasize the crucial

role of CHD1 activity controlling diverse neuronal processes thereby affecting

healthy lifespan.

KEYWORDS

chromatin remodeling factor, neuron, perception, olfaction, locomotion,
transcriptional regulation, histone variant

Introduction

The SWI/SNF family member CHD1 (chromodomain-helicase-DNA binding
protein 1) is an ATP-dependent chromatin remodeling and assembly factor (Marfella
and Imbalzano, 2007; Clapier and Cairns, 2009). Since a major function of chromatin
remodeling factors is to effect changes of histone-DNA interactions within or between
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nucleosomes, they are critical components of all processes
that require access to the DNA substrate, most prominently
transcription, replication, and DNA damage repair. Together
with histone chaperones, such as NAP1, CHD1 can facilitate
in vitro the assembly of nucleosomes into regularly
spaced arrays (Lusser et al., 2005). In vivo, it has diverse
roles that include functions in transcription regulation,
transcription-independent chromatin assembly as well as
in DNA damage repair (Simic et al., 2003; Konev et al.,
2007; Simsiii et al., 2007; Petesch and Lis, 2008; Srinivasan
et al., 2008; Gaspar-Maia et al., 2009; Skene et al., 2009;
Morettini et al., 2011; Guzman-Ayala et al., 2015; Siggens
et al., 2015; de Dieuleveult et al., 2016; Kari et al., 2016;
Lee et al., 2017; Rüthemann et al., 2017; Shenoy et al.,
2017).

A transcription- and replication-independent role of CHD1
is the assembly of histone H3.3 into paternal pronuclear
chromatin in Drosophila, which is achieved in concert with the
histone chaperone HIRA (Loppin et al., 2005; Konev et al.,
2007). The H3.3 variant is considered a “replacement”-type
histone, because it is deposited in a replication-independent
manner, for instance during nucleosome re-assembly in the
wake of transcribing polymerases (Talbert and Henikoff,
2010). Recently, we have also implicated CHD1 in H3.3
assembly in the fly brain. Its deletion resulted in reduced
chromatin-associated H3.3 levels and widespread upregulation
of transcription. Moreover, sugar, fatty acid, and amino acid
metabolism was severely impaired, and Chd1-mutant flies
exhibited reduced food intake and a strong shortening of
lifespan. Consistent with this, we found that many genes linked
to the regulation of hunger and satiety were dysregulated in
the heads of mutant flies. Re-expression of CHD1 only in
neurons rescued all these phenotypes (Schoberleitner et al.,
2021) emphasizing the critical role of this chromatin assembly
factor for brain function.

Food intake requires the recognition of appropriate food,
which is to a large part conferred by the ability to taste and
smell and also requires vision to evaluate and discriminate
sumptuous food sources from dangerous substances in the
environment. Because we found genes linked to sensory
perception to be enriched among the genes dysregulated in
Chd1-mutant flies, we set out to investigate the contribution
of CHD1 to sensory perception and locomotory behavior. The
results revealed that CHD1 is not required for the response
to light, but that its absence causes impaired gustatory and
olfactory response as well as compromised locomotory behavior.
Furthermore, we found that the lack of response to the
repelling odorant benzaldehyde was neither dependent on Chd1
expression in neurons, nor was it caused by the dysregulation of
odorant binding proteins (Obp) observed in Chd1-mutant heads
suggesting that functions in other cell types might be responsible
for the olfactory defect.

