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Critical periods are developmental windows during which neural circuits effectively adapt to the new sensory environment.
Animal models of fragile X syndrome (FXS), a common monogenic autism spectrum disorder (ASD), exhibit profound
impairments of sensory experience-driven critical periods. However, it is not known whether the causative fragile X mental
retardation protein (FMRP) acts uniformly across neurons, or instead manifests neuron-specific functions. Here, we use the
genetically-tractable Drosophila brain antennal lobe (AL) olfactory circuit of both sexes to investigate neuron-specific FMRP
roles in the odorant experience-dependent remodeling of the olfactory sensory neuron (OSN) innervation during an early-life
critical period. We find targeted OSN class-specific FMRP RNAi impairs innervation remodeling within AL synaptic glomer-
uli, whereas global dfmr1 null mutants display relatively normal odorant-driven refinement. We find both OSN cell autono-
mous and cell non-autonomous FMRP functions mediate odorant experience-dependent remodeling, with AL circuit FMRP
imbalance causing defects in overall glomerulus innervation refinement. We find OSN class-specific FMRP levels bidirection-
ally regulate critical period remodeling, with odorant experience selectively controlling OSN synaptic terminals in AL glomer-
uli. We find OSN class-specific FMRP loss impairs critical period remodeling by disrupting responses to lateral modulation
from other odorant-responsive OSNs mediating overall AL gain control. We find that silencing glutamatergic AL interneurons
reduces OSN remodeling, while conversely, interfering with the OSN class-specific GABAA signaling enhances remodeling.
These findings reveal control of OSN synaptic remodeling by FMRP with neuron-specific circuit functions, and indicate how
neural circuitry can compensate for global FMRP loss to reinstate normal critical period brain circuit remodeling.
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Significance Statement

Fragile X syndrome (FXS), the leading monogenic cause of intellectual disability and autism spectrum disorder (ASD), mani-
fests severe neurodevelopmental delays. Likewise, FXS disease models display disrupted neurodevelopmental critical periods.
In the well-mapped Drosophila olfactory circuit model, perturbing the causative fragile X mental retardation protein (FMRP)
within a single olfactory sensory neuron (OSN) class impairs odorant-dependent remodeling during an early-life critical pe-
riod. Importantly, this impairment requires activation of other OSNs, and the olfactory circuit can compensate when FMRP is
removed from all OSNs. Understanding the neuron-specific FMRP requirements within a developing neural circuit, as well as
the FMRP loss compensation mechanisms, should help us engineer FXS treatments. This work suggests FXS treatments could
use homeostatic mechanisms to alleviate circuit-level deficits.
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Introduction
Critical periods are time windows when brain circuitry is partic-
ularly susceptible to initial sensory input driving activity-depend-
ent remodeling (Hubel and Wiesel, 1970; Hensch, 2005). This
refinement is impaired in a range of heritable neurologic disor-
ders (Dölen et al., 2007; Greenhill et al., 2015; Krishnan et al.,
2015; Meredith, 2015). Fragile X syndrome (FXS) patients ex-
hibit profound developmental delays (Bailey et al., 1998; Roberts
et al., 2016), and FXS disease models display disrupted critical
periods (Dölen et al., 2007; Contractor et al., 2015). This leading
monogenic cause of both intellectual disability and autism spec-
trum disorder is characterized by hypersensitivity to sensory
stimuli and childhood activity-dependent seizures (Crawford et
al., 2001; Hersh et al., 2011; Contractor et al., 2015). The causal
fragile X mental retardation protein (FMRP) regulates activity-
dependent protein synthesis enabling experience-dependent syn-
aptic plasticity (Brown et al., 2001; Darnell et al., 2001; Zalfa et
al., 2003; Dölen et al., 2007), especially during critical periods
(Bureau et al., 2008; He et al., 2014; Doll et al., 2017). Building
evidence suggests specific FMRP roles in different brain circuits
and cell types (Dahlhaus, 2018). Neuron class-specific FMRP
genetic manipulations reveal striking differences controlling ac-
tivity-dependent connectivity remodeling (Doll and Broadie,
2015), channel-binding (Brandalise et al., 2020), and transla-
tional control (Sawicka et al., 2019). Thus, it is crucial to test
FMRP functions within specific neurons of defined brain cir-
cuits, and particularly FMRP roles during activity-dependent
neural circuit remodeling in early sensory critical periods.

The Drosophila brain antennal lobe (AL) olfactory circuit
provides an excellent model to study odorant sensory experi-
ence-dependent critical period remodeling (Devaud et al., 2003).
Numerous studies have shown that exposing young animals to
selected odorants changes AL circuit structure and function
(Devaud et al., 2003; Sachse et al., 2007; Doll and Broadie, 2015;
Golovin et al., 2019; Chodankar et al., 2020). Early work estab-
lished that critical period odor exposure alters olfactory sensory
neuron (OSN) connectivity in activated AL regions (Devaud et
al., 2003; Sachse et al., 2007). Subsequent work showed that
odorant exposure or optogenetic activity stimulation during just
the first day following eclosion drives FMRP-dependent PN
structural and functional remodeling (Doll and Broadie, 2015,
2016). Recently, we discovered a new form of experience-de-
pendent OSN remodeling (Golovin et al., 2019), which reduces
Or42a-expressing OSN innervation of a specific AL synaptic glo-
merulus following ethyl butyrate (EB) odorant exposure during
the first 2 days of life, but not a week later. Furthermore, this
remodeling requires functional odorant receptors, but not OSN
output, and is reversed following prolonged removal from the
odorant (Golovin et al., 2019). Together, these studies demon-
strate that temporally restricted critical period odor experience
refines AL glomeruli innervation and activity-dependent func-
tion. However, it remains unclear how reversible critical period
OSN remodeling employs FMRP, and whether neuron-specific
FMRP actions operate in AL circuit mechanisms.

Based on the key roles of FMRP in regulating critical period
remodeling within the AL, we hypothesized an FMRP require-
ment in OSNs. To test this hypothesis, we assayed Or42a OSN
innervation of the VM7 glomerulus following EB exposure dur-
ing the well-mapped critical period (Golovin et al., 2019).
Surprisingly, we find FMRP null mutants manifest normal OSN
innervation refinement following EB exposure, whereas Or42a-
targeted FMRP RNAi strongly attenuates experience-dependent
remodeling. Consistently, global FMRP RNAi mimics null

mutants by not affecting synaptic remodeling, whereas Or42a-
targeted FMRP overexpression (OE) strongly enhances remodel-
ing following EB exposure. These results indicate that balanced
FMRP levels across EB-activated OSNs are required to tune LN
input. We find that Or42a-targeted FMRP RNAi does not
affect OSN remodeling after Or42a-specific optogenetic acti-
vation, but still attenuates circuit remodeling when Or42a
OSN synaptic output is blocked. Importantly, we find that
blocking glutamatergic AL interneuron neurotransmission
as well as GABAAR signaling disrupts Or42a OSN remodel-
ing, suggesting that imbalanced FMRP levels perturb LN to
Or42a OSN activity. Together, these results reveal neuron-
specific FMRP functions in AL circuit critical period remod-
eling, and demonstrate that this circuit can restore normal
function in the absence of FMRP.

Materials and Methods
Drosophila genetics
All animals were reared at 25°C before odor/light exposure. Animals
were reared on a 12/12 h light/dark cycle except for light exposure
experiments, for which animals were kept in darkness. All animals
were fed on the standard Drosophila cornmeal molasses food. Initial
experiments used animals of both sexes, but males show reduced crit-
ical period OSN innervation remodeling compared with females.
Therefore, later experiments were conducted using only females to
control the remodeling variability, and ensure a robust response to
the odorant-dependent critical period OSN remodeling across the
many experimental genotypes. All genotypes were confirmed with
visible markers and/or PCR. Transgenic controls include w-; UAS-
mCD8::GFP/1; Or42a-Gal4/1, w-; Or42a-mCD8::4xGFP/Or42a-
mCD8::4xGFP, w-; Or42a-mCD8::4xGFP/1; Or42a-mCD8::4xGFP/1 and
w-; Or42a-mCD8::4xGFP/Or42a-mCD8::4xGFP. The genetic lines used for
each figure are listed in Table 1.

Odorant exposure
Critical period odorant exposure was done as we previously reported
(Golovin et al., 2019). Briefly; Animals were staged as dark pupa (4 d af-
ter puparium formation at 25°C), separated based on both the sex and
genotype. Fine wire mesh caps were secured onto the animal vials to
allow good airflow, and the vials were then placed within larger airtight
containers (3700 ml, Glasslock). In 1.5-ml microcentrifuge tubes, 1 ml of
mineral oil (Sigma-Aldrich) was placed alone (vehicle control), or with
10%, 15%, 20%, or 25% EB (% v/v in mineral oil; Sigma-Aldrich).
Containers were placed in humidified 23°C incubators with a 12/12 h
light/dark cycle. After 24 h, the adult animals were rapidly transferred to
new vials in clean chambers with a fresh odorant supply. Animals were
then kept in the odorant chambers for another 24 h. The entire odorant
exposure period was 2 d; 0–2 d posteclosion (dpe).

Light exposure
The optogenetic light exposure matched the above critical period odorant
exposure paradigm. Dark-reared animals were staged as dark pupa, sepa-
rated based on sex and genotype, and then transferred to a Petri dish
(35� 10 mm Falcon) with 3 ml of food. The Petri dish was then placed in
the same containers used above (3700 ml, Glasslock) in dark, humidified
23°C incubators. Light was supplied through a custom-built cyan LED
array (515nm) controlled by an Arduino Uno (Arduino) using a custom
script. The light exposure was 5-Hz 50-ms pulses (337mW/mm2). After
24 h, animals were rapidly transferred to a new dish in a clean chamber.
The entire adult animal light exposure period was 2d; 0–2dpe.

Confocal imaging
Staged animals were anesthetized on ice for at least 1–2 min, and then
brains were dissected using fine forceps (Dumont #5) in physiological
saline (128 MM NaCl, 2 MM KCl, 4 MM MgCl2, 1.8 MM CaCl2, 64.6 MM su-
crose, and 5 MM HEPES, pH 7.2; Sigma-Aldrich). Dissected brains were
fixed for 30 min at room temperature (RT) in 4% PFA (EMS)/4%

Golovin et al. · Neuron-Specific FMRP Roles in OSN Remodeling J. Neurosci., February 10, 2021 • 41(6):1218–1241 • 1219



Table 1. List of experimental genotypes

Figure Genotype References

Figure 1A w-; 1/1; Or42a-Gal4,UAS-GtACR1::eYFP/ Or42a-Gal4,UAS-GtACR1::eYFP BDSC#9969 Fishilevich and Vosshall (2005)
Mohammad et al. (2017)

Figure 1B w-; 1/1;Or42a-Gal4,UAS-Cschrimson::mVenus/
Or42a-Gal4,UAS-Cschrimson::mVenus

BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#55136 Klapoetke et al. (2014)

Figure 1C Peb-Gal4/w-; UAS-mCD8::RFP/1; Or42a-mCD8::4�GFP/ Or42a-mCD8::4�GFP BDSC#80570 Sweeney et al. (2007)
BDSC#32219 Barret Pfeiffer, Janelia, HHMI
Stephan et al. (2012)

Figure 1D NP3481-Gal4(VM7 PNs)/ w-;UAS-mCD8::RFP/1;
Or42a-mCD8::4�GFP/Or42a-mCD8::4�GFP

Hayashi et al. (2002)
BDSC#32219 Barret Pfeiffer, Janelia, HHMI
Stephan et al. (2012)

Figure 1E Peb-Gal4/w-; UAS-mCD8::RFP/1; Or42a-mCD8::4�GFP/ Or42a-mCD8::4�GFP BDSC#80570 Sweeney et al. (2007)
BDSC#32219 Barret Pfeiffer, Janelia, HHMI
Stephan et al. (2012)

Figure 1F w-;GH146-Gal4/UAS-mCD8::GFP;1/1 BDSC#30026 Stocker et al. (1997)
BDSC#5137 Lee and Luo (1999)

Figure 1G w-;NP1227-Gal4/UAS-mCD8::GFP;1/1 Hayashi et al. (2002)
BDSC#5137 Lee and Luo (1999)

Figure 1H w-;UAS-mCD8::GFP/1;1/1;OK107-Gal4/1 Connolly et al. (1996)
BDSC#5137 Lee and Luo (1999)

Figure 2A w-;UAS-mCD8::GFP/1;Or42a-Gal4/1 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)

Figure 2A w-;UAS-mCD8::GFP/1;
Or42a-Gal4,dfmr1D50M/ dfmr1D50M

DSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#6930 Zhang et al. (2001)

Figure 2A w-;UAS-mCD8::GFP/1;
Or42a-Gal4/UAS-dfmr1 RNAi (1-1-7)

BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)
Bolduc et al. (2008)

Figure 2B w-; UAS-mCD8::GFP/1; Or42a-Gal4/1 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)

Figure 2B w-; UAS-mCD8::GFP/1;
Or42a-Gal4,dfmr1D50M/ dfmr1D50M

DSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#6930 Zhang et al. (2001)

Figure 2B w-; UAS-mCD8::GFP/1; Or42a-Gal4/UAS-dfmr1 RNAi TRiP.GL00075 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#35200 Flockhart et al. (2006)

Figure 3A,B w-;UAS-mCD8::GFP/1;Or42a-Gal4/1 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)

Figure 3A,B w-;UAS-mCD8::GFP/1;
Or42a-Gal4/UAS-dfmr1 RNAi (2-1)

BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)
Bolduc et al. (2008)

Figure 4A,B w-; Or42a-mCD8::4�GFP/
Or42a-mCD8::4�GFP;UH1-Gal4/1

Stephan et al. (2012)
Wodarz et al. (1995)

Figure 4A,B w-; Or42a-mCD8::4�GFP/Or42a-mCD8::4�GFP;UH1-Gal4/
UAS- dfmr1 RNAi TRiP.GL00075

Stephan et al. (2012), Wodarz et al. (1995)
BDSC#35200 Flockhart et al. (2006)

Figure 4A,B w-; Or42a-mCD8::4�GFP/
Or42a-mCD8::4�GFP;dfmr1B55/dfmr1B55

Stephan et al. (2012)
Inoue et al. (2002)

Figure 5A w-; UAS-mCD8::GFP/1;Or42a-Gal4/1 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)

Figure 5A w-; UAS-mCD8::GFP/1; Or42a-Gal4/UAS-FMRP 9557-3 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#6931 Zhang et al. (2001)

Figure 6A Peb-Gal4/w-; Or42a-Or42a-mCD8::4�GFP/1; Or42a-Or42a-mCD8::4�GFP/1 BDSC#80570 Sweeney et al. (2007)
Stephan et al. (2012)

Figure 6A Peb-Gal4/w-; Or42a-Or42a-mCD8::4�GFP/1; Or42a-Or42a-mCD8::4�GFP/UAS-dfmr1 RNAi TRiP.GL00075 BDSC#80570 Sweeney et al. (2007)
Stephan et al. (2012)
BDSC#35200 Flockhart et al. (2006)

Figure 6C w-; Or42a-Or42a-mCD8::4�GFP/Or42a-Or42a-mCD8::4�GFP; Orco-Gal4/1 Stephan et al. (2012)
BDSC#23292 John Carlson

Figure 6C w-; Or42a-Or42a-mCD8::4�GFP/Or42a-Or42a-mCD8::4�GFP;
Orco-Gal4/ UAS-FMRP 9557-3

Stephan et al. (2012)
BDSC#23292 John Carlson
BDSC#6931 Zhang et al. (2001)

Figure 7A w-; 1/1; Or42a-Or42a-Gal4,UAS-Cschrimson::mVenus/
Or42a-Or42a-Gal4,UAS-Cschrimson::mVenus

BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#55136 Klapoetke et al. (2014)

