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Abstract  1 

Critical periods are windows of development when the environment has a pronounced effect on 2 

brain circuitry. Models of neurodevelopmental disorders including autism spectrum disorders, 3 

intellectual disabilities and schizophrenia are linked to disruption of critical period remodeling. 4 

Critical periods open with the onset of sensory experience, however it remains unclear exactly 5 

how sensory input modifies brain circuits. Here, we examine olfactory sensory neuron (OSN) 6 

innervation of the Drosophila antennal lobe (AL) of both sexes as a genetic model of this question. 7 

We find that olfactory sensory experience during an early-use critical period drives loss of OSN 8 

innervation of AL glomeruli and subsequent axon retraction in a dose-dependent mechanism. 9 

This remodeling does not result from olfactory receptor loss or OSN degeneration, but rather from 10 

rapid synapse elimination and axon pruning in the target olfactory glomerulus. Removal of the 11 

odorant stimulus only during the critical period leads to OSN re-innervation, demonstrating 12 

remodeling is transiently reversible. We find this synaptic refinement requires the OSN-specific 13 

olfactory receptor and downstream activity. Conversely, blocking OSN synaptic output elevates 14 

glomeruli remodeling. We find that GABAergic neurotransmission has no detectable role, but that 15 

glutamatergic signaling via NMDA receptors is required for OSN synaptic refinement. Altogether, 16 

these results demonstrate that OSN inputs into the brain manifest robust, experience-dependent 17 

remodeling during an early-life critical period, which requires olfactory reception, OSN activity and 18 

NMDA receptor signaling. This work reveals a pathway linking initial olfactory sensory experience 19 

to glutamatergic neurotransmission in the activity-dependent remodeling of brain neural circuitry 20 

in an early-use critical period. 21 

 22 

Significance Statement  23 

Neurodevelopmental disorders manifest symptoms at specific developmental milestones that 24 

suggest an intersection between early sensory experience and brain neural circuit remodeling. 25 
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One classic example is Fragile X syndrome (FXS) caused by loss of an RNA-binding translation 26 

regulator of activity-dependent synaptic refinement. As a model, Drosophila olfactory circuitry is 27 

well characterized, genetically tractable and rapidly developing, and thus ideally suited to probe 28 

underlying mechanisms. Here, we find olfactory sensory neurons are dramatically remodeled by 29 

heightened sensory experience during an early-life critical period. We demonstrate removing the 30 

olfactory stimulus during the critical period can reverse the connectivity changes. We find this 31 

remodeling requires neural activity and NMDA receptor mediated glutamatergic transmission. 32 

This improved understanding may help us design treatments for neurodevelopmental disorders. 33 

 34 

Introduction  35 

Critical periods are discrete developmental time windows when the brain is especially 36 

susceptible to modification by sensory stimuli. Since the classical visual cortex work by Hubel and 37 

Wiesel