Materials and methods

Drosophila strains and husbandry

Fly stocks were maintained at 25◦C and 60% humidity
in a 12/12 h light/dark cycle in batches of 20 flies on sugar-
cornmeal media as described previously (Sebald et al., 2016). All
mutations and transgenes were studied in a w1118 background.
Chd1 deficient (Chd1−/−) flies were obtained by crossing
Df(2L)Chd11/CyO with Df(2L)Exel7014/CyO. Chd1WT/WT flies
were obtained from crosses of Df(2L)Chd11,P{Chd1WT}/CyO
and Df(2L)Exel7014,P{Chd1WT}/CyO. For pan neural induction
of Chd1 in Chd1 mutant flies (Chd1−/−; elav-Gal4>UAS-
Chd1WT ; termed Chd1elav), the lines Df(2L)Chd11,P{UASt-
Chd1WT}/CyO and Df(2L)Exel7014/CyO; elav-Gal4/TM3 were
combined. Elav-Gal4 (Stock ID 8760) line was obtained from
the Bloomington Stock Center. For detailed description of strain
genotypes see Schoberleitner et al. (2021).

Behavior and perception experiments

For all assays described below, batches of female virgin
flies in 3 or 5 technical replicates (20 flies each) at different
ages were tested at the same time of day (10 a.m.) in a
uniformly illuminated area at constant temperature unless
otherwise stated.

Phototaxis assay
To test the response to visual light we followed a procedure

by Vang et al. (2012). Briefly, flies were starved in vials
containing 1.5% agar for 18 h. Then they were transferred to an
empty vial by tapping, and the vial was connected to a 25 cm
long test tube in a dark room 30 min prior to the test to adapt
to darkness. The horizontal test tube was then gently pounded
down to position the flies at one end, away from the light source.
A perpendicular light source (15 cm distance) was placed at
the other end of the test tube (Figure 2A). To start the test,
the cold light source (Schott KL 1500 LCD, 15V, 150W, 3300K,
position 5) was switched on thereby establishing a light gradient
of about 90 lux at the nearest point to about 3 lux at the furthest
point. Every minute in the 10 min test duration, the number
of flies in each third of the test tube was scored. Data were
expressed as attraction response index (RI%) corresponding
to the percentage of flies in the segment closest to the light
source relative to the total number of flies placed in the test
tube. The test was repeated three times and data were plotted
as mean ± SEM.

Olfactory chemotaxis assay
Response to volatile repellents was assayed as described in

Vang et al. (2012). Briefly, flies were starved in vials containing
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1.5% agar for 18 h before transferring them to an empty test vial
30 min prior to the test. To start the test, the vial was connected
to a test tube containing 100 mM or 10 mM benzaldehyde in
1.5% agar at one end and the flies were gently tapped toward
the repellent (Figure 2C). The number of flies in each third of
the test tube was scored every minute for 10 min. Data were
expressed as repulsion response index (RI%), corresponding
to the percentage of flies in the segment furthest from the
attractant relative to the total number of flies placed in the test
tube. The test was repeated three times and data were plotted
as mean ± SEM.

Gustatory chemotaxis assay
Response to non-volatile chemicals was tested as described

by Vang et al. (2012). Briefly, flies were starved in vials
containing 1.5% agar for 18 h before transferring them by
tapping to an empty test vial 30 min prior to the test. The test
was started by connecting the vial with a 25 cm long test tube
containing 100 mM sucrose in 1.5% agar at one end and gently
tapping the flies to the end of the empty vial (Figure 2E). Every
minute for 10 min the number of flies in each third of the test
tube was scored. Data were expressed as attraction response
index (RI%), corresponding to the percentage of flies in the
segment closest to the attractant relative to the total number of
flies placed in the test tube. The test was repeated three times
and data were plotted as mean ± SEM.

Proboscis extension reflex assay
To evaluate the flies’ ability to display reflex-like response

to attractive substances in the food and motivation to feed, we
assayed the proboscis extension reflex. Thirty starved (24 h)
female virgin flies of each genotype were presented with glass
capillaries containing a solution of sucrose to the proboscis
by making contact, and the number of proboscis extension
responses was determined as described in Shiraiwa and Carlson
(2007) and Qi et al. (2015). Presentation of stimulus was
repeated in 10 trials per fly (n = 30/genotype). The experiment
was performed once, and data were plotted as mean ± SD.