(Table continues.)
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sucrose in PBS, pH 7.4 (Invitrogen). Brains were washed 3� with PBS
and then blocked for 1 h in 1% BSA (Sigma-Aldrich) in PBS-T (0.2%
Triton X-100 in PBS; Fisher Chemical). Brains were then incubated with
primary antibodies diluted in 0.2% BSA in PBS-T at 4°C overnight (O/
N). Primary antibodies used were as follows: rabbit anti-GFP (Abcam
290; 1:3000), rat anti-RFP (Chromotek 5F8; 1:500), mouse anti-dFMRP
(Abcam a10299 [6A15]; 1:125), and mouse anti-Bruchpilot [BRP;
Developmental Studies Hybridoma Bank (DSHB), nc82; 1:50]. Brains
were washed 3� for 20 min with PBS-T and then incubated O/N with
secondary antibodies. Secondary antibodies used were as follows: Alexa

Fluor 488 goat anti-rabbit, Alexa Fluor 555 donkey anti-mouse, and
Alexa Fluor 546 goat anti-rat (all at 1:250). Brains were then washed in
PBS-T 3� for 20 min, followed by PBS 1� for 20 min. Brains were then
rinsed with dH2O and mounted in Fluoromount (EMS 17984-25) on a
glass slide (ProbeOn Microscope Slides, Fisherbrand) with a glass cover-
slip (No. 1.5H, Carl Zeiss). Double-sided adhesive tape (Scotch) was
used to raise the coverslips above the brains, and clear nail polish (Sally
Hansen) was used to seal the coverslip to the slide. For maxillary palp
studies, whole proboscises were dissected and processed as above, except
with longer fixation (45 min), longer primary/secondary antibody

Table 1. Continued

Figure Genotype References

Figure 7C w-; UAS-mCD8::GFP/1; Or42a-Or42a-Gal4/1 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)

Figure 7C w-; UAS-mCD8::GFP/1; Or42a-Or42a-Gal4,orcO2/orco
1 BDSC#5137 Lee and Luo (1999)

BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#23129 and #23130 Larsson et al. (2004)

Figure 7C w-; UAS-mCD8::GFP/UAS-Orco; Or42a-Or42a-Gal4,orcO2/orco
1 BDSC#5137 Lee and Luo (1999)

BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#23129, #23130 and BDSC#23145 Larsson et al. (2004)

Figure 8A,D w-/y1,v1; 1/1; Or42a-Or42a-Gal4,UAS-Cschrimson::mVenus/TRiP control BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#55136 Klapoetke et al. (2014)
BDSC#36303 Flockhart et al. (2006)

Figure 8B,E w-/ y1,v1,sc1,sev21; 1/1; Or42a-Or42a-Gal4,UAS-Cschrimson::mVenus/ UAS-dfmr1 RNAi TRiP.GL00075 BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#55136 Klapoetke et al. (2014)
BDSC#35200 Flockhart et al. (2006)

Figure 9A w-; UAS-mCD8::GFP/1; Or42a-Or42a-Gal4/1 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)

Figure 9A w-; UAS-mCD8::GFP/1; Or42a-Or42a-Gal4/ UAS-dfmr1 RNAi TRiP.GL00075 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#35200 Flockhart et al. (2006)

Figure 9A w-; UAS-mCD8::GFP/ UAS-TeTxLc; Or42a-Or42a-Gal4/1 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#28838 Sweeney et al. (1995)

Figure 9A w-; UAS-mCD8::GFP/ UAS-TeTxLc; Or42a-Or42a-Gal4/ UAS-dfmr1 RNAi TRiP.GL00075 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#28838 Sweeney et al. (1995)
BDSC#35200 Flockhart et al. (2006)

Figure 10A w-; UAS-mCD8::GFP/1; Or42a-Or42a-Gal4/1 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)

Figure 10A w-; UAS-mCD8::GFP/ UAS-TeTxLc; Or42a-Or42a-Gal4/1 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)
BDSC#28838 Sweeney et al. (1995)

Figure 11A,B NP3481-Gal4(VM7 PNs)/ w-; UAS-mCD8::RFP/1;
Or42a-Or42a-mCD8::4�GFP/Or42a-Or42a-mCD8::4�GFP

Hayashi et al. (2002)
BDSC#32219 Barret Pfeiffer, Janelia, HHMI
Stephan et al. (2012)

Figure 12A w-; Or42a-Or42a-mCD8::4�GFP/1;
Or42a-Or42a-mCD8::4�GFP/1;OK107-Gal4/1

Stephan et al. (2012)
Connolly et al. (1996)

Figure 12A w-; Or42a-Or42a-mCD8::4�GFP/1;
Or42a-Or42a-mCD8::4�GFP/UAS-TeTxLc;OK107-Gal4/1

Stephan et al. (2012)
Connolly et al. (1996)
Wang et al. (2012)

Figure 12C w-; Or42a-Or42a-mCD8::4�GFP/
Or42a-Or42a-mCD8::4�GFP;MB247-Gal4/1

Stephan et al. (2012)
BDSC#50742 Zars et al. (2000)

Figure 12C w-; Or42a-Or42a-mCD8::4�GFP/
Or42a-Or42a-mCD8::4�GFP;MB247-Gal4/UAS-TeTxLc

Stephan et al. (2012)
BDSC#50742 Zars et al. (2000)
Wang et al. (2012)

Figure 13A w-; Or42a-Or42a-mCD8::4�GFP/Or42a-Or42a-mCD8::4�GFP;1/1 Stephan et al. (2012)
Figure 13A w-; Or42a-Or42a-mCD8::4�GFP/Or42a-Or42a-mCD8::4�GFP;

Nmdar1MI11796/ Nmdar1MI11796
Stephan et al. (2012)

Figure 13A w-; Or42a-Or42a-mCD8::4�GFP/Or42a-Or42a-mCD8::4�GFP;
Nmdar1EP331/ Nmdar1MI11796

Stephan et al. (2012)
BDSC#56692 Nagarkar-Jaiswal et al. (2015)
BDSC#17112 Xia et al. (2005)

Figure 14A w-; UAS-mCD8::GFP/1; Or42a-Or42a-Gal4/1 BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)

Figure 14A w-; UAS-mCD8::GFP/1; Or42a-Or42a-Gal4/UAS-Rdl RNAi 8-10J BDSC#5137 Lee and Luo (1999)
BDSC#9969 Fishilevich and Vosshall (2005)
Liu et al. (2007)
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incubations (38–42 h) and no double-sided tap used
for mounting. The whole head image (see Fig. 1) was
taken using an iPhone 6 (Apple) through the oculars of
a Leica dissecting scope with both white light and fil-
tered mercury lamp light for illumination. Confocal
images were collected on a 510 META laser-scanning
confocal microscope (Carl Zeiss) with 40� and 63�
oil-immersion objectives. Images taken with the 40�
lens were collected at 1024� 1024 resolution with a Z-
slice of 1-mm thickness. Images taken with the 63�
lens were collected at 2048� 2048 resolution with a Z-
slice thickness of 0.8mm. The microscope and imaging
settings were kept constant within every experiment.

Quantification
AL glomeruli measurements were done as previously
reported (Golovin et al., 2019). Briefly, blinded brain
images were visualized in ImageJ (NIH) with the quan-
tification channel isolated. A maximum intensity pro-
jection that captured the whole VM7 glomerulus was
used to generate a region of interest (RoI). This RoI
was used with the FIJI plugin 3D Object Counter
(Schindelin et al., 2012) to quantify the RoI volume.
For every experiment, the threshold was set at a constant
value that minimized the noise. In controls, the 3D
Object Counter output typically contained two RoIs,
which were summed. In experimental conditions, when
the glomerular RoI was more discontinuous, all the
regions were summed. To control for variations of signal
across the different labeling constructs, antibody ali-
quots and experimental days, glomerulus volumes were
normalized to the control mean for each experimental
replicate. For the maxillary palp, blinded Z-stack images
were analyzed using ImageJ. A maximum intensity pro-
jection was used to capture all the Or42a OSNs. For the
fluorescence intensity measurements, one RoI for each
Or42a-positive soma was generated using the GFP sig-
nal. ImageJ was then used to quantify the mean intensity
for each soma in both the GFP and FMRP channels.

Statistics
All tests were done using Prism 8 (GraphPad). For
comparisons with more than or equal to two geno-
types, a two-way ANOVA was used with odorant/light
and genotype as independent variables. Follow-up
pairwise comparisons were done using t tests, with
Sidak’s multiple comparisons correction. Interactions
between genotype and odorant/light exposure were
tested with the two-way ANOVA interaction term. A
ROUT outlier test was done for data with Q set to 1%.
Some genotypes showed altered basal glomerulus
innervation volumes in the vehicle-exposed control
animals. While the ANOVA post hoc test can distin-
guish whether the EB-treated means are different, it
does not account for differences in glomerulus volume
of vehicle-treated controls. With only two independ-
ent variables, an ANOVA (2� 2) interaction term can
be attributed to the specific genotype/odorant expo-
sure. However, if more than the independent variables
occur, the interaction term cannot be used for pair-
wise comparisons between genotypes. Therefore, in
all the cases with more than two independent variables, a linear regres-
sion with t tests comparing pairwise interaction terms was used to
assess EB treatment effects while controlling for any changes in the ba-
sal glomerulus innervation volume. Regression coefficients for each ge-
notype interaction term represent the differences in the treatment
effect on the experimental genotype compared with the control geno-
type. If the interaction term of an experimental genotype were zero,
this would indicate the effect of treatment had not changed in the ge-
notype compared with the matched control (glomerular innervation

changed by the same amount). If the interaction term were signifi-
cantly greater than zero, this would indicate that the treatment had not
reduced innervation as much in the experimental condition as in con-
trol. If the interaction term were significantly less than zero, this would
indicate that the treatment had reduced the innervation by more in
the experimental condition compared with the control. To display
regression analyses, bar values of each genotype show the difference
between vehicle and treatment conditions. Error bars are the sum of
the error of the EB effect regression plus the error of the genotype effect
regression. The sample size (n) is the number of brains or maxillary

Figure 1. Maxillary palp (MP) to antennal lobe (AL) olfactory circuitry and neuron class-specific drivers
A, Whole Drosophila head showing Or42a olfactory sensory neuron (OSN) innervation pattern (Or42a-
Gal4.UAS-GtACR1-eYFP; green). OSN cell bodies in the maxillary palp (MP) project to the antennal lobe
(AL). B, Or42a OSN innervation (Or42a-Gal4.UAS-CsChrimson::mVenus; green) of central brain (larger
box in A) co-labeled for presynaptic Bruchpilot (BRP; magenta). Or42a OSNs extend axons via the labial
nerve (bottom arrow) to terminate in the VM7 glomeruli (top arrow) of each AL. AL glomeruli postsynap-
tic projection neurons (PNs) send axons to the mushroom body (MB) and lateral horn (LH) in each brain
hemisphere. C, Or42a OSN cell bodies (Or42a-mCD8-4xGFP; green) in MP (smaller box in (A) co-labeled
for all OSN somata (Pebbled (Peb)-Gal4.UAS-mCD8::RFP; magenta). D, Or42a OSN axonal termini
(Or42a-mCD8-4xGFP; green) and postsynaptic PNs (NP3481-Gal4.UAS-mCD8::RFP; magenta) in the AL
VM7 (white box in (B). E, Neuron class-specific Gal4 drivers expressing UAS-mCD8::GFP in presynaptic
OSNs (Peb-Gal4; top left), postsynaptic PNs (GH146-Gal4; top right), GABAergic local interneurons (LNs,
NP1227-Gal4; bottom left) and Glutamatergic LNs (OK107-Gal4; bottom right) of the brain AL.
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palps. When comparing data with only two conditions, Sidak’s cor-
rected t-tests were employed. Line graphs are of linear regression anal-
yses. ANOVAs are displayed as scatter plots with mean 6 SEM. The
EB effects from the linear regression analyses are displayed as bar
graphs with mean 6 standard error of the regression (SER).
Significance is shown as not significant (N.S.; p. 0.05) or significant at
pp, 0.05, ppp, 0.01, pppp, 0.001.

Results
OSN-specific FMRP loss disrupts odor experience critical
period remodeling of AL innervation
The well-mapped and genetically tractable neuron classes of the
Drosophila AL olfactory circuit make it a very powerful system to

study the mechanisms of sensory experi-
ence-dependent remodeling. The AL is the
first brain synaptic node of the olfactory
circuit (Fig. 1A,B; Wilson, 2013). Odorants
transduced by OSNs in both the antenna
and maxillary palps (Fig. 1C) project axons
along antennal and labial nerves (Fig. 1B,
bottom arrow), respectively, to innervate
OSN-specific AL synaptic glomeruli (Fig.
1D,E, top left; Wilson, 2013). Each OSN
generally expresses a single olfactory recep-
tor (e.g., Or42a; Fig. 1A–D), in addition to
the pan-OSN Orco co-receptor (Larsson et
al., 2004; Couto et al., 2005). Each AL glo-
merulus receives convergent OSNs that
express only that single olfactory receptor
(Fig. 1B, boxed region, D). Within each AL
glomerulus, OSNs synapse onto projection
neurons (PNs; Fig. 1D,E, top right). PNs
subsequently send olfactory information to
the central brain mushroom body (MB)
and lateral horn (Fig. 1B; Jefferis et al.,
2002; Marin et al., 2002). Within the AL,
multiple local interneurons (LNs) synapse
broadly to provide modulation of OSN-PN
excitatory (cholinergic) connections. The
LNs release a variety of neuromodulators
that can both inhibit and excite this olfac-
tory neurotransmission, including GABA
(Fig. 1E, bottom left) and glutamate (Fig.
1E, bottom right; Chou et al., 2010; Wilson,
2013). In addition, LNs can also signal
through gap junction mediated electrical
synapses (Huang et al., 2010). OSN-AL
synaptic connectivity is strongly altered by
critical period olfactory experience, provid-
ing an ideal system to test circuit level
FMRP roles in different neuron classes dur-
ing synaptic remodeling.

We have reported that odorant exposure
to EB during the critical period (0–2 dpe)
causes a large-scale reduction of Or42a
OSN innervation of the AL VM7 glomeru-
lus (Fig. 1A–D; Golovin et al., 2019). Based
on previous work from our lab and others
on the role of FMRP in mediating AL cir-
cuit remodeling (Sudhakaran et al., 2014;
Doll and Broadie, 2015), and FMRP roles
in regulating the critical period plasticity in
other neural circuits (Dölen et al., 2007;

Bureau et al., 2008; Gonçalves et al., 2013), we hypothesized that
FMRP has a role in OSN remodeling. To test this idea, we
assayed Or42a OSN innervation of the AL VM7 glomerulus fol-
lowing 0- to 2-dpe critical period EB exposure in dfmr1 null
mutants (dfmr150M), Or42a OSN-targeted dfmr1 RNAi, and
matched genetic background controls. To visualize Or42a OSN
innervation of the VM7 glomerulus, the membrane marker
UAS-mCD8::GFP was driven with Or42a-Gal4 (Fig. 2).
Innervation volume was assayed between animals exposed to the
mineral oil vehicle compared with EB dissolved in the oil at
lower concentrations (15% EB; Fig. 2A) or higher concentrations
(25% EB; Fig. 2B) during the 0- to 2-dpe critical period. The
three genotypes compared were the transgenic control (Or42a-

Figure 2. Or42a OSN-specific FMRP loss impairs VM7 innervation critical period remodeling A, B, Representative confocal
maximum intensity projections of AL innervation by Or42a OSNs (Or42a-Gal4.UAS-mCD8::GFP; green) co-labeled for pre-
synaptic BRP (magenta). Exposure to mineral oil vehicle (oil; left) or odorant (EB) during the critical period (0–2 dpe) at ei-
ther (A) 15% EB or (B) 25% EB (%V/V). Three genotypes are shown: Or42a-Gal4.mCD8::GFP transgenic control (top),
dfmr1 null (dfmr150M; middle), and Or42a-Gal4 targeted dfmr1 RNAi (A, 1-1-7; B, TriP GL00075). C, Quantification of
Or42a-OSN AL VM7 glomerulus innervation volumes comparing oil vehicle and 15% EB, normalized to vehicle control. D,
The difference between oil and EB exposure for each genotype. E, Quantification of the Or42a-OSNs VM7 innervation at
25% EB for all three genotypes. F, The difference between oil and EB exposure for each genotype. The scatter plots show
all data points and the mean6 SEM for each assay. The bar graphs show mean6 SER for each assay. The significance is
indicated as not significant (N.S.; p. 0.05), or significant at pp, 0.05, ppp, 0.01, pppp, 0.001.
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Gal4.mCD8::GFP; Fig. 2A,B, top panels), dfmr1 null mutant
(dfmr150M; Fig. 2A,B, middle panels), and Or42a OSN-targeted
dfmr1 knock-down (Or42a-Gal4.dfmr1 RNAi; Fig. 2A,B, bot-
tom panels). Sample images of Or42a OSN AL innervation,
quantified VM7 glomerular innervation volumes, and quantified
genotype effect comparisons are all shown in Figure 2.

Control animals exposed to EB during the 0- to 2-dpe critical
period show striking reduction of Or42a OSN innervation of the
VM7 glomerulus (Fig. 2A,B, top). In contrast to our working hy-
pothesis, animals completely lacking FMRP (dfmr150M null) ex-
hibit a similar large reduction in VM7 innervation following
critical period EB odorant exposure, despite an increase in the
basal glomerulus innervation (Fig. 2A,B middle). In stark con-
trast, Or42a OSN-targeted FMRP RNAi strongly suppresses the
EB odorant-dependent loss of Or42a OSN innervation, support-
ing the hypothesis (Fig. 2A,B, bottom). An ANOVA (3� 2) was
used to compare the effects on the three genotypes exposed to
vehicle control versus 15% EB (Fig. 2C). Quantification of the
Or42a OSN innervation volume shows significant effects of
both genotype (F(2,123) = 17.20, p = 2.59e-7) and EB exposure
(F(1,123) = 14, p= 0.0003), with a significant interaction between
genotype and odorant exposure (F(2,123) = 12.21, p=1.45e-5).
The remodeling is EB concentration-dependent, as increasing
the odorant concentration (25% EB) causes a larger innervation
reduction (Fig. 2A vs B). An ANOVA (3� 2) comparing trans-
genic control, dfmr1 null, and Or42a OSN-targeted FMRP RNAi
shows significant effects of both genotype (F(2,170) = 29.09,
p=1.363e-11) and EB exposure (F(1,170) = 329.7, p= 3.113e-59),
with a significant interaction between the genotype and the odor-
ant (F(2,170) = 33.20, p=6.732e-13; Fig. 2E). Quantitative analyses
with pairwise comparisons as well as linear regression models
further indicate that Or42a OSN-specific FMRP loss suppresses
critical period remodeling.

Unpaired t tests with Sidak’s corrections were done to com-
pare the ANOVA conditions. In controls, VM7 innervation is
significantly reduced following 15% EB critical period exposure
[normalized vehicle control (oil) 1.06 0.046 (n= 24 brains) vs
15% EB 0.5926 0.065 (n= 23); t(123) = 3.331, p=0.017; Fig. 2C,
bottom left bar]. A stronger reduction (91.2% vs 40.8%) occurs
with 25% EB [oil control 1.06 0.033 (n= 37 brains) vs 25% EB
0.0886 0.019 (n= 32); t(170) = 12.47, p= 1.38e-24; Fig. 2E, bot-
tom left]. Compared with vehicle control animals, dfmr1 nulls
have significantly greater VM7 basal innervation in both 15%
EB [oil dfmr1 null 1.6986 0.2 (n= 12); t(123) = 4.705, p= 0.0001;
Fig. 2C, middle bar] and 25% EB experiments [oil dfmr1 null
1.416 0.098 (n= 28); t(170) = 5.41, p= 3.18e-6; Fig. 2E, middle
bar]. Nevertheless, there is still a strong reduction in innerva-
tion following critical period EB odorant exposure (Fig. 2A,B,
middle). Following 15% EB, null mutants show a significant
loss of innervation volume [oil dfmr1 null vs 15% EB dfmr1
null 1.036 0.12 (n= 17); t(123) = 4.224, p= 0.0007; Fig. 2C, bot-
tom center bar]. Likewise, null dfmr1 VM7 glomerular innerva-
tion is significantly reduced following 25% EB exposure
compared with the oil-exposed controls [25% EB dfmr1 null
0.126 0.041 (n= 19); t(170) = 14.33, p= 7.12e-30; Fig. 2E, bot-
tom center]. Similar to control animals, the effect of the higher
25% EB exposure is greater than the lower 15% EB exposure in
the dfmr1 null mutants (91.5% vs 39.3%). These results indicate
FMRP loss has an experience-independent function regulating
basal glomerulus innervation, but little impact on experience-
dependent remodeling.

In direct contrast to dfmr1 nulls, FMRP RNAi targeted only
to Or42a OSNs using two different constructs (1-1-7, Bolduc et
al., 2008; TRiP GL00075, Flockhart et al., 2006; Greenblatt and
Spradling, 2018) strongly impairs critical period remodeling
(Fig. 2A,B, bottom). Innervation volume in vehicle knock-
down animals is not significantly different from controls [15%
EB: oil Or42a OSN-targeted FMRP RNAi 1.016 0.069 (n= 27);
t(123) = 0.1197, p. 0.9999; 25% EB: oil Or42a OSN-targeted
FMRP RNAi 1.126 0.053 (n= 32); t(170) = 1.663, p= 0.79].
Moreover, 15% EB critical period exposure does not signifi-
cantly alter VM7 innervation [15% EB 1.236 0.09 (n= 26);
t(123) = 1.841, p= 0.6527; Fig. 2C, bottom right bar]. At 25% EB,
innervation remodeling is also suppressed with Or42a OSN-tar-
geted FMRP knock-down compared with vehicle controls [25%
EB 0.786 0.064 (n= 28); t(170) = 4.335, p= 0.0004; Fig. 2E, bot-
tom right]. Since targeted FMRP removal in Or42a OSNs sig-
nificantly reduces odorant experience-dependent remodeling of
VM7 innervation, EB exposure in the knock-down condition
was directly compared with the EB control to show a signifi-
cantly reduced effect on VM7 innervation, at both 15% and
25% EB concentrations [15% EB control vs 15% EB Or42a
OSN-targeted FMRP RNAi; t(123) = 5.279, p= 8.52e-6 (Fig. 2C,
top bar); 25% EB control vs 25% EB Or42a OSN-targeted
FMRP RNAi; t(170) = 8.847, p= 1.69e-14 (Fig. 2E, top)]. The
inability of FMRP RNAi to completely block OSN remodeling
after 25% EB exposure could indicate that rather than impair-
ing the mechanism directly it alters the OSN response to the
odorant, thereby increasing the stimulus threshold needed for
innervation loss. These results suggest that Or42a OSN-specific
FMRP removal within the AL circuit has a significant impact
on odorant experience critical period remodeling, but required
further analyses to account for variations in basal innervation
volume.

Differences in basal OSN innervation between genotypes
complicates comparing the EB-exposed conditions. Therefore,
a linear regression model was used to analyze EB exposure
compared with vehicle, while controlling for genotype differ-
ences (see Materials and Methods). Unpaired t tests of the
null hypothesis that genotype does not affect the treatment
relationship were done compare regression coefficients
for each interaction term. Regression analyses show dfmr1
null interaction with 15% EB exposure is not significant
(dfmr1x15% EB b = �0.266 0.2; t(123) = 1.302, p = 0.1953;
Fig. 2D, top), indicating no significant impact from global
FMRP loss on EB exposure effects. With 25% EB, the dfmr1
null regression coefficient becomes significant (b =
�0.386 0.12; t(170) = 3.267, p = 0.0013; Fig. 2F, top), indi-
cating FMRP removal augments innervation loss from
odorant exposure. Consistent with the pairwise compari-
sons between the control genotype and Or42a OSN-tar-
geted FMRP RNAi, regression analyses show significant
interactions at both 15% and 25% EB (Or42a OSN-targeted
FMRP RNAix15% EB b = 0.626 0.17; t(123) = 3.687,
p = 0.0003; Or42a OSN-targeted FMRP RNAix25% EB b =
0.576 0.11; t(170) = 5.334, p = 4.54e-6; Fig. 2D,F, bottom).
Together, these results indicate that FMRP has two roles:
(1) a cell non-autonomous role regulating basal Or42a
OSN-VM7 innervation, with dfmr1 nulls displaying experi-
ence-independent increased glomeruli innervation; and (2)
an OSN cell autonomous role regulating critical period ol-
factory experience-dependent remodeling, with Or42a-spe-
cific FMRP removal, but not global FMRP loss, limiting
innervation refinement.
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Sex-specific differences in early odorant experience critical
period remodeling of AL innervation
In experiments testing the role of FMRP in critical period OSN
remodeling, we observed that much of the variation between ani-
mal responses to EB exposure could be attributed to sex. To
quantify this sex difference, we compared male and female ani-
mals following exposure to vehicle control and 20% EB from 0 to
2 dpe. To further validate our finding that Or42a-targeted RNAi
against FMRP disrupts EB-dependent AL innervation remod-
eling, we used a third RNAi targeting FMRP (2–1; Bolduc et
al., 2008). After odorant exposure, the volume of the Or42a
OSN innervation of the VM7 glomerulus was assessed by
quantifying Or42a-Gal4.UAS-mCD8::GFP. Animals exposed
to EB during the critical period show pronounced changes in
VM7 glomeruli, with sparser innervation and the appearance
of OSN puncta (Fig. 3A,B). In EB-exposed males, OSN puncta
occur in both controls and dfmr1 RNAi animals, but the ex-
posure has relatively little impact on the glomerulus inner-
vation volume (Fig. 3A). Or42a-targeted dfmr1 RNAi males
lack any VM7 innervation loss but produce more OSN
puncta (Fig. 3A, bottom right). In EB-exposed females, there
is a much more pronounced response to odorant experience
during the critical period, with a strong shift toward greater
innervation loss but with fewer OSN puncta (Fig. 3B). As
with the males, females expressing Or42a-targeted dfmr1
RNAi exhibit very altered critical period remodeling, with
the appearance of greater numbers of OSN puncta and
much less loss of the overall VM7 glomerulus innervation
compared with control females (Fig. 3B, bottom right).
Representative images for both the sexes and both the geno-
types, together with the quantitative innervation measure-
ments, are shown in Figure 3.

A three-way ANOVA (2 � 2 � 2) comparing innervation
volume reveals significant effects of EB exposure (F(1,206) = 17.47,
p=4.313e-5), genotype (F(1,206) = 21.80, p= 5.45e-6) and sex
(F(1,206) = 57.26, p= 1.251e-12; Fig. 3C). There are significant
interactions between odorant and genotype (F(1,206) = 26.87,
p=5.179e-7) as well as sex (F(1,206) = 63.83, p=9.485e-14), but
not genotype and sex (F(1,206) = 0.005, p=0.9427). EB-exposed
control males show only a small loss in innervation volume [oil
16 0.036 (n=26) vs EB 0.916 0.097 (n=25); multiple compari-
sons with Sidak’s correction, t(206) = 0.9129, p. 0.9999; Fig. 3C,
bottom left bar] compared with dfmr1 RNAi males with signifi-
cantly greater innervation relative to vehicle exposure [oil
0.9556 0.1 (n=26) vs EB 1.4126 0.099 (n=25); t(206) = 4.636,
p=0.0002; Fig. 3C, second bottom bar]. EB-exposed control
females show a much greater loss of innervation [oil 1.06 0.037
(n=28) vs EB 0.1876 0.029 (n=28); t(206) = 8.634, p= 4.55e-14;
Fig. 3C, third bottom bar], with Or42a-Gal4.dfmr1 RNAi caus-
ing severely attenuated remodeling [RNAi oil 0.9966 0.063
(n=28) vs EB 0.6356 0.053 (n=28); t(206) = 3.831, p=0.0047;
Fig. 3C, right bottom bar]. Quantification reveals that Or42a-tar-
geted dfmr1 RNAi causes significantly altered innervation in
both sexes (control EB male vs RNAi EB Male; t(206) = 5.042,
p=2.81e-5; control EB female vs RNAi EB female; t(206) = 4.756,
p=0.0001; Fig. 3C, second bars). EB-exposed females have sig-
nificantly less innervation than males in both controls and with
dfmr1 RNAi (control EB male vs control EB female; t(206) =
7.457, p= 6.78e-11; RNAi EB male vs RNAi EB female; t(206) =
8.02, p=2.2e-12; Fig. 3C, top two bars). Together, these results
indicate critical period EB exposure causes a more robust loss of
glomerulus innervation in control females, with Or42a-targeted
dfmr1 RNAi strongly attenuating this OSN remodeling. For

consistency and clarity in dissecting the causal mechanisms,
females were employed in subsequent experiments.

Null dfmr1mutants and global FMRP RNAi animals both
maintain critical period remodeling
Because of the above surprising difference between dfmr1 null
mutants and Or42a OSN-targeted dfmr1 RNAi, we wanted to
test the conclusion that neuron class-specific differences
(Or42a OSN-targeted vs global) rather than technical differ-
ences (null mutant vs all three RNAi knock-downs) accounts
for the result. We differentiated between these two possibil-
ities by testing olfactory experience-dependent remodeling
of Or42a OSN VM7 innervation with a global FMRP knock-
down (UH1-Gal4.dfmr1 RNAi; Wodarz et al., 1995) and
transgenic control lacking dfmr1 RNAi, compared with a sec-
ond dfmr1 null mutant (dfmr1B55; Inoue et al., 2002).

Figure 3. Sex-specific differences in EB-dependent critical period remodeling of AL inner-
vation. A, Representative confocal maximum intensity projections of Or42a OSNs innervating
the male AL VM7 glomerulus (Or42a-Gal4.UAS-mCD8::GFP; white). B, Representative
images from females under identical conditions. All animals were exposed to mineral oil ve-
hicle (top), or 20% EB odorant (bottom) during the 0- to 2-dpe critical period. The paired ge-
notypes shown are the following: the transgenic control (Or42a-Gal4.mCD8::GFP; left
column) and the same transgenic line with dfmr1 RNAi expression (Or42a-Gal4.dfmr1
RNAi 2-1; right column). C, Quantification of the Or42a OSN VM7 innervation volumes for
both genotypes, treatment conditions, and sexes. Scatter plots show all data points and the
mean6 SEM. The significance is indicated as not significant (N.S.; p. 0.05), or significant
at ppp, 0.01 and pppp, 0.001.
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Animals of these three genotypes
expressing a membrane-bound GFP
under direct control of the Or42a pro-
moter (Or42a-mCD8::4xGFP; Stephan
et al., 2012) were exposed to either oil
vehicle or 20% EB during the 0–2 dpe
critical period. If all three genotypes
show the strong reduction in Or42a
OSN VM7 innervation following EB
exposure relative to the vehicle control,
then the result supports neuron class-
specific FMRP roles within the AL ol-
factory circuit. On the other hand, if
the UH1-Gal4.dfmr1 RNAi animals
show an impaired response to odorant
experience during the critical period,
then this would suggest an important
difference between the FMRP null
mutant and RNAi knock-down in
mediating the olfactory experience-
dependent remodeling phenotype. Rep-
resentative images of brain FMRP levels
and VM7 glomerulus innervation, as
well as quantifications for all conditions,
are shown in Figure 4.