Negative geotaxis assay
The startle-induced negative geotaxis assay was performed

as described in Ismail et al. (2015) (Figure 3A). Flies of the
indicated ages were transferred to climbing vials (two empty
vials connected face to face) without anesthesia and left to
acclimatize for 1 h. Testing was performed by tapping down
the flies and counting the number of flies that climb past
a mark on the vials (8 cm from the bottom) within 60 sec
using a custom-made apparatus. In each experiment, the test
was repeated 10 times (trials) with 1 min breaks in between.
The results were analyzed as% of climbing flies at each time
point (n = 5 batches of 10–12 flies/genotype/experiment). The

experiment was repeated three times and data were plotted
as mean ± SEM.

Exploratory walking assays
To assess walking behavior the exploratory walking assay

was performed as previously described by Ismail et al. (2015)
(Figure 3C). Briefly, female virgin flies were placed individually
into the center of a 14.5 cm petri dish with a 1 cm square grid.
The number of grid-line crossings during 1 min was scored
and graphically presented (n > 40/genotype/experiment). The
experiment was repeated three times and data were plotted
as mean ± SEM.

RNA-seq data source

RNA-seq data from virgin female Drosophila heads
(Schoberleitner et al., 2021); GEO accession number
(GSE146392) were subjected to gene ontology analysis
using the GOrilla tool (Eden et al., 2009) by comparing the
unranked target list (differentially expressed genes with log2
fold change ≥1, adjusted p-value ≤ 0.05 and base mean ≥20)
with a background list containing all transcripts identified in
the sequencing analysis. Heatmaps of significantly enriched
gene categories were generated using the R package pheatmap
(Kolde, 2019).

Statistics

Graphing and statistics were performed using GraphPad
Prism software v.8.2.1. The level for statistical significance
was set at p ≤ 0.05 for all statistical tests and significant
differences were marked (∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001,
∗∗∗∗p ≤ 0.0001, ns, not significant).

Sensory perception (chemotaxis, phototaxis,
and proboscis extension reflex)

Data from photo- and chemotaxis experiments were
quantified and interpreted as response toward the non-volatile
and volatile chemicals as well as light. To calculate the statistical
significance of the experimental clustering (interaction
trial × age × genotype effect), 3-way ANOVA analysis
based on distance matrices (distances within all replicates
versus distances between all replicates) was performed.
Data from proboscis extension reflex (PER) experiments
were presented as response frequency, i.e., percentage of
responding flies per stimulation trial (total of 10) (Figure 2H).
The experiment was performed once (n = 30/genotype)
for each age (4 and 14 days). To estimate the statistical
significance of the response frequency clustering (stimulation
trial × genotype effect), 2-way ANOVA analysis based on
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distance matrices (distances within all replicates versus
distances between all replicates) for each age timepoint (4 and
14 days) was performed.

Mobility assays
Results obtained from the negative geotaxis assay were

illustrated as climbing capability, and statistical analysis of
differences between the two fly lines at the respective age and
each given sequence cycle was performed by 3-way ANOVA
based on distance matrices (distances within all replicates versus
distances between all replicates). Exploratory walking behavior
was scored as number of grid-line crossings per minute,
and all data are graphically presented as individual values
(n > 40/genotype/experiment, three experiments). Statistical
analysis of explorative walking differences between the two fly
lines at the respective age was performed by unpaired Student’s
t-test.

Results

Absence of
chromodomain-helicase-DNA binding
protein 1 causes dysregulation of
sensory perception genes

To examine if and how CHD1 might affect sensory
perception in Drosophila, we turned to our previously generated
RNA-seq data from fly heads (Schoberleitner et al., 2021). The
data set contains gene expression profiles from Chd1-deletion
mutant flies (termed Chd1−/−), from Chd1-deletion mutant
flies rescued by transgenic expression of Chd1 under the control
of its native promoter (termed Chd1WT/WT) and from mutant
flies that were rescued by neuron-specific expression of Chd1
under the control of the elav promoter (termed Chd1elav).
We intersected the expression profiles of these lines and
performed gene ontology (GO) term enrichment analysis with
the 1,878 genes that were upregulated in Chd1−/− compared
to Chd1WT/WT and Chd1elav fly heads. Among the highly
enriched GO categories were genes associated with sensory
perception including sensory perception of light, mechanical
and chemical stimuli (Figure 1A). For instance, rhodopsin genes,
genes encoding Obp and defective proboscis extension response
(dpr) genes as well as genes encoding N-methyl-D-aspartate
(NMDA) receptors were significantly upregulated in Chd1−/−

flies compared to Chd1WT/WT or Chd1elav (Figures 1B–
D). Furthermore, many G-protein coupled signaling-linked
genes had increased transcription in Chd1−/− compared to
Chd1WT/WT or Chd1elav heads (Figure 1E; Schoberleitner et al.,
2021). These included genes related to serotonin-, dopamine-,
GABA-, or octopaminergic signaling, along with allostatic,
acetylcholine, rhodopsin, and tachykinin associated signaling

FIGURE 1

Gene ontology (GO) enrichment analysis of upregulated genes
in Chd1−/− heads. (A) Significantly enriched GO terms from the
analysis of 1897 genes that were upregulated in Chd1−/− versus
Chd1WT/WT as well as Chd1−/− versus Chd1elav (log2 fold
change ≥1, adjusted p ≤ 0.05, base mean ≥20). Color code
signifies significance of enrichment as indicated. (B–E)
Heatmaps of differentially regulated genes in enriched
categories. Color scale in panel B, indicating log2 fold change
(log2fc), applies to all subpanels.

(Figure 1E). The dysregulation of these genes suggested that
sensory abilities of Chd1-deficient flies might be compromised.

Chromodomain-helicase-DNA binding protein
1 is required for sensory perception in
Drosophila

To examine this idea, we performed various experiments
to assess the behavioral response of the flies to sensory cues.
We first tested response to light using a simple phototaxis assay
(Vang et al., 2012). Mated female flies (4 or 14 days old) were
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placed in a 34 cm long tube, gently tapped to the bottom of the
vial and scored for their tendency to move toward a light source
that was placed at the opposite end of the tube (Figure 2A).
The number of flies present in each area of the test tube, i.e., at
the origin, in the middle and the furthest part (Figure 2A), was
counted every minute. Interestingly, the experiment revealed
no difference between Chd1−/− and Chd1WT/WT (Figure 2B).
Young w1118 flies (wildtype background control) also responded
to the light by immediately walking toward it, but then
exhibited a tendency to move backward again accounting for the
slightly lower RI values detected with this line (Supplementary
Figure 1A). Thus, Chd1 deletion did not affect light reception
and positive phototaxis behavior, although we cannot rule out
that other aspects of vision are compromised.

Next, we tested olfactory abilities by observing the
behavior of Chd1-deficient and Chd1-wildtype flies in a similar
experimental set-up, except that the strongly repellent odor
benzaldehyde was added to an agar disc that was placed at
one end of the apparatus (Figure 2C). As expected, wildtype
flies (w1118, Canton S) and Chd1WT/WT flies at both ages
showed strong repulsion by benzaldehyde by walking away from
the repellent after exposure (Figure 2D and Supplementary
Figure 1B). By contrast, about 70% of 4- and 14-day-old Chd1-
deficient flies remained close to the benzaldehyde source, where
they had been placed at the start of the assay (Figure 2D).
Because Chd1−/− flies showed similar walking behavior in
the phototaxis assay as the wildtype flies, it is not likely
that a potential impairment of locomotory abilities acted as a
confounding parameter in this assay. Thus, the results suggest
that absence of CHD1 strongly impacts on the sense of smell.