In first testing our genetic tools, both
global dfmr1 RNAi and the homozygous
dfmr1B55 mutation led to an indistin-
guishable complete loss of brain FMRP
expression compared with the robust
FMRP levels in the matched transgenic
controls (Fig. 4A, top vs middle and bot-
tom). This agrees with previous reports
on these lines (Inoue et al., 2002;
Greenblatt and Spradling, 2018), showing
a loss of detectable FMRP. As in the
above experiments, exposing control ani-
mals to EB during the 0- to 2-dpe critical
period causes a stark reduction of Or42a
OSN VM7 glomerulus innervation (Fig.
4B, top). Importantly, the global UH1-
Gal4.dfmr1 RNAi animals look remark-
ably like the null mutants (Fig. 4B, mid-
dle). Global FMRP removal leads to an
increase in the basal oil-exposed Or42a
OSN innervation volume, while maintain-
ing robust olfactory experience-dependent
remodeling. As in the dfmr150M null mu-
tant above, the alternate dfmr1B55 null mu-
tant shows an indistinguishable response
to both oil vehicle and EB exposure,
with vehicle-treated animals showing a
larger innervation volume compared
with controls, but still maintaining the
robust innervation loss following critical period EB odorant
exposure (Fig. 4B, bottom). Note also the characteristic
Or42a OSN puncta in the VM7 glomeruli of both the global
dfmr1 knock-down and null mutant following critical period
EB exposure (Fig. 4B, middle and bottom arrows) suggesting
a dynamic stage in the OSN remodeling process, as we
reported previously (Golovin et al., 2019). Together, these
results support an OSN-specific FMRP role in olfactory ex-
perience-dependent critical period remodeling.

ANOVA (3� 2) analyses support the qualitative conclusion
with significant effects of odor (F(1,161) = 487.5, p=1.411e-50) and
genotype (F(2,161) = 18.08, p=8.252e-8), but no significant interac-
tion (F(2,161) = 2.57, p=0.0797; Fig. 4C). Pairwise t tests with Sidak’s
correction indicate EB exposure significantly reduces innervation in
all 3 genotypes [control oil 1.06 0.05 (n=34) vs EB 0.0086 0.006
(n=35); t(161) = 13.54, p=3.4e-27; UH1-Gal4.dfmr1 RNAi oil
1.3776 0.08 (n=31) vs EB 0.1566 0.04 (n=29); t(161) = 15.52,
p=1.27e-32; dfmr1B55 oil 1.3286 0.06 (n=19) vs EB 0.3186 0.10
(n=19); t(161) = 10.23, p=4.62e-18; Fig. 4C, bottom bars]. Vehicle

Figure 4. Neither dfmr1 mutants nor global dfmr1 RNAi impair OSN critical period remodeling A, Representative confocal
maximum intensity projections of the entire central brain labeled with anti-FMRP (white) in the w-;Or42a-mCD8::4xGFP/
Or42a-mCD8::4xGFP;UH1-Gal4/1 transgenic control (top), with ubiquitous dfmr1 RNAi (w-;Or42a-mCD8::4xGFP/Or42a-
mCD8::4xGFP;UH1-Gal4/UAS-dfmr1 RNAi TriP GL00075; middle) and in a dfmr1 null mutant (dfmr1B55; bottom). B,
Representative confocal maximum intensity projections of Or42a OSNs innervating the female AL VM7 glomerulus (Or42a-
mCD8-4xGFP; white). The same genotypes above exposed to mineral oil vehicle (left) or 20% EB odorant (right) from 0 to 2
dpe. The bright puncta following EB exposure are labeled by white arrows. C, Quantification of Or42a-OSN AL VM7 glomeru-
lus innervation volumes comparing oil vehicle and 20% EB of all three genotypes. D, The difference between oil and EB expo-
sure for each genotype. The scatter plots show all data points and the mean 6 SEM for each assay. The bar graphs show
mean 6 SER for each assay. The significance is indicated as not significant (N.S.; p. 0.05), or significant at pp, 0.05,
ppp, 0.01, pppp, 0.001.
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null and RNAi animals both have larger basal innervation volumes
(oil control vs oil UH1-Gal4.dfmr1 RNAi; t(161) = 4.989, p=2.3e-5;
oil control vs dfmr1B55 oil; t(161) = 3.76, p=0.0036; Fig. 4C, middle
and top bars). Multiple linear regression to compare vehicle and EB
exposure while controlling for this innervation difference shows
UH1-Gal4.dfmr1 animals have a slightly larger change (UH1-
Gal4.dfmr1 RNAi x 20% EB b = �0.236 0.11; t(161) = 2.127,
p=0.035; Fig. 4D, bottom bar) and dfmr1 nulls have no significant
difference (dfm1B55 x 20% EB b = �0.026 0.12; t(161) = 0.147,
p=0.8833; Fig. 4D, top bar). Despite this small difference, both the
ubiquitous FMRP knock-down and dfmr1B55mutant largely resem-
ble the dfmr150M mutant. These findings indicate that Or42a OSN-
targeted FMRP removal selectively disrupts olfactory experience-de-
pendent critical period remodeling. Together, these results further
demonstrate that global FMRP loss in the AL circuit can be com-
pensated for, despite theOr42aOSN-specific FMRP function.

Or42a OSN-specific FMRP OE enhances critical period
odorant remodeling
The above results suggest that a FMRP balance between Or42a
OSNs and other circuit neurons is required for proper critical pe-
riod remodeling. If so, then elevating FMRP levels in OR42a
OSNs should also alter experience-dependent remodeling. We
have found bidirectional FMRP regulation within other neural
circuits (Zhang et al., 2001; Sears et al., 2019). To test whether
targeted FMRP OE impacts critical period remodeling, trans-
genic controls (Or42a.mCD8::GFP) were compared with UAS-
FMRP 9557–3 (Or42a.FMRP OE; Zhang et al., 2001) after ex-
posure to either the oil vehicle or 20% EB during 0–2 dpe. As
above, the controls show a striking reduction in Or42a OSN
innervation (Fig. 5A, left panels, top vs bottom). In agreement
with the FMRP balance hypothesis, Or42a OSN-targeted FMRP
OE greatly enhances this olfactory experience-dependent remod-
eling (Fig. 5A, right panels, top vs bottom). Note that the direc-
tional disruption of the Or42a OSN innervation volume change
is the opposite to Or42a OSN-targeted FMRP knock-down (Fig.
2), indicating a clear bidirectional consequence of FMRP imbal-
ance within the circuit. Both the control and FMRP OE condi-
tions show the OSN puncta characteristic of remodeling (Fig.
5A, arrows), but remnant Or42a OSN innervation is much
sparser in the FMRP OE condition, similar to the consequence
of increasing EB odorant concentration (Fig. 2). The quantitative
assessment of Or42a OSN VM7 innervation volume further sup-
ports the role in FMRP balance in regulating olfactory experi-
ence-dependent synaptic remodeling during the early-use critical
period.

ANOVA (2� 2) analyses to compare these conditions show
significant effects of both the genotype (F(1,71) = 11.03,
p=0.0014) and odorant exposure (F(1,71) = 186.7, p= 1.471e-21),
with a significant interaction between them (F(1,71) = 13.96,
p=0.0004; Fig. 5B). Unpaired t tests with Sidak’s correction pair-
wise comparisons show EB exposure in controls significantly
reduces Or42a OSN innervation [control oil 1.06 0.037 (n=17)
vs 20% EB 0.486 0.054 (n= 17); t(71) = 6.714, p=2.35e-8; Fig.
5B, bottom left], with a stronger effect following targeted FMRP
OE [oil 1.0226 0.07 (n= 21) vs EB 0.116 0.032 (n= 20); t(71) =
12.92, p=1.53e-19; Fig. 5B, bottom right]. FMRP OE does not
impact the basal innervation (t(71) = 0.2955, p= 0.9998), so we
directly compared EB-exposed control and FMRP OE condi-
tions. FMRP OE in the Or42a OSNs significantly enhances criti-
cal period remodeling from the EB exposure (t(71) = 4.963,
p=2.75e-5; Fig. 5B, top bar). This confirms the ANOVA analyses
indicating a significant interaction between FMRP OE and

odorant exposure. These results support the conclusion that
FMRP balance within the AL circuit determines olfactory experi-
ence-dependent synaptic remodeling during the critical period.
More specifically, the opposite effects of targeted FMRP decrease
and increase only in Or42a OSNs indicates a bidirectional regu-
lation of remodeling. When FMRP levels are lower in Or42a
OSNs compared with other neurons, remodeling is diminished,
and conversely increasing FMRP levels in Or42a OSNs enhances
critical period remodeling.

Pan-OSN FMRP knock-down does not impact olfactory
experience critical period remodeling
The above results indicate FMRP works cell autonomously and
cell non-autonomously in opposition to regulate critical period
olfactory experience OSN synaptic remodeling. Given the Or42a
OSN-specific FMRP functions, the next goal was to identify the
neurons providing the cell non-autonomous counterbalance. To
begin this new pursuit, Or42a OSN remodeling was tested after

Figure 5. Or42a OSN-specific FMRP OE increases VM7 innervation remodeling A,
Representative confocal maximum intensity projections of Or42a OSNs innervating the AL
VM7 glomerulus (Or42a-Gal4.UAS-mCD8::GFP; white). Females were exposed to mineral oil
vehicle (top) or 20% EB odorant (bottom) from 0 to 2 dpe. Two genotypes are shown: trans-
genic control (Or42a-Gal4.mCD8::GFP; left), and the same transgenic line overexpressing
FMRP (Or42a-Gal4.FMRP 9557-3; right). The bright puncta following EB exposure are la-
beled by white arrows. B, Quantification of the Or42a-OSN VM7 innervation volume for both
genotypes and treatment conditions. Scatter plots show all data points and the mean 6
SEM. The significance is indicated as pppp, 0.001.
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altering FMRP levels in all OSNs. The Orco-
Gal4 line drives expression in all OSNs
(Larsson et al., 2004) but comes on relatively
late in pupation. Pebbled-Gal4 (Peb-Gal4) is
also expressed in all OSNs (Fig. 1E; Sweeney
et al., 2007) and comes on earlier. Since both
drivers include the Or42a OSNs, the predic-
tion is that if only the Or42a OSNs are
involved in the critical period remodeling,
then altering FMRP levels should pheno-
copy the Or42a OSN-specific driver.
Alternatively, if other OSNs contribute to
Or42a OSN remodeling, then this should
phenocopy the global UH1-Gal4, without
affecting Or42a OSN remodeling. To test
these two possibilities, Peb-Gal4 and Orco-
Gal4 were used to eliminate and overex-
press FMRP throughout the OSN popula-
tion while assaying specifically for Or42a
OSN olfactory experience-dependent criti-
cal period remodeling. Peb-Gal4 was first
used to drive dfmr1 RNAi, while labeling
Or42a OSNs using Or42a-mCD8::4xGFP.
Transgenic controls (lacking the RNAi) and
experimental animals were again exposed
to oil vehicle or 20% EB from 0 to 2 dpe.
Sample images of FMRP expression in max-
illary palp OSNs and Or42a OSN innerva-
tion in VM7 glomeruli, as well as quantified
glomerular innervation values, are all
shown in Figure 6.

All OSN cell bodies in the maxillary palp
express FMRP, and can be co-labeled for the
Or42a OSN population (Fig. 6A, top). Peb-
Gal4 driven FMRP RNAi (Peb-Gal4.dfmr1
RNAi) strongly suppresses FMRP in all
OSNs, including Or42a OSNs (Fig. 6A,
right). Following EB exposure, transgenic
controls exhibit a near complete loss of
Or42a OSN innervation (Fig. 6A, bottom).
Because of strong loss of Or42a innervation
(GFP signal) in the VM7 glomeruli, presyn-
aptic active zone BRP labeling is also shown
to outline the AL glomeruli (Fig. 6A, bottom,
magenta). Three distinct glomeruli are thus
demarcated, including the central VM7 glo-
merulus innervated by Or42a OSNs (Fig.
6A, dotted white lines). In the oil-exposed
animals, typical innervation is observed.
After 20% EB critical period exposure,
both transgenic controls and the Peb-
Gal4.dfmr1 RNAi animals show near com-
plete loss of VM7 innervation (Fig. 6A, third
row vs bottom). Importantly, Or42a OSN
innervation loss corresponds with the loss of
synaptic BRP within VM7 glomeruli, and
therefore an inability to clearly define the VM7 border with BRP
labeling (Fig. 6A, bottom, white dotted regions). This loss of BRP
synapse after critical period EB exposure is consistent with our
previous report that strong olfactory experience during the criti-
cal period diminishes BRP volume and intensity within Or42a
OSN presynaptic active zones (Golovin et al., 2019). These
results indicate that global OSN-targeted FMRP removal does

not impact Or42a OSN innervation remodeling because of EB
exposure during the critical period, a conclusion next confirmed
by quantitative assessment.

ANOVA (2� 2) analyses to compare genotypes versus odor-
ant treatments show a significant effect of odorant (F(1,57) =
378.3, p= 7.734e-27), but not genotype (F(1,57) = 1.148,
p= 0.288), with no significant interaction between genotype and
odorant (F(1,57) = 0.7329, p=0.396; Fig. 6B). Unpaired t tests

Figure 6. Pan-OSN FMRP knock-down/OE does not impact the VM7 remodeling A, Maxillary Palp (MP) anti-FMRP
(magenta; top row), co-labeled with Or42a OSNs (Or42a-mCD8-4xGFP, green; second row) in transgenic control (w-;Peb-
Gal4/1;Or42a-mCD8::4xGFP/1;Or42a-mCD8::4xGFP/1; left) and Peb-Gal4.dfmr1 RNAi (w-;Peb-Gal4/1; Or42a-
mCD8::4xGFP/1; Or42a-mCD8::4xGFP/UAS-dfmr1 RNAi; right). Bottom two rows, Or42a OSN innervation of VM7 glomer-
ulus after exposure to oil vehicle or 20% EB from 0 to 2 dpe. BRP labeling (magenta) shows VM7 and surrounding glo-
meruli (dotted white outlines). B, Quantification of Or42a OSN VM7 innervation volume with Peb-Gal4 dfmr1 RNAi. C,
The same MP labeling of transgenic control (w-; Or42a-mCD8::4xGFP/Or42a-mCD8::4xGFP; Orco-Gal4/1; left) and Orco-
Gal4 FMRP OE (w-; Or42a-mCD8::4xGFP/Or42a-mCD8::4xGFP; Orco-Gal4/UAS-FMRP 9557-3; right). Bottom two rows, The
same Or42a OSN-VM7 innervation exposed to either oil vehicle or 20% EB from 0 to 2 dpe. D, Quantification of the
Or42a-OSN VM7 innervation volume for Orco-Gal4 FMRP OE. Scatter plot shows all data points and the mean 6 SEM.
The significance is indicated as not significant (N.S.; p. 0.05), or significant at pppp, 0.001.
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with Sidak’s correction evaluating pairwise comparisons indicate
EB-exposed control animals have significantly reduced Or42a
OSN innervation [control oil 1.06 0.032 (n= 17) vs 20% EB
0.0026 0.001 (n=17); t(57) = 14.02, p=4.64e-26; Fig. 6B, bottom
left]. FMRP OSN knock-down (Peb-Gal4.dfmr1 RNAi) also
causes significantly reduced OSN innervation volumes follow-
ing EB exposure [Peb-Gal4. dfmr1 RNAi oil 1.1036 0.102
(n= 15) vs EB 0.0136 0.009 (n= 12); t(57) = 13.56, p= 1.042e-
18; Fig. 6B, bottom right]. FMRP removal does not impact the
basal extent of VM7 innervation (t(57) = 1.408, p= 0.6603), and
we therefore can directly compare the two EB-exposed geno-
types. Peb-Gal4.dfmr1 RNAi in all the OSNs does not signifi-
cantly impact the Or42a OSN innervation following critical
period EB exposure compared with transgenic controls (t(57) =
0.1478, p. 0.9999; Fig. 6B, top bar). This confirms the above
ANOVA analyses indicating no significant interaction
between EB exposure and the Peb-Gal4 FMRP knock-down.
These results bolster the hypothesis that balanced FMRP
within the AL circuit acts to regulate Or42a OSN critical pe-
riod remodeling, and predict that OE of FMRP in all OSNs
should also have no effect, thus mirroring the results of pan-
OSN knock-down.