To assess the gustatory abilities of the flies, sucrose
was offered as an attractant in the assay set-up shown in
Figure 2E. Sucrose must be tasted because it is not volatile.
Starved Chd1WT/WT flies of both ages departed from the non-
sucrose end, and the majority accumulated in the compartment
nearest to the sucrose similar to w1118 flies (Figure 2F and
Supplementary Figure 1C). By contrast, the behavior of
Chd1−/− flies was comparable to the smell test with only about
20.2 ± 0.3% of the 4-day-old and 27.9 ± 0.5% of the 14-day-
old mutant flies moving close to the sucrose source (Figure 2F).
To ascertain that the observed aberrant behavior of Chd1-
deficient flies was caused by defective gustatory perception and
not by reduced motivation for foraging, we subjected the flies
to the same assay set-up yet omitting the taste stimulus. The
4 days old starved Chd1WT/WT flies showed roughly equal
distribution across all sections of the tube at each time point
with a slight preference for the middle part, whereas older
wildtype flies slightly preferred the origin and furthest sections.
Chd1−/− flies were similar to the older wildtype flies except
for a slight preference of the origin section at both ages
(Figure 2G) suggesting that reduced motivation to forage might
indeed contribute to the poor gustatory response observed
in the tube assay. To examine taste abilities of the flies by

another method, we employed the PER assay (Shiraiwa and
Carlson, 2007). When the taste neuron-innervated sensilla of the
fly’s labellum make contact to an attractive substance, such as
sucrose solution, the proboscis is extended to consume the food.
Monitoring the frequency of PER across 10 experimental trials,
we observed that in young flies, the PER frequency progressively
decreased in both Chd1WT/WT and Chd1−/− flies most likely
reflecting progressive satiety (Wang et al., 2004; Shiraiwa and
Carlson, 2007; Slone et al., 2007; Chen and Amrein, 2014).
At 14 days of age, Chd1-wildtype flies showed 100% response
frequency throughout the experiment, whereas Chd1-mutant
flies started with about 75% response which gradually decreased
to about 50% response (Figure 2H). Given that young Chd1-
deficient flies exhibited almost normal PER, it is likely that their
gustatory abilities are principally intact, at least at this young
age. At 14 days of age, most of the flies initially responded to
the stimulus but very quickly turned to satiety-like behavior.
Together, the results from the gustatory tube assay and the
PER assay suggest that absence of CHD1 does not cause a
(complete) loss of taste perception. Rather, it appears that the
flies can still taste but might have diminished motivation to feed.
This is consistent with our previous observations that Chd1-
deficient flies show strongly reduced food intake correlating
with dysregulation of many neuropeptide genes responsible for
feeding and foraging behavior (Schoberleitner et al., 2021).

Deficient negative geotaxis and exploratory
walking behavior: Indicators of
neurodegenerative alterations in
Chd1-deficient flies?

Although walking abilities of Chd1−/− flies appeared
similar to wildtype flies in the phototaxis assay described above,
we performed two additional locomotory assays. The negative
geotaxis assay measures the startle-induced reflexive tendency
of flies to move against gravity (Figure 3A), while in the
exploratory walking assay (Figure 3C), more complex behavior
involving the regulation of walking parameters, such as speed
and direction, as well as orientation is assessed. Both, reflexive
as well as decision-based locomotion, however, are substantially
affected by age-related decline and are therefore also used to test
for functional senescence (Grotewiel et al., 2005; Ismail et al.,
2015).

We found that both 4 and 14 days old Chd1−/−

flies performed significantly worse in the negative geotaxis
assay compared to wildtype (Figure 3B and Supplementary
Figure 1D). Chd1-deficient flies were slow climbing upward
and showed numerous direction changes compared to Chd1-
wildtype and w1118 flies that were moving only upward.

For the exploratory walking assay, flies were placed
individually into the middle of a graduated petri dish, and their
movement was monitored by counting the number of grid-
line crossings (Figure 3D). Typically, the physical borders of
an open field (borders of the Petri dish) are of main interest
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FIGURE 2

Absence of CHD1 impairs olfactory and gustatory perception. (A) Experimental set-up of the assay used to assess positive phototaxis. (B)
Positive phototaxis response indices (RI) of 4 and 14 days old Chd1WT/WT and Chd1−/− flies. Mean ± SEM of six replicates (20 flies per group) are
shown. (C,E) Experimental set-up to test olfactory behavior in response to the repellent odorant benzaldehyde (C) and gustatory response
behavior to sucrose (E). (D,F) Repulsion (D) and attraction (F) response indices of 4 and 14 days old Chd1WT/WT and Chd1−/− flies. Mean ± SEM
of six technical replicates (20 flies per group) and three independent experiments are shown. 3-way ANOVA of (B,D,F): genotype main effect: (B)
F(1,8) = 124.66, p < 0.0001; (D) F(1,88) = 3809, p < 0.0001; (F) F(1,88) = 1680, p < 0.0001; age main effect: (B) F(1,8) = 3.267, ns; (D)
F(1,88) = 28.41, p < 0.0001; (F) F(1,88) = 3.500, p = 0.0647; trial main effect: (B) F(10,80) = 5872, p < 0.0001; (D) F(10,88) = 135.8, p < 0.0001, (F)
F(10,88) = 58.59, p < 0.0001; interaction (age × genotype) effect: (B) F(1,8) = 3.474, p = 0.0993; (D) F(1,88) = 1.289, p = 0.2594; (F)
F(1,88) = 28.10, p < 0.0001; interaction (trial × age × genotype) effect: (B) F(10,80) = 4.458, p < 0.0001; (D) F(10,88) = 0.3576, p = 0.9613; (F)
F(10,88) = 0.34789, p = 0.8996, (G) Behavior of flies in the test set-up shown in panels C,E in the absence of any stimulus. Percentage of flies in
the different sectors at 0, 5, and 10 min of the test. Mean ± SEM of 3 technical replicates (20 flies per group) and 3 independent experiments are
shown. 2-way ANOVA of interaction (genotype × time lapse) effect: F(22,684) = 887713; genotype main effect: F(11,684) = 517.0; time lapse
effect: F(2,684) = 2934590; age main effect: F(9,27) = 3.535, p = 0.0052; genotype main effect: F(3,27) = 28.22. (H) Proboscis extension
response (PER) frequency in 10 sequential tastant offerings with ingestion permitted (n = 30 per genotype and age). 2-way ANOVA of age main
effect: F(9,27) = 3.535; genotype main effect: F(3,27) = 28.22.
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FIGURE 3

Compromised climbing and exploratory walking behavior of Chd1-deficient flies. (A) Experimental set-up of the negative geotaxis assay.
(B) Percentage of 4 and 14 days old flies climbing to 8 cm height within 60 s in 10 trials. Mean ± SEM of 5 cohorts of 10–12 flies per genotype
from 3 independent experiments is shown. 3-way ANOVA results for genotype main effect: F(1,8) = 197.2, p < 0.0001; age main effect:
F(1,8) = 0.05742, p = 0.8167. (C) Experimental set-up for exploratory walking behavior. (D) Gridline crossings of individual 4 and 14 days old flies
during 1 min were scored. Three independent experiments of n > 40 per genotype/experiment were performed. Statistical significance was
determined by unpaired Student’s t-test. ****p < 0.0001.

for the fly, and it will normally strive to head there (Soibam
et al., 2012). Accordingly, Chd1-wildtype flies after placement
into the center of the dish either remained rooted to the
spot observing the environment for a short time or walked
by the shortest path toward the border of the Petri dish and
remained there. A similar, albeit not as pronounced behavior
was displayed by w1118 flies (Supplementary Figure 1E). By
contrast, Chd1-mutant flies immediately started to walk in
circles (many grid-line crossings) but did not head for the border
(Figure 3D). When 14 days old flies were tested, we observed
that the tendency to go to the border of the dish by the shortest
way decreased also for Chd1-wildtype flies, but the difference
between the genotypes remained (Figure 3D). The reduced
performance of the flies in these test paradigms in the absence of
CHD1 suggest an earlier entry into a state of age-related decline
compared to wildtype flies.