We next examined FMRP in transgenic con-
trol and Orco-Gal4.FMRP maxillary palps to
find strong FMRP OE in all OSNs, including
the marked Or42a OSNs (Fig. 6C, top). Similar
to global OSN FMRP knock-down, FMRP OE
throughout OSNs does not impact Or42a OSN
critical period remodeling following EB expo-
sure (Fig. 6C, third and bottom rows, compare
left and right). ANOVA (2� 2) quantification
confirms the similar EB effect between trans-
genic controls and Orco-Gal4.FMRP OE ani-
mals, with a significant main effect of odorant
exposure (F(1,71) = 907.8, p=3.473e-42), but not
genotype (F(1,71) = 0.518, p=0.474), and no sig-
nificant interaction between EB exposure and
genotype (F(1,71) = 1.506, p= 0.224; Fig. 6D).
Pairwise comparisons using unpaired t tests
with Sidak’s correction reveal that EB exposure
significantly reduces VM7 glomerular innerva-
tion in both controls and with Orco-
Gal4.FMRP OE compared with the oil-
exposed animals [control oil 1.06 0.05 (n=16)
vs 20% EB 0.0496 0.03 (n=19); t(71) = 19.77,
p= 8.28e-30; Orco-Gal4.FMRP oil 1.066 0.04
(n= 19) vs 20% EB 0.0336 0.01 (n= 21); t(71) =
22.98, p= 7.91e-34; Fig. 6D, bottom bars]. In
addition, these tests show that Orco-
Gal4.FMRP OE does not alter VM7 innerva-
tion after oil or EB exposure (control oil vs
Orco-Gal4.FMRP oil; t(71) = 1.331, p=0.712;
control 20% EB vs Orco-Gal4.FMRP 20% EB;
t(71) = 0.372, p= 0.999; Fig. 6D, top bar). These
results, along with the results from global OSN
FMRP RNAi, all point to a FMRP role in Or42a
OSNs and other OSN classes controlling VM7
innervation remodeling driven by critical pe-
riod olfactory experience.

Or42a OSN-specific optogenetic activation is
sufficient to drive critical period remodeling
The FMRP role across the OSN population sug-
gests a function mediating Or42a OSN innerva-

tion remodeling in response to EB odorant exposure in the
critical period. We previously showed that the functional Or42a
receptor is required for Or42a OSN critical period remodeling
(Golovin et al., 2019). However, EB activates other OSN classes
(DoOR v2.0; Münch and Galizia, 2016), and higher EB levels
may activate more OSNs (Semmelhack and Wang, 2009).
Therefore, it remains possible that critical period remodeling
requires both Or42a receptors and EB-sensitive receptors in
other OSN classes. To test this hypothesis, parallel approaches
were employed. First, CsChrimson::mVenus channelrhodopsin
(Klapoetke et al., 2014) was targeted to Or42a OSNs (Or42a-
Gal4.CsChrimson::mVenus) for the specific activation of Or42a
OSNs with timed cyan (515nm) light stimulation (Fig. 7A,B).
Second, removal of the essential olfactory Orco co-receptor
required to mediate OSN responses (Larsson et al., 2004) was
used to compare orco null mutants and orco nulls with Orco re-
expressed only within Or42a OSNs, compared with transgenic
driver controls (Fig. 7C). These tests allow the assessment of (1)
the requirement of OSN activity in general, and (2) the suffi-
ciency of Or42a OSN activity specifically, to mediate critical pe-
riod remodeling. As above, Or42a OSN innervation was imaged

Figure 7. Or42a OSN-targeted neuronal activation drives VM7 critical period remodeling. A, Representative confo-
cal maximum intensity projections of Or42a-OSN VM7 innervation, with Or42a-Gal4 driven expression of fluorescently
tagged channelrhodopsin Cschrimson::mVenus. Females were reared in complete darkness (dark, top) or with 515
nm cyan light (light, bottom) during the 0- to 2-dpe critical period. B, Quantification of Or42a-OSN VM7 innervation
volume without activation (dark) and with optogenetic stimulation (light). C, Representative images of Or42a
OSN VM7 innervation (Or42a-Gal4.UAS-mCD8::GFP; white). Females were exposed to the oil vehicle (top) or 20%
EB (bottom) during the 0- to 2-dpe critical period. Three genotypes are shown: transgenic control (w-; UAS-mCD8::
GFP/1; Or42a-Gal4/1; left), orco null mutant (orco1/orco2; middle), and the orco null with Or42a OSN-targeted
Orco rescue (orco1/orco2, Or42a-Gal4.UAS-Orco; right). D, Quantification of VM7 innervation for all genotypes
and conditions. E, The difference between the oil vehicle and EB exposures. Scatter plots show all data points and
mean 6 SEM. Bar graphs show mean 6 SER. The significance is indicated as significant at pp, 0.05,
ppp, 0.01, pppp, 0.001.
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within the VM7 glomerulus following 0- to 2-dpe critical period
exposure to either the oil vehicle or 20% EB. Representative
images and innervation quantifications for both channelrhodop-
sin and orcomutant experiments are shown in Figure 7.

To mimic the effects of EB odorant exposure during the criti-
cal period, Or42a-Gal4. CsChrimson::mVenus animals were
staged and exposed to 515nm light as closely as possible to the
manner of EB odorant exposure. However, there were two differ-
ences: (1) the animals were kept in constant darkness before ex-
posure to cyan light stimulus; and (2) the animals were raised in
Petri dishes to allow for stronger optogenetic light stimulation
(see Materials and Methods). Critical period light exposure of
the targeted Or42a OSN CsChrimson-expressing animals drives a
striking reduction of the Or42a innervation of the VM7 glo-
merulus, which qualitatively resembles the remodeling driven
by the critical period EB olfactory experience (Fig. 7A, top vs
bottom). Changes include a reduction in intensity, sparse and
reduced glomerulus coverage, and appearance of the charac-
teristic OSN puncta. This qualitative assessment is supported
by quantitative measurements, which show that Or42a-
Gal4.CsChrimson::mVenus animals exposed to cyan light
during the critical period have significantly reduced inner-
vation compared with dark-reared control animals (dark
1.06 0.058 vs light 0.086 0.02; t(26) = 15.04; p = 2.421e-14,
unpaired t test; Fig. 7B). The ability of channelrhodopsin-
driven activity to reduce Or42a OSN innervation similar to
olfactory EB exposure indicates that Or42a activity is suffi-
cient for critical period synaptic remodeling of VM7 glo-
merulus innervation. However, because light and odorant
driven activity levels in the Or42a neurons could be differ-
ent, it is possible that the magnitude of innervation remod-
eling is different when only Or42a OSNs are activated.

Or42a OSN-specific odorant activation is essential for
critical period innervation remodeling
To test whether Or42a OSN-specific EB receptor activation pro-
duces the same effect as global OSN EB activation, orco null
mutants were compared with orco nulls with targeted Orco res-
cue only in Or42a OSNs (Or42a-Gal4.UAS-Orco; Fig. 7C). As
in all the above experiments, the transgenic controls show the
normal striking reduction in VM7 innervation caused by 20%
EB odorant exposure during the 0- to 2-dpe critical period, com-
pared with the robust innervation characterizing the oil vehicle
alone (Fig. 7C, left, top vs bottom). Consistent with the role of ol-
factory reception mediating critical period remodeling (Golovin
et al., 2019), orco null mutants lack any reduction in VM7 inner-
vation following critical period EB exposure, compared with the
matched oil-exposed animals (Fig. 7C, middle, top vs bottom).
In agreement with the above optogenetic studies, when Orco is
re-expressed only in Or42a OSNs (Or42a-Gal4.Orco) there is
again a strong reduction in VM7 innervation following EB olfac-
tory experience during the critical period, compared with the oil-
exposed animals (Fig. 7C, right, top vs bottom). Interestingly, the
reduction of VM7 innervation with targeted Or42a-Gal4.Orco
rescue appears even more extreme than the matched control ani-
mals (Fig. 7C, left bottom vs right bottom). In the targeted
Or42a-Gal4.Orco rescue animals, critical period EB exposure
generates sparser and less intensely labeled VM7 glomeruli
innervation. Taken together, these results suggest a highly spe-
cific Or42a OSN activity requirement in critical period innerva-
tion remodeling, a conclusion supported and expanded by
quantitative analyses.

ANOVA (3� 2) quantification comparing the controls and
orco null mutants exposed to either EB or oil vehicle alone dur-
ing the 0- to 2-dpe critical period shows significant effects of ge-
notype (F(2,105) = 76.63 p=3.016e-21) and odorant exposure
(F(1,105) = 266.3, p= 1.455e-30), with a significant interaction
between the two (F(2,105) = 142.3, p= 1.273e-30; Fig. 7D).
Unpaired t tests with Sidak’s correction evaluating pairwise
comparisons show EB-exposed transgenic controls (Or42a-
Gal4.mCD8::GFP) have significantly reduced innervation vol-
umes [control oil 1.06 0.025 (n= 20) vs EB 0.3656 0.045
(n= 17); t(105) = 12.69, p= 9.46e-22; Fig. 7D, bottom left bar].
Unexpectedly, the oil-exposed orco null mutants (orco1/orco2,
Larsson et al., 2004) exhibit significantly lower innervation vol-
umes compared with matched controls [control oil vs orco oil
0.8426 0.032 (n= 19); t(105) = 3.245, p= 0.0234; Fig. 7D, second
from bottom bar]. Although the orco null AL has been reported
to have grossly normal overall morphology (Larsson et al.,
2004), this basal difference could mark the beginnings of the
later glomerular degeneration that later occurs in orco null
mutants (Chiang et al., 2009). Also surprisingly, orco null
mutants exposed to 20% EB during the critical period have sig-
nificantly larger glomerulus innervation volumes than the oil-
exposed orco mutants [orco oil vs orco EB 1.0286 0.041
(n= 20); t(105) = 3.814, p= 0.0035; Fig. 7D, bottom middle bar].
These results show that complete loss of olfaction in all the OR-
expressing OSNs has striking impacts on the olfactory circuitry
and may shift the AL circuit connectivity in unexpected ways.

Since the oil-exposed control animals and EB-exposed orco
mutants show no significant difference in VM7 glomerulus
innervation (t(105) = 0.577, p. 0.9999), one possible explanation
is that EB exposure prevents the glomerular degeneration start-
ing to appear in orco mutants via the lateral excitation onto
Or42a OSNs triggered by other OSN classes (Huang et al., 2010).
Despite the above unanticipated results, the orco null mutants
clearly show the expected lack of VM7 innervation remodeling
after critical period EB exposure (Fig. 7C,D). There is a signifi-
cantly increased innervation volume in orco nulls exposed to EB,
compared with EB-exposed controls (t(105) = 13.25, p= 5.71e-23;
Fig. 7D, third from bottom bar). Targeted restoration of Orco
only in Or42a OSNs in otherwise orco null mutants prevents the
innervation loss occurring in the orco nulls alone, leading to
innervation volumes that are not significantly different com-
pared with the oil-exposed controls [control oil = vs Or42a-
Gal4.Orco oil 0.9836 0.043 (n=18); t(105) = 0.3539, p. 0.9999;
Fig. 7D]. The Or42a-Gal4.Orco rescue condition also restores
the VM7 innervation remodeling caused by critical period EB ex-
posure, compared with the oil vehicle condition alone [EB
0.026 0.015 (n=17); t(105) = 18.77, p=3.74e-34; Fig. 7D, bottom
right bar]. Moreover, the VM7 innervation reduction is signifi-
cantly greater than within EB-exposed control animals (t(105) =
6.636, p= 2.17e-8; Fig. 7D, top bar). These results demonstrate
that Orco-dependent Or42a OSN activation is the main driver of
critical period AL innervation remodeling, but that other OSNs
can fine-tune the response.

To directly compare interactions between critical period EB
exposure and each genotype separately, a linear regression model
was used to generate interaction terms interrogated to determine
whether genotypes significantly alter innervation following EB
exposure (Fig. 7E). There is a significant interaction between the
critical period EB exposure and the orco null mutant genotype,
with a significant regression coefficient (20% EB x orco b =
0.826 0.07; t(105) = 11.76, p=7.082e-21; Fig. 7E, left bar). This
result indicates that introduction of the orco null prevents the
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olfactory experience-dependent innervation loss after critical pe-
riod EB exposure, compared with the matched controls. The
interaction of the odorant exposure with the Or42a-Gal4.Orco
rescue in an otherwise orco null mutant is in the opposite direc-
tion, with another very significant regression coefficient (20%
EB x Or42a.Orco b = �0.3286 0.071; t(105) = 4.574,
p=1.315e-5; Fig. 7E, right bar). This result indicates that the crit-
ical period EB odorant exposure leads to a greater reduction of
VM7 innervation volume in the orco null mutants with Orco re-
expressed only in the Or42a OSNs, compared with the transgenic
control animals. Taken together, these results provide very
strong evidence that Or42a OSN-specific activity is sufficient to
drive critical period remodeling of the VM7 glomerulus innerva-
tion. However, although only Or42a OSN activity is required for
the innervation remodeling, other OSNs appear to modulate the
level of EB experience remodeling through lateral inhibition, as
the innervation reduction seen when Orco is only targeted to
Or42a OSNs is greater than in the matched transgenic control
animals.

Or42a OSN-targeted activation is not affected by Or42a
OSN-targeted FMRP knock-down
The Or42a OSN presynaptic terminals innervating the VM7 glo-
merulus receive lateral inhibition from AL GABAergic LNs (Fig.
1E, bottom left; Olsen and Wilson, 2008). This inhibition scales
with OSN olfactory activation and is effectively blocked by
removing or shielding from external odorant stimuli (Olsen and
Wilson, 2008). Based on the role of balanced OSN FMRP levels
(Fig. 6), and the impact of silencing many OSNs (Fig. 7) in medi-
ating the Or42a OSN critical period remodeling, we next
hypothesized that FMRP might regulate the local lateral modula-
tion downstream of broad EB-driven OSN activation. To test
this hypothesis, we took advantage of Or42a OSN-targeted
CsChrimson::mVenus channelrhodopsin (Klapoetke et al., 2014)
to specifically activate just the target OSNs (as in Fig. 7), while
also targeting FMRP removal (Or42a-Gal4.UAS-CsChrimson::
mVenus, UAS-dfmr1 RNAi; Fig. 8). These animals were com-
pared with animals raised in total darkness, and to transgenic
control animals (lacking the RNAi) raised in either darkness or
in the same light conditions. As further controls, we examined
the effect of oil vehicle alone or 20% EB on the same genotypes
raised in complete darkness. All light and odorant treatments
were done in the 0- to 2-dpe critical period. Representative
images of Or42a OSN terminals in the VM7 glomerulus, and the
innervation quantifications for all genotypes and treatments, are
shown in Figure 8.