Brain-specific expression of Chd1 rescues most
but not all sensory defects in mutant flies

The RNA-seq data had shown that most dysregulated
genes in Chd1−/− heads were rescued by both neuron-specific
expression of Chd1 or expression under the control of its

native promoter (Schoberleitner et al., 2021). To examine, if
neuronal expression of Chd1 in the Chd1-deficient background
would affect the sensory and locomotory abilities of the fly,
we performed negative geotaxis, exploratory walking, gustatory,
and olfactory assays also with Chd1elav flies.

The results show that negative geotaxis, exploratory walking
abilities, and gustatory response were completely rescued by
expression of Chd1 with the elav driver (Figures 4A–C)
indicating that activity of CHD1 in neurons is responsible for
the respective defects in Chd1−/− flies. Intriguingly, however,
neuronal expression of Chd1 was not sufficient to rescue the
olfactory deficits of Chd1−/− flies (Figure 4D). Hence, for
proper olfactory response, CHD1 activity in other cell types in
addition to neurons is required.

Discussion

We have previously shown that CHD1 expression in
the brain is required for normal regulation of several
metabolic parameters, such as sugar, fatty acid, and amino
acid homeostasis. Lack of CHD1 results in reduced food
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FIGURE 4

Pan-neuronal expression of Chd1 rescues locomotory and
gustatory impairments but has no effect on olfactory response
behavior. (A) Negative geotaxis assay to assess startle-induced
climbing behavior. Percentage of 7 days old flies climbing to
8 cm height within 60 s was determined in 5 trials. Mean ± SEM
of 3 cohorts of 10 flies each per genotype/experiment from 3
independent experiments is shown. Significant differences
between fly lines was determined by unpaired Student’s t-test.
****p < 0.0001, ns, not significant. (B) Gridline crossings in
exploratory walking assay of individual 7 days old flies during
1 min were scored. Three independent experiments of n > 15
per genotype/experiment were performed. Statistical
significance was determined by unpaired Student’s t-test.
****p < 0.0001. (C) Attraction response index (RI) to sucrose of
7 days old flies was tested as described in Figure 2. Mean ± SEM
of three technical replicates (20 flies per group) and three

FIGURE 4

independent experiments are shown, except for Chd1elav flies
which were tested in 6 technical replicates (20 flies each) and
one experiment. (D) Benzaldehyde of 7 days old flies was tested
as described in Figure 2. Mean ± SEM of three technical
replicates (20 flies per group) and three independent
experiments are shown. Statistical significance was determined
by 2-way ANOVA: Genotype main effect: (C) F(2,44) = 44.46,
****p < 0.0001, and (D) F(7,704) = 457.6, ****p < 0.0001; trial
main effect: (C) F(10,44) = 254.4, ****p < 0.0001, and
(D) F(10,704) = 110.4, ****p < 0.0001; trial × genotype
interaction effect: (C) F(20,44) = 3910, ****p < 0.0001, and
(D) F(70,704) = 5.453, ****p < 0.0001.

intake, increased global inflammation and premature death. On
the molecular level, these phenotypes are linked to reduced
chromatin-associated levels of the histone variant H3.3, which
is incorporated into chromatin mostly during transcription-
related processes that lead to the loss of histones. Consequently,
Chd1−/− flies exhibit increased global transcription presumably
due to a general relief of chromatin-mediated repression
(Schoberleitner et al., 2021). Here we expand on these findings
and show that absence of CHD1 results in olfaction deficits,
reduced gustatory response, which is most likely caused
by reduced motivation for feeding, as well as age-related
locomotory impairments. GO enrichment analyses revealed
that these phenotypic deficits are in agreement with the
dysregulation of genes known to be involved in these processes.
Re-expression of Chd1 in neurons rescued the expression of
most of the dysregulated genes (Figure 1) as well as the
climbing, exploratory walking and gustatory abilities of the flies.
Given that the two locomotion assays are often used to assess
functional aging (Grotewiel et al., 2005; Ismail et al., 2015), these
results, in combination with our previous findings revealing
that neuronal expression of Chd1 rescues shortened lifespan and
chronic inflammation, support the notion that CHD1 plays an
important role in the prevention of premature aging.