Transgenic controls show the expected strong reduction in
Or42a OSN innervation of the VM7 glomerulus following criti-
cal period light stimulation, compared with animals raised in
total darkness (Fig. 8A). Or42a OSN-specific optogenetic activa-
tion in Or42a-Gal4.UAS-dfmr1 RNAi animals causes a similar
decrease in VM7 innervation compared with the dark-reared
animals (Fig. 8A vs B), indicating the EB-driven OSN activity is
an important driver of the FMRP effect. ANOVA (2� 2) analy-
ses of glomeruli innervation for each condition show a signifi-
cant light stimulation effect (F(1,73) = 114.3, p= 1.368e-16), but
no FMRP genotype effect (F(1,73) = 0.05, p=0.8158), with no sig-
nificant interaction between stimulation and genotype (F(1,73) =
1.71, p=0.195). Pairwise comparisons using t tests with Sidak’s
correction show that critical period EB exposure significantly
reduces innervation in both transgenic controls and Or42a-
Gal4.UAS-dfmr1 RNAi animals [control dark 1.06 0.04
(n=21) vs light 0.416 0.06 (n=21); t(73) = 8.9, p= 1.71e-12;

RNAi dark 0.9476 0.02 (n= 18) vs light 0.4866 0.07 (n= 17);
t(73) = 6.35, p= 9.7e-8; Fig. 8C, bottom bars]. Further compari-
sons show that transgenic controls raised in darkness or light-
stimulated during the 0- to 2-dpe critical period have VM7 glo-
merulus innervation volumes not statistically different from
Or42a-Gal4.UAS-dfmr1 RNAi animals under the same condi-
tions (control dark vs RNAi dark; t(73) = 0.766, p= 0.9712; con-
trol light vs RNAi light; t(73) = 1.08, p= 0.8641; Fig. 8C, top bar).
Together, these results indicate that broad OSN activation is
required for the effect of Or42a OSN-targeted FMRP removal.

Consistent with previous results, transgenic controls exposed
to 20% EB show reduced Or42a OSN VM7 innervation com-
pared with oil-exposed animals (Fig. 8D, top vs bottom). The

Figure 8. Or42a-targeted optogenetic activation is not affected by Or42a-targeted FMRP
RNAi All images show confocal maximum intensity projections of Or42a-OSN VM7 innerva-
tion, with Or42a-Gal4 driven expression of fluorescently tagged channelrhodopsin
Cschrimson::mVenus. A, B, Females were reared in total darkness (dark, top) or with 515 nm
cyan light (light, bottom). A, Or42a.Cschrimson::mVenus transgenic controls and (B) Or42a-
targeted dfmr1 RNAi (TriP GL00075). C, Quantification of VM7 innervation in control and
Or42a.dfmr1 RNAi animals following dark and light treatment. D, E, Females were reared
with oil vehicle (top) or 20% EB odorant (bottom) during the 0- to 2-dpe critical period. D,
Or42a.Cschrimson::mVenus transgenic controls and (E) Or42a-targeted dfmr1 RNAi (TriP
GL00075). F, Quantification of VM7 innervation in control and Or42a.dfmr1 RNAi animals
following oil and 20% EB exposure. Scatter plots show all data points and the mean 6
SEM. The significance is indicated as not significant (N.S.; p. 0.05) and significant at
pppp, 0.001.
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effect of Or42a OSN-targeted FMRP RNAi also
agrees with previous experiments, showing
impaired innervation remodeling compared
with the transgenic controls (Fig. 8E). ANOVA
(2� 2) quantification of the effects of oil versus
20% EB exposure on the two genotypes show a
significant effect of both odorant (F(1,75) =
284.1, p=3.211e-27) and genotype (F(1,75) =
17.3, p= 8.4e-5), with a significant interaction
between exposure and genotype (F(1,75) = 5.02,
p=0.028). Pairwise comparisons using t tests
with Sidak’s correction show that EB exposure
significantly reduces VM7 glomerulus innerva-
tion volume for both transgenic controls and
Or42a-Gal4.UAS-dfmr1 RNAi animals [con-
trol oil 1.06 0.03 (n= 21) vs 20% EB
0.3596 0.04 (n=21); t(75) = 13.95, p= 9.38e-22;
RNAi oil 1.0646 0.04 (n=19) vs 20% EB
0.5746 0.02 (n=18); t(75) = 10.02, p= 1.05e-14;
Fig. 8F, bottom bars]. Or42a-Gal4.UAS-dfmr1
RNAi animals exposed to the oil vehicle have
statistically similar glomerulus innervation vol-
umes to the transgenic controls (control oil vs
RNAi oil; t(75) = 1.37, p=0.687). In line with
our previous experiments, Or42a-Gal4.UAS-
dfmr1 RNAi animals had significantly greater
VM7 innervation compared with transgenic
controls after critical period EB exposure (con-
trol EB vs RNAi EB; t(75) = 4.49, p=0.0002; Fig.
8F, top bar). Overall, these results suggest lateral
connections from broadly branching AL LNs
are the likely mediators of critical period
remodeling.

Or42a OSN synaptic output is not required
for Or42a-targeted FMRP RNAi remodeling
effects
Results up to this point indicate that Or42a
OSN-specific activity is needed for critical period remodeling
and that refinement is impaired if FMRP levels are not balanced
between OSNs. We previously reported that Or42a OSN synaptic
output does not drive critical period remodeling, but rather
serves to limit the effect of EB odorant experience (Golovin et al.,
2019). Because of the known FMRP roles controlling trans-syn-
aptic signaling that coordinates with neurotransmitter release
(Friedman et al., 2013), we hypothesized that FMRP roles in crit-
ical period remodeling require synaptic output. To block synap-
tic output in Or42a OSNs, we used a targeted tetanus toxin light
chain (Or42a-Gal4.UAS-TeTxLc), while unbalancing FMRP lev-
els using targeted FMRP RNAi (Or42a-Gal4.UAS-dfmr1 RNAi),
with Or42a-Gal4.UAS-mCD8::GFP labeling. The combined
Or42a-Gal4.UAS-TeTxLc, UAS-dfmr1 RNAi animals were com-
pared with the controls (Or42a-Gal4.UAS-mCD8::GFP), as
well as TeTxLc (Or42a-Gal4.UAS-TeTxLc) and FMRP RNAi
(Or42a-Gal4.UAS-dfmr1 RNAi) alone. Animals of each ge-
notype were exposed to either the oil vehicle or 10% EB during
the 0- to 2-dpe critical period. The lower EB concentration was
used for this experiment because our previous work with Or42a-
Gal4.UAS-TeTxLc animals showed that Or42a OSN innervation
of the VM7 glomerulus was completely eliminated at higher EB
concentrations (Golovin et al., 2019). Representative images of
Or42a OSN terminals in the VM7 glomerulus, innervation

quantifications, and EB effect quantifications for all genotypes and
treatments are shown in Figure 9.

Unlike the higher EB exposures, 10% EB from 0 to 2 dpe has
little effect on Or42a OSN innervation in transgenic control ani-
mals (Fig. 9A, top), although characteristic OSN punctae still
occur after odorant exposure. The 10% EB-exposed controls
show some regions of thinner VM7 innervation, with other areas
containing the OSN puncta often occurring in EB-exposed ani-
mals (Fig. 9A, top, right arrows). Comparing Or42a-Gal4.UAS-
dfmr1 RNAi animals exposed to oil vehicle or EB odorant also
reveals similar OSN puncta (Fig. 9A, second row, right arrows).
However, unlike the control animals, Or42a-target FMRP RNAi
animals have more widespread OSN puncta with little thinning
of the innervation, which leads to a small expansion of the overall
glomerulus innervation (Fig. 9A, second row). Consistent with
our previous experimental report (Golovin et al., 2019), Or42a-
Gal4.UAS-TeTxLc causes both more expansive basal innerva-
tion and a stronger EB odorant-induced reduction than matched
controls (Fig. 9A, third row). These TeTxLc-expressing animals
show a response to critical period 10% EB exposure that appears
similar to the control response to 20% EB. In addition, examin-
ing animals expressing both Or42a-targeted dfmr1 RNAi and
TeTxLc blockade shows basal glomerulus innervation even fur-
ther increased compared with controls (Fig. 9A, bottom row).
Moreover, EB-exposed animals with both dfmr1 RNAi and

Figure 9. Or42a OSN synaptic output is not required for Or42a-targeted FMRP RNAi effect. A, Representative con-
focal maximum intensity projections of Or42a OSN VM7 innervation (Or42a-Gal4.UAS-mCD8::GFP; white) following
exposure to oil vehicle (left) or 10% EB (right) during the 0- to 2-dpe critical period. Four genotypes are shown: the
transgenic control (Or42a-Gal4.mCD8::GFP; top), with Or42a-targeted dfmr1 RNAi (TriP GL00075; second), with
Or42a-targeted tetanus toxin light chain (TeTxLc; third), and with both Or42a-targeted dfmr1 RNAi and TeTxLc (bot-
tom). The bright puncta following EB odorant exposure are labeled by white arrows. B, Quantification of the Or42a
OSN VM7 innervation volume for each genotype and condition. C, Difference between oil vehicle and EB odorant
shown for each genotype. Scatter plots show all data points and mean6 SEM. Bar graphs show mean6 SER. The
significance is indicated as not significant (N.S.; p. 0.05), or significant at pp, 0.05, ppp, 0.01,
pppp, 0.001.
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TeTxLc synapse blockade show impaired remodeling compared
with TeTxLc alone (Fig. 9A, bottom right). These results indicate
that blocking Or42a OSN synaptic output does not impair the
effect ofOr42a-targeted FMRP RNAi.

ANOVA (2 � 2 � 2) quantitative analyses of VM7 glomeru-
lus innervation for each condition strongly support the above
conclusions (Fig. 9B,C). Comparisons show a significant effect of
the EB odorant exposure (F(1,316) = 335.9, p= 1.272e-51), TeTxLc
synaptic transmission blockade (F(1,316) = 34.04, p=1.336e-8)
and targeted dfmr1 RNAi (F(1,316) = 102.4, p=4.924e-21), with
significant two-way interactions between odorant and TeTxLc
(F(1,316) = 428.4, p=9.46e-61), odor and dfmr1 RNAi (F(1,316) =
15.9, p=8.3e-5), and TeTxlc and dfmr1 RNAi (F(1,316) = 7.96,
p=0.0051), but no significant three-way interaction (F(1,316) =
0.0014, p= 0.9697). Pairwise comparisons using t tests with
Sidak’s correction show that critical period EB exposure does not
significantly change VM7 glomerulus innervation for the trans-
genic controls compared with the oil-exposed animals [control
oil 1.06 0.03 (n=42) vs 10% EB 0.9596 0.03 (n=41); t(316) =
0.8375, p. 0.9999; Fig. 9B, bottom left bar]. Interestingly,
Or42a-Gal4.UAS-dfmr1 RNAi animals have significantly larger
VM7 glomerulus innervation volumes after EB exposure com-
pared with the oil vehicle [RNAi oil 1.0826 0.04 (n= 39) vs 10%
EB 1.2426 0.04 (n=41); t(316) = 3.179, p= 0.0445; Fig. 9B, sec-
ond bottom bar]. Critical period 10% EB exposure in Or42a
OSN-targeted TeTxLc animals, with or without dfmr1 RNAi,
leads to a significant reduction in VM7 innervation compared
with the oil-exposed animals [TeTxLC oil 1.36 0.03 (n= 41) vs
10% EB 0.2266 0.03 (n= 38); t(316) = 21.22, p= 2.69e-61;
RNAi1TeTxLc oil 1.5256 0.04 (n=42) vs 10% EB 0.6486 0.05
(n=40); t(316) = 17.65, p=1.5e-47; Fig. 9B, bottom third and
right bars].

Further comparisons show that oil-exposed transgenic con-
trols have similar Or42a OSN VM7 innervation compared with
Or42a-Gal4.UAS-dfmr1 RNAi, but significantly smaller than
with Or42a-Gal4.UAS-TeTxLc (control oil vs RNAi oil; t(316) =
1.636, p=0.9519; control oil vs TeTxLc oil; t(316) = 6.079,
p=9.75e-8; Fig. 9B, second and third from bottom left bars).
Combining both dfmr1 RNAi and TeTxLc significantly increases
the glomerulus innervation of oil-exposed animals, possibly indi-
cating an odor experience-independent interaction (TeTxLc oil
vs dfmr1 RNAi 1 TeTxLc oil; t(316) = 4.553, p=0.0002; Fig. 9B,
second from bottom bar right). As expected, following 10% EB
exposure, Or42a OSN-targeted dfmr1 RNAi impairs and Or42a
OSN-targeted TeTxLc enhances VM7 glomerulus innervation,
compared with matched controls (control 10% EB vs RNAi 10%
EB; t(316) = 5.7, p=7.69e-7; control 10% EB vs TeTxLc 10% EB;
t(316) = 14.47, p= 2.58e-35; Fig. 9B, fourth from bottom and top
left bars). Glomerulus innervation was also compared in Or42a-
Gal4.UAS-TeTxLc animals after 10% EB exposure, with or
without dfmr1 RNAi. Similar to Or42a OSNs with intact synaptic
output, transmission-blocked animals with dfmr1 RNAi show
significantly increased VM7 innervation, implying the remodel-
ing impairment from imbalanced FMRP levels does not require
synaptic transmission from Or42a OSNs (TeTxLC 10% EB vs
RNAi 1 TeTxLc 10% EB; t(316) = 8.289, p=9.265e-14; Fig. 9B,
right, fourth bar from bottom). The ANOVA quantification indi-
cates that FMRP effects Or42a OSN critical period remodeling
independent of OSN synaptic output.

To compare interactions between the critical period EB expo-
sure and each of the genotypes, a linear regression model was
generated to test for significant interactions (Fig. 9C). There is
significant interaction between critical period EB experience and

targeted dfmr1 RNAi, with a significant regression coefficient
(10% EB x dfmr1 RNAi b = 0.226 0.07; t(316) = 3.108,
p= 0.0021; Fig. 9C, bottom left bar), indicating that targeted
dfmr1 RNAi significantly mitigates EB-induced innervation
remodeling. The interaction of critical period EB exposure and
TeTxLc is in the opposite direction, with another very significant
regression coefficient (10% EB x TeTxLc b = �1.0096 0.07;
t(316) = 13.96, p = 7.849e-35; Fig. 9C, top bar), indicating that EB
exposure causes a greater reduction of VM7 innervation in
Or42a-targeted TeTxLc animals. The interaction between EB ex-
posure and targeted dfmr1 RNAi is not altered by the TeTxLc
blockade (10% EB x dfmr1 RNAi x TeTxLc b = �0.0276 0.1;
t(316) = 0.26, p= 0.795). To test more specifically for an effect of
Or42a-targeted dfmr1 RNAi on EB exposure in the TeTxLc ani-
mals, we built a second linear regression model using only the
TeTxLc blockade data. The regression coefficient for the interac-
tion between critical period EB exposure and Or42a OSN-tar-
geted dfmr1 RNAi in the TeTxLc model is still significant (10%
EB x dfmr1 RNAi b = 0.19736 0.07; t(157) = 2.77, p=0.0063;
Fig. 9C, bottom right bar). Taken together, these findings indi-
cate that the cell autonomous FMRP role on odorant experience-
dependent innervation remodeling does not rely on the Or42a
OSN synaptic output.

It is possible that OSN-targeted TeTxLc synaptic transmission
blockade might be having effects by modifying FMRP levels in
these neurons. In the above FMRP OE studies, elevating FMRP
levels in the Or42a OSNs enhances the effect of EB experience-
dependent critical period remodeling (Fig. 4). Therefore, rather
than TeTxLc blockade acting independently from FMRP, OSN-
targeted TeTxLc could possibly increase FMRP expression and
thus mimic the effects of FMRP OE. In order to test this possibil-
ity, we used FMRP antibody labeling to compare controls to ani-
mals expressing TeTxLc in Or42a OSNs. Silencing synaptic
output of Or42a OSNs does not detectably alter FMRP levels in
these neurons (Fig. 10). Comparisons of Or42a OSN somata in
maxillary palps reveal no differences in the intensity or extent
of FMRP labeling (Fig. 10A). Quantification shows that Or42a
OSN FMRP levels do not significantly differ between the con-
trols and Or42a-Gal4.TeTxLc animals [control 27236 161.4
FMRP intensity (A.U.; n= 20 palps) vs Or42a-Gal4.TeTxLc
24456 417.8 arbitrary units (A.U.) (n= 12); unpaired t test,
t(30) = 0.7262, p= 0.4733; Fig. 10B]. Moreover, the ratio between
Or42a OSN FMRP and total FMRP (i.e., FMRP in all maxillary
palp OSNs) is not different between controls and TeTxLc animals
[control 1.1516 0.03487 (n = 20) vs Or42a-Gal4.TeTxLc
1.1766 0.2347 (n=12); unpaired t test, t(30) = 0.3627, p=0.7193;
Fig. 10C]. Together, these results suggest silencing Or42a OSN
synaptic output does not detectably alter FMRP levels, again
implicating the importance of lateral connections from other
neurons rather than a direct feedback mechanism.

Critical period olfactory experience selectively remodels
presynaptic OSN innervation
Previous work from our lab and others has shown that critical
period odorant experience can drive dendritic arbor changes in
postsynaptic PNs downstream of OSN glomerular innervation
(Sachse et al., 2007; Doll and Broadie, 2015; Chodankar et al.,
2020). However, a recent study has suggested that Or42a OSN
presynaptic remodeling is a completely separable mechanism
(Chodankar et al., 2020). This recent study, combined with
Or42a OSN remodeling in absence of synaptic output to VM7
PNs, made it unclear whether presynaptic innervation changes
would be mirrored in a comparable PN postsynaptic refinement.
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We therefore next jointly assayed both the presyn-
aptic OSNs and the postsynaptic PNs following the
critical period odorant exposure. To simultane-
ously image presynaptic and postsynaptic partners
within the VM7 glomerulus, we labeled the Or42a
OSNs with Or42a-mCD8::4xGFP (Fig. 11A,
left, green), while using NP3481-Gal4 (Olsen and
Wilson, 2008) to drive UAS-mCD8::RFP
(NP3481.mCD8::RFP) in the PNs (Fig. 11A, mid-
dle, magenta). The co-labeling shows the RFP-
marked PNs overlap with the GFP-marked Or42a
OSNs within the VM7 glomerulus in merged sin-
gle slice confocal images (Fig. 11A, right, merged).
These animals were exposed to either oil vehicle or
20% EB during the 0- to 2-dpe critical period.
Representative images of the presynaptic and post-
synaptic processes in the VM7 glomerulus, and the
innervation quantifications for both Or42a OSNs
and VM7 PNs following critical period treatments,
are shown in Figure 11.

Following 20% EB critical period exposure, the
control animals show the typical strong reduction
of Or42a OSN innervation (Fig. 11B, green, left vs
right). Despite loss of presynaptic innervation,
postsynaptic PNs are largely unchanged between
oil-exposed and EB-exposed conditions (Fig. 11B,
magenta, left vs right). Presynaptic and postsynap-
tic volumes were quantified and compared with t
tests with Sidak’s correction and a simple linear
regression. Compared with oil-exposed animals,
EB-exposed animals show significantly reduced
Or42a OSN innervation, but no significant differ-
ence in the PN volume in the VM7 glomerulus
[Or42a OSN oil 1.06 0.07 (n= 18) vs 20% EB 0.156 0.06
(n=18); t(34) = 9.43, p=1.04e-10; VM7 PN oil 1.246 0.04
(n=18) vs 20% EB 1.16 0.11 (n= 18) PN volumes normalized
to Or42a OSN oil volume mean; t(34) = 1.12, p=0.47; Fig. 11C].
Note that there is some increased variability in the VM7 PN vol-
umes in the EB-exposed animals compared with vehicle controls
(SEM oil 0.04 vs 20% EB 0.11; Fig. 11C). We therefore tested
whether Or42a OSN innervation and PN dendritic arborization
might correlate, and possibly account for some of the odorant-
induced variability. A simple linear regression was used to com-
pare the presynaptic and postsynaptic volumes, but only a very
weak, EB-independent relationship is apparent (oil R2 = 0.1591
vs EB R2 = 0.1387; Fig. 11D). In summary, these results show
that critical period odorant exposure drives striking remodeling
in the presynaptic Or42a OSNs, but not the postsynaptic PNs,
and therefore separates this process from similar processes that
have mirrored presynaptic and postsynaptic alterations.

Silencing AL glutamatergic interneurons reduces Or42a OSN
critical period remodeling
AL LNs are prime candidates to regulate critical period remodel-
ing. LNs interconnect OSNs for lateral modulation of OSN activ-
ity (Chou et al., 2010; Fig. 8) receive broad synaptic output from
many OSNs (Olsen and Wilson, 2008; Fig. 9), and innervate
OSN presynaptic terminals (Wilson, 2013; Fig. 11). LNs release
neuromodulators including GABA and glutamate (Jackson et al.,
1990; Das et al., 2010). We previously found that Or42a-targeted
knock-down of the glutamate receptor NMDAR1 subunit
strongly impairs Or42a OSN critical period remodeling (Golovin
et al., 2019). Glutamatergic LNs (GluLNs; Fig. 1E, bottom right)

provide the major source of glutamate neurotransmission in the
AL circuit (Liu and Wilson, 2013). Therefore, we next tested the
contribution of the GluLNs to Or42a OSN critical period remod-
eling. GluLN synaptic output was silenced as above, using
OK107-Gal4 to drive tetanus toxin (OK107-Gal4.TeTxLc),
with Or42a OSNs labeled by Or42a-mCD8::4xGFP. Since the
OK107-Gal4 driver has extensive expression in the MB
(Connolly et al., 1996), we also used the MB-restricted driver
MB247-Gal4 (Zars et al., 2000) as a control to express TeTxLc
(MB-247-Gal4.TeTxLc) and assess the effect of MB silencing
on Or42a critical period remodeling. The same transgenic lines
lacking TeTxLc were used as controls. Staged animals from all
genotypes were exposed to either the oil vehicle or 20% EB dur-
ing the 0- to 2-dpe critical period. Representative VM7 images
and glomerulus innervation quantifications for all genotypes and
conditions are shown in Figure 12.

As above, transgenic control animals show a striking reduc-
tion in VM7 glomerulus innervation with 20% EB critical period
exposure (Fig. 12A, top). In contrast, animals with GluLN silenc-
ing by TeTxLc (OK107-Gal4.TeTxLc) have impaired Or42a
OSN remodeling following the EB odorant exposure (Fig. 12A,
top vs bottom). Quantification of glomerulus innervation and
ANOVA (2� 2) analyses show a significant effect of the odor
(F(1,74) = 367.9, p = 1.946e-30) and the GluLN TeTxLc silencing
(F(1,74) = 10.24, p= 0.002), with a significant interaction between
experience and genotype (F(1,74) = 25.61, p= 2.95e-6; Fig. 12B).
Pairwise comparisons using the t tests with Sidak’s corrections
show that EB-exposed animals have significantly reduced inner-
vation compared with oil-exposed transgenic controls and
OK107-Gal4.TeTxLc animals [control oil 1.06 0.03 (n=26) vs
20% EB 0.0036 0.001 (n= 25); t(74) = 20.61, p= 1.31e-31;

Figure 10. Or42a OSN-targeted TeTxLc neurotransmission block does not alter FMRP levels. A,
Representative confocal maximum intensity projections of maxillary palp OSNs labeled with anti-FMRP (ma-
genta) and Or42a-Gal4.mCD8::GFP (green), showing both channels (merged, top) or the FMRP channel alone
(bottom). The maxillary palps are from the transgenic controls (Or42a-Gal4.Or42a-mCD8::GFP, left) and with
TeTxLc expression (Or42a-Gal4.TeTxLc, right). B, Quantification of the mean FMRP fluorescence intensity levels
within the GFP-positive Or42a OSNs comparing the controls and TeTxLc-expressing animals. C, Quantification of
the ratio of mean FMRP fluorescence intensity in Or42a OSNs compared with all OSNs. Scatter plots show all
data points and mean6 SEM. The significance is indicated as not significant (N.S.; p. 0.05).

1234 • J. Neurosci., February 10, 2021 • 41(6):1218–1241 Golovin et al. · Neuron-Specific FMRP Roles in OSN Remodeling



TeTxLc oil 0.9236 0.06 (n= 13) vs 20% EB 0.3436 0.07
(n=14); t(74) = 8.73, p= 3.23e-12; Fig. 10B, bottom bars].
Silencing GluLNs does not alter the basal glomerulus innervation
under control oil-exposed conditions (control oil vs TeTxLc oil;
t(74) = 1.304, p=0.7303), but does significantly increase Or42a
OSN innervation following the critical period EB odorant expo-
sure (control 20% EB vs TeTxLc 20% EB; t(74) = 5.893, p= 6.27e-
7; Fig. 12B, top bar). Together, these results suggest a role for
GluLN glutamatergic signaling in Or42a OSN olfactory-experi-
ence-dependent critical period remodeling, but it is possible that
some or all of this effect is because of OK107-Gal4 expression
within the downstreamMB learning/memory center.

MB-restricted silencing with MB247-Gal4 slightly enhances the
Or42a OSN remodeling (Fig. 12C). Like transgenic controls,
MB247-Gal4.TeTxLc animals exposed to 20% EB show reduced
VM7 innervation, but the effect is even stronger than in the con-
trols. Quantification of innervation and ANOVA (2� 2) analyses
show a significant effect of both odor (F(1,64) = 136.9, p=1.513e-17)
and genotype (F(1,64) = 4.459, p=0.0386), but no significant interac-
tion between them (F(1,64) = 0.743, p=0.3919; Fig. 12D). Pairwise

comparisons using t tests with Sidak’s corrections
show that EB-exposed animals have significantly
reduced innervation compared with both oil-
exposed transgenic controls and MB247-
Gal4.TeTxLc animals [control oil 1.06 0.03
(n= 25) vs 20% EB 0.3576 0.07 (n=20); t(64) =
9.287, p=1.07e-12; TeTxLc oil 0.9266 0.07 (n=12)
vs 20% EB 0.1816 0.08 (n=11); t(64) = 7.736,
p=5.65e-10; Fig. 12D, bottom bars]. Silencing the
MB does not significantly alter basal glomerulus
innervation under oil-exposed control conditions
(control oil vs TeTxLc oil; t(64) = 0.9146, p=
0.3639), but does significantly decrease Or42a
OSN innervation following critical period EB ex-
posure (control 20% EB vs TeTxLc 20% EB; t(64)
= 2.036, p= 0.0459; Fig. 12D, top bar). Despite the
significant decrease in innervation volume in the
MB247.TeTxLc EB condition compared with
the transgenic control, the lack of a significant
interaction term between genotype and odorant
exposure in the ANOVA complicates interpreta-
tion. Taken together, these results indicate
GluLNs role in critical period OSN remodeling,
but do not clearly demonstrate a potential MB
role.

Based on the above findings, we hypothesized
that GluLN-released glutamate binds to Or42a
OSN NMDARs to modulate critical period remod-
eling. To further test this hypothesis, we next set
forth to assess whether NMDAR1 specifically
regulates critical period remodeling. Trans-
genic controls with Or42a OSNs labeled using
Or42a-mCD8::GFP were compared in two
Nmdar1 mutant combinations: (1) Nmdar1 null
mutants homozygous for a Mi{MIC} insertion
(Nmdar1MI11796/MI11796; Nagarkar-Jaiswal et al.,
2015); and (2) heterozygous mutants with a
copy of Nmdar1MI11796 over a hypomorphic
mutation (Nmdar1EP331/MI11796; Rorth, 1996;
Xia et al., 2005). Control and mutant animals
were exposed to either oil vehicle or 20% EB in
the 0- to 2-dpe critical period. Representative
images of the Or42a OSN VM7 glomerular
innervation, as well as innervation quantifica-

tions and the effect of EB exposure for all genotypes and con-
ditions, are all shown in Figure 13. Transgenic control
animals show the characteristic strong reduction in VM7
innervation following 20% EB critical period exposure (Fig.
13A, left). Surprisingly, we found that both mutants also
show a very similar response to the EB exposure. Mutants ex-
hibit a strong reduction in Or42a OSN axon terminal inner-
vation and the characteristic OSN bright puncta (Fig. 13A,
middle and right). This suggests two possibilities: (1) the
effect of GluLNs silencing on Or42a OSN critical period
remodeling does not rely on NMDAR1-dependent signaling;
or (2) Or42a-targeted NMDAR1 knock-down may have a
similar effect as with FMRP with only circuit imbalance hav-
ing an impact on critical period remodeling.

ANOVA (3� 2) quantification shows a significant effect of both
odorant (F(1,128) = 567.7, p=6.876e-49) and genotype (F(2,128) =
6.084, p=0.003), but no significant interaction between them
(F(2,128) = 2.089, p=0.128; Fig. 13B). Pairwise comparisons using
Sidak’s corrected t tests show that both control and mutants

Figure 11. Odorant exposure selectively remodels presynaptic OSNs in the VM7 glomerulus. A,
Representative confocal slices showing presynaptic Or42a OSNs (Or42a-mCD8::4xGFP, green; left) and postsynap-
tic PNs (NP3481-Gal4.mCD8::RFP, magenta; middle), with the merged image (right). B, Representative VM7
merged images after exposure to the oil vehicle alone (left) or 20% EB odorant (right) during the 0- to 2-dpe
critical period. C, Quantification of VM7 glomerulus volume of Or42a OSNs (green) and VM7 PNs (magenta), nor-
malized to the vehicle control. Data shown as a scatter plot of all data points with mean 6 SEM. D,
Quantification of the relationship between the presynaptic Or42a OSN volume and postsynaptic PN volume
within the VM7 glomerulus. Data shown as a scatter plot with lines fit to vehicle (magenta) and EB (green) con-
ditions. R2 values given for each condition. Significance is presented as not significant (N.S; p. 0.05), and sig-
nificant at pppp, 0.001.
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significantly reduce innervation volumes with
critical period EB exposure [control oil
1.06 0.03 (n= 32) vs 20% EB 0.0856
0.03 (n= 33); t(128) = 17.73, p= 4.25e-35;
Nmdar1MI11796/MI11796 oil 0.8736 0.06 (n= 13)
vs 20% EB 0.0786 0.03 (n= 18); t(128) = 10.5,
p= 8.29e-18; Nmdar1EP331/MI11796 oil 1.1496
0.08 (n= 19) vs 20% EB 0.1476 0.05 (n= 19);
t(128) = 14.85, p= 1.9e-28; Fig. 13B, bottom
bars], but there is no significant difference in
the basal innervation with vehicle exposure
(control oil vs Nmdar1MI11796/MI11796 oil;
t(128) = 1.858, p = 0.6376; control oil vs
Nmdar1EP331/MI11796 oil; t(128) = 2.467, p =
0.202) or in odor-dependent remodeling
(control EB vs Nmdar1MI11796/MI11796 EB;
t(128) = 0.113, p. 0.9999; control EB vs
Nmdar1EP331/MI11796 EB; t(128) = 1.029,
p = 0.9958; Fig. 13B, middle and top bars).
Quantification of EB effects using multiple
linear regression shows that all genotypes
have similar responses without significantly
different regression coefficients (20% EB x
Nmdar1MI11796/MI11796 b = 0.12036 0.09; t(128) =
1.312, p=0.1918; 20% EB x Nmdar1EP331/MI11796

b = �0.08,6996 0.08; t(128) = 1.024, p=0.3079;
Fig. 13C). Together, these results suggest that
NMDAR1 signaling functions in an Or42a OSN-
specific pattern similar to FMRP to mediate the
olfactory experience-dependent critical period
remodeling of Or42a OSN presynaptic terminals.