The reasons for the complete failure to restore olfactory
perception by neuronal Chd1 expression, however, remain
unknown. Deletion of Chd1 caused the upregulation of 16
out of 34 Obp genes that were detected in our RNA-seq
analysis suggesting an apparently obvious mechanism to explain
the olfactory response phenotype. However, even though
transcription of almost all dysregulated Obp genes was restored
in Chd1elav flies, olfactory response was still impaired. Diverse
functions have been ascribed to OBPs in insects, ranging
from roles in the transport of odorants to odorant receptors,
the sequestration of odorants from the sensillum lymph, the
function as co-ligands at neuronal receptors or the protection
of odorants from degradation (Scheuermann and Smith, 2019).
Even though most studies have examined the functional effects
of OBP ablation rather than of overexpression as we observe
here, reduction of certain OBPs sometimes resulted in increased
response to certain odorants whereas response to others was
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lost indicating that the mode of action of OBPs is complex
and may be different for different OBPs, different odorants
and different cell types (Swarup et al., 2011; He et al., 2019;
Scheuermann and Smith, 2019). Interestingly, a recent study
reported that deletion of the ten most abundant Obp genes in
antennal basiconic sensilla did not affect olfactory abilities of
the flies (Xiao et al., 2019) leading the authors to conclude that
olfaction is not dependent on the abundant OBPs or that minor
OBPs can compensate (Xiao et al., 2019). Our results would
support this notion in the sense that the dysregulation/rescue of
Obp expression had no effect on the flies’ olfactory response, at
least the response to benzaldehyde. It is possible, however, that
the reactions are different for other odorant types. Regardless
of the potential role of OBPs in the olfaction process, our
results also suggest that functions of CHD1 outside of neurons
must be critical for the failure of Chd1elav flies to respond
to benzaldehyde.

Another intriguing observation from our study is that
neuronal expression of Chd1 is sufficient to restore expression
of Obp genes. OBPs are synthesized by non-neuronal
chemosensory support cells in antennal and other sensilla
and secreted into the lymph of the sensillum. Thus, the rescue
of Chd1 expression in Chd1elav flies, which is supposed to
occur only in the sensory neurons, actually should not affect
the regulation of Obp genes in the support cells. A hint
toward a potential mechanism to explain this apparent
discrepancy comes from a recent study on the function of
Obp69a in translating social interaction into sex-specific
behavior involving the male-specific pheromone 11-cis-
Vaccenyl acetate (cVA). The authors found that expression
of Obp69a in the auxiliary cells was regulated by active
neurotransmission of the cVA sensing neuron to the second
order olfactory neuron (Bentzur et al., 2018). In analogy
to this, we speculate that the activity of sensory neurons
in Chd1−/− flies might be altered, which is also illustrated
by the dysregulation of multiple genes linked to G-protein-
coupled receptor signaling and neurotransmission (Figure 1E;
Schoberleitner et al., 2021). This may affect the regulation of
Obp genes in the support cells. Upon neuronal re-expression
of Chd1 (Chd1elav), neuronal function is restored (Figure 1E),
which may cause the downregulation of the Obp genes in
the support cells.

In summary, we have characterized CHD1 as an important
factor contributing to neuronal function and regulating
sensory and locomotory behavior. As a chromatin regulator,
the molecular mechanism behind these functions involves
regulation of transcription including, but not limited to, histone
variant H3.3 incorporation thereby maintaining chromatin
integrity (Schoberleitner et al., 2021). Considering that CHD1 as
well as its significance for brain function are conserved between
insects and mammals (Piatti et al., 2015; Schoberleitner et al.,
2019; Cardoso et al., 2021), these findings may also be relevant
for the study of age-related decline processes in humans.
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