Or42a OSN-targeted GABAAR knock-down
enhances critical period innervation
remodeling
Inhibitory GABAergic LNs oppose excitatory
inputs, with the excitatory and inhibitory LN
balance controlling AL circuit output (Acebes
et al., 2011, 2012). Excitatory/inhibitory imbal-
ance characterizes FXS disease models
(Contractor et al., 2015). Therefore, we
hypothesized altering inhibitory LN signaling
might imbalance the AL circuit and impair
Or42a OSN refinement. We showed above
that remodeling depends on neural activity
specifically within the Or42a OSNs. In addi-
tion, we showed that Or42a OSN critical pe-
riod remodeling is augmented when other
OSNs cannot transduce odorants. Since the
overall impact of OSN population interactions
on Or42a OSNs is lateral inhibition (Olsen and Wilson, 2008),
we hypothesized that reducing inhibition should mimic the
effects of the orco mutant with Or42a-Gal4.Orco rescue (Fig.
7). Since a major component of lateral inhibition onto Or42a
OSNs comes from ionotropic GABA receptors (Olsen and
Wilson, 2008), we used Or42a-targeted RNAi to knock-down
resistant to dieldrin (RDL), a principle GABAAR subunit
(Aronstein and Ffrench-Constant, 1995; Okada et al., 2009). In
order to examine the role of RDL in the critical period remodel-
ing of Or42a OSNs, we used Or42a-Gal4.mCD8::GFP to label
the neurons and compared the RDL RNAi expressing animals
(Or42a-Gal4.Rdl RNAi) to a transgenic control expressing
only the membrane-bound GFP. Staged animals were exposed

to either oil vehicle or 20% EB during the 0- to 2-dpe critical pe-
riod. Representative images of Or42a OSN innervation of the
VM7 glomerulus as well as innervation quantifications for all
conditions are shown in Figure 14.

As in all studies above, control animals EB-exposed during
the critical period exhibit a strong reduction in Or42a OSN
innervation of the VM7 glomerulus (Fig. 14A, top). When
GABAA signaling is reduced with Or42a OSN-targeted Rdl
RNAi, basal innervation is similar to controls following oil ex-
posure (Fig. 14A, left, top vs bottom). However, when Or42a-
Gal4.Rdl RNAi animals are exposed to EB during the critical
period, they have a larger reduction in Or42a OSN innervation
compared with controls (Fig. 14A, right, top vs bottom).
ANOVA (2� 2) quantification shows significant effects of odor

Figure 12. Silencing AL glutamatergic neurons reduces Or42a OSN critical period remodeling. A,
Representative confocal maximum intensity projections of Or42a OSN VM7 innervation (two copies of
Or42a-mCD8::4xGFP; white). Transgenic control (w-; Or42a-mCD8::4xGFP/1; Or42a-mCD8::4xGFP/1;
OK107-Gal4/1; top) and with OK107-Gal4 driving UAS-tetanus toxin (OK107.TeTxLc; bottom). Females
exposed to oil vehicle alone (left) or 20% EB odorant (right) during the 0- to 2-dpe critical period. B,
Quantification of VM7 innervation for the OK107-Gal4 control and TeTxLc blocked animals exposed to ei-
ther oil or EB. C, Imaging as above in A, transgenic control (w-/w-; Or42a-mCD8::4xGFP/Or42a-
mCD8::4xGFP; MB247-Gal4/1; top) and with MB247-Gal4 driving UAS-TeTxLc (bottom). Females exposed
to oil (left) or 20% EB (right) during the critical period. D, Quantification of VM7 innervation for MB247-
Gal4 control and TeTxLc animals exposed to oil or EB. Scatter plots show all data points and the mean 6
SEM. Significance is indicated as pp, 0.05 and pppp, 0.001.
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(F(1,98) = 259.6, p= 2.671e-29) and Rdl RNAi (F(1,98) = 19.78,
p= 2.3e-5; with a significant interaction between the two (F(1,98)
= 17.11, p= 7.5e-5); Fig. 14B]. Pairwise comparisons with t tests
and Sidak’s correction show both control and Rdl RNAi ani-
mals have significantly reduced Or42a OSN innervation after
EB exposure [control oil 1.06 0.03 (n= 26) vs 20% EB
0.5386 0.04 (n= 28); t(98) = 8.729, p= 4.14e-13; Rdl RNAi oil
0.9886 0.04 (n= 23) vs 20% EB 0.2066 0.04 (n= 25); t(98) =
14.57, p= 1.73e-25; Fig. 14B, bottom bars]. Although the two
genotypes had comparable innervation with vehicle (control oil
vs Rdl RNAi oil; t(98) = 0.2161, p. 0.9999), Or42a-Gal4.Rdl
RNAi significantly decreases the VM7 glomerulus innervation
following critical period EB exposure (control EB vs Rdl RNAi
EB; t(98) = 6.193, p= 8.32e-8; Fig. 14B, top bar). These results
reveal a role of GABAAR-mediated inhibition in regulating
Or42a OSN synaptic remodeling, and provide a mechanism by
which FMRP acts to modulate olfactory experience-dependent criti-
cal period refinement.

Discussion
The first days ofDrosophila adulthood mark a criti-
cal period for the remodeling of brain olfactory cir-
cuitry (Devaud et al., 2003; Sachse et al., 2007;
Tessier and Broadie, 2009; Doll and Broadie, 2015;
Golovin et al., 2019; Chodankar et al., 2020).
During this developmental window, OSNs mani-
fest heightened adaptability to the new odorant
sensory environment. Vertebrates show simi-
larly heightened responsiveness to early odorant
exposure. Rodents exposed to odors during de-
velopment show increased or decreased effects
dependent on conditions examined (Dalland
and Døving, 1981; Geramita and Urban, 2016;
Liu and Urban, 2017). Zebrafish also exhibit ol-
factory imprinting from developmental odorant
exposure (Gerlach et al., 2019). We previously
described OSN innervation remodeling that is
restricted to an early-life critical period (0–
2 dpe; Golovin et al., 2019). Here, we expand
our knowledge of this remodeling by testing the
role of FMRP, a protein strongly implicated in
activity-dependent critical periods (Dölen et al.,
2007; Tessier and Broadie, 2009; Contractor et
al., 2015). Based on this study, we propose that
FMRP functions to regulate the lateral interac-
tions between OSNs mediated by LNs (Acebes
et al., 2011). Previous studies have shown
that each OSN receives lateral presynaptic
GABAergic inhibition that scales with the total
activity of all OSNs, and serves as a gain control
mechanism by reducing OSN activity to odor-
ants that activate multiple OSN classes (Olsen
and Wilson, 2008). High EB concentrations
likely activate multiple OSN classes, in addition
to the Or42a OSNs, and should therefore recruit
presynaptic inhibition. We would expect this in-
hibition to limit activity in response to EB expo-
sure and reduce remodeling. Indeed, when we
block lateral inhibition either through (1) spe-
cifically activating Or42a OSNs or (2) selectively
removing Or42a OSN GABAA receptors, EB
odorant exposure has a greater effect on critical
period remodeling.

In addition, our previous work showed that
Or42a-targeted NMDAR1 knock-down impairs

Or42a OSN innervation remodeling, likely via reduced lateral ex-
citation (Golovin et al., 2019). However, NMDAR signaling on
OSNs has not been directly shown. Or42a-targeted FMRP RNAi
impairs the critical period remodeling of Or42a OSNs. Or42a-
specific FMRP loss likely alters the OSN response to circuit lat-
eral inputs both by enhancing inhibition and also reducing exci-
tation. This role represents a novel FMRP function for regulating
acute OSN remodeling specifically on the presynaptic side
(Sudhakaran et al., 2014; Doll and Broadie, 2015, 2016; Franco et
al., 2017). Previous studies have found that FMRP is required for
mediating long-term habituation (LTH), a form of structural and
functional adaption that leads to a reduction in innate avoidance
behavior (Das et al., 2011). More specifically, FMRP interacts
with a second RNA-binding protein (Ataxin2), contributing to
LTH by acting in both the PNs and LNs (Sudhakaran et al.,
2014). FMRP-dependent PN remodeling likewise occurs follow-
ing a single day of activation within a cell-autonomous

Figure 13. NMDAR1 signaling is not required for OSN critical period innervation remodeling. A,
Representative confocal maximum intensity projections of Or42a OSN VM7 innervation (two copies of Or42a-
mCD8::4xGFP; white) following exposure to oil vehicle (top) or 20% EB (bottom) during the 0- to 2-dpe critical
period. Three genotypes are shown: transgenic control (w-; Or42a-mCD8::4xGFP/Or42a-mCD8::4xGFP; left),
NMDAR1 mutant (NMDAR1MI11796; middle) and a second NMDAR1 mutant (NMDAR1EP331/NMDAR1MI11796; right).
Remnant puncta following EB exposure are labeled by white arrows. B, Quantification of VM7 innervation vol-
ume for each genotype and condition. C, The difference between oil and EB conditions for each genotype.
Scatter plots show all data points and the mean 6 SEM. Bar graphs show mean 6 SER. Significance is indi-
cated as not significant (N.S.; p. 0.05) and pppp. 0.001.
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mechanism (Doll and Broadie, 2015, 2016). The results pre-
sented here extend beyond this earlier work in three ways: (1)
Or42a OSN remodeling involves lateral inhibition mechanisms;
(2) Or42a OSN remodeling is a purely presynaptic process; and
(3) Or42a OSN remodeling manifests acute reversibility
(Chodankar et al., 2020). The neuron-specific FMRP functions
in the AL olfactory circuit highlight an increasingly appreciated
FMRP role specificity within different neuron classes.

FMRP is widely expressed in the nervous system (Khandjian
et al., 1995; Zhang et al., 2001), where it binds multiple different
target mRNAs, including neuron class-specific transcripts
(Darnell et al., 2011). For example, a recent study in mice showed
that FMRP binds to circadian protein-encoding mRNAs prefer-
entially in hippocampal CA1 pyramidal neurons compared with
cerebellar granule neurons (Sawicka et al., 2019). Therefore, it
is important to identify how FMRP loss perturbs the function
of specific neuron classes to affect particular neural circuits.
The current study describes how unbalancing FMRP levels
between neurons of the Drosophila olfactory circuit can alter

odorant experience-dependent remodeling, revealing how dis-
secting FMRP functions at a fine cellular resolution can
uncover FXS circuit-level impairments (Contractor et al.,
2015; Franco et al., 2017; Goel et al., 2018; Lovelace et al.,
2020). Neuron class-specific FMRP functions are also revealed
by activity-dependent dissection, with optogenetic stimulation
causing opposite phenotypes in the olfactory PN and MB out-
put neurons, but both effects failing when FMRP is absent
(Doll and Broadie, 2015). Functionally, recent work on the
FMRP role in binding to HCN cation channels demonstrates
opposing excitability consequences in hippocampal CA1 com-
pared with layer 5 prefrontal cortex (Brandalise et al., 2020).
Together with the results presented here, this work under-
scores the importance of neuron-specific FMRP mechanisms,
and the need to understand how these altered roles combine
to generate circuit-level FXS phenotypes.

One intriguing result from our experiments is that despite the
important FMRP role in Or42a remodeling, FMRP null mutants
maintain normal remodeling capacity. We suggest that this com-
pensation is because of AL LN circuitry that allows for OSN ac-
tivity to be modified based on the total input to the system
(Olsen and Wilson, 2008). LNs excitation scales with the total
OSN activity, so when FMRP is altered (LOF/GOF) only in
Or42a OSNs there is little change to LN output. However, when
FMRP is manipulated in all OSNs equally, the output of LNs is
adjusted based on the responsiveness of all the OSNs, thereby
balancing the circuit (Olsen et al., 2010; Mohamed et al., 2019).
Although this result was unexpected by us, it is not unprece-
dented for homeostatic mechanisms to be able to overcome
FMRP loss (Antoine et al., 2019; Domanski et al., 2019). For
instance, in a recent analysis of four monogenic mouse autism
models, including FXS, there was an increase in the excitatory-
to-inhibitory ratio of pyramidal neurons within the primary
somatosensory cortex, which in general served as a homeostatic
mechanism to maintain the overall network activity, but there
was not increased excitatory spiking (Antoine et al., 2019).
Another example from mouse barrel cortex demonstrates that
although the development of NMDA-dependent LTP is dis-
rupted in the FXS disease model, there is no apparent defect in
lesion-induced plasticity owing to homeostatic compensation
(Harlow et al., 2010). In order to more fully understand the FXS
condition, we must grasp not only neuron-specific FMRP func-
tions, but also how these functions balance across circuits.

Our results indicate the balanced roles of inhibitory GABAAR
and excitatory NMDAR signaling in OSN remodeling. In our
previous report on critical period remodeling, we found that
Or42a-targeted NMDAR1 RNAi impairs the innervation loss
from early-life EB odorant exposure (Golovin et al., 2019). Here,
we find that targeted tetanus toxin synaptic silencing of GluLNs,
the major source of AL glutamatergic transmission (Das et al.,
2010), causes a similar impairment to Or42a OSN-targeted
NMDAR1 knock-down. However, global Nmdar1 mutants lack
a detectable phenotype. One explanation is that NMDAR signal-
ing acts in a similar fashion to FMRP function, with targeted re-
moval putting Or42a OSNs out of balance with the rest of the
circuit, but global loss not generating this imbalance. Since the
AL has both metabotropic glutamate receptors (Devaud et al.,
2008) and glutamate-gated chloride channels (Liu and Wilson,
2013), GluLNs could mediate their effect on Or42a remodeling
by also altering signaling through these receptors. Another
unlikely possibility is that since the OK107-Gal4 driver expresses
in a few neurons outside the olfactory circuitry (Aso et al., 2009)
these distant populations might be mediating the effects. Future

Figure 14. Or42a OSN-targeted GABAAR knock-down enhances critical period remodeling.
A, Representative confocal maximum intensity projections of Or42a OSN VM7 innervation
(Or42a-Gal4.UAS-mCD8::GFP; white) following exposure to oil vehicle (top) or 20% EB
odorant (bottom) during the 0- to 2-dpe critical period. Two genotypes are shown; trans-
genic control (Or42a-Gal4.mCD8::GFP; top) and Or42a-targeted Rdl RNAi (Rdl RNAi 8-10J;
bottom). B, Quantification of VM7 innervation for the two genotypes and conditions. Scatter
plots show all data points with the mean 6 SEM. The significance is indicated as
pppp, 0.001.
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experiments testing broader NMDAR1 functions, as well as stud-
ies of possible mGLuR-mediated glutamate signaling in AL, will
be important to fully elucidate circuit mechanisms that regulate
OSN remodeling.

In conclusion, we discover here that unbalanced neuron
class-specific FMRP functions can alter lateral OSN interactions
and impact critical period OSN remodeling. The findings show
that FMRP acts in Or42a OSNs as well as other EB-responsive
OSNs to control the response to lateral input. When FMRP is
removed only in Or42a OSNs, they have a lower responsiveness
to EB exposure and therefore manifest impaired critical period
remodeling. However, when FMRP is removed from all OSNs,
balance is restored to reinstate the normal remodeling. The
FMRP requirement is bidirectional as targeted FMRP elevation
in Or42a OSNs also causes circuit imbalance to enhance the
effect of odorant experience on critical period remodeling.
Furthermore, unlike other forms of activity-dependent
remodeling in the AL circuit, this reversible remodeling
occurs only in the presynaptic OSN terminals and requires
OSN activity, but not OSN synaptic output. Or42a OSN-
targeted optogenetic activation drives critical period
remodeling, but this activity-dependent mechanism does
not require FMRP function in the Or42a OSNs. Despite the
clear involvement of LN glutamatergic and GABAergic sig-
naling in regulating OSN critical period remodeling, their
exact circuit connectivity remains to be fully elucidated.
The innervation loss and retraction characteristics follow-
ing critical period odorant experience resemble develop-
mental pruning during Drosophila metamorphosis, which
suggests similar underlying mechanisms of cytoskeleton
disassembly and glial phagocytosis (Yu and Schuldiner,
2014). In addition, the mechanism(s) by which FMRP regu-
lates OSN responses to lateral inputs will be an important
avenue for future research. Overall, this work provides a
new example of neuron class-specific FMRP function, neu-
ral circuit compensation for FMRP loss, and an avenue to
inform therapies addressing FXS circuit-level symptoms.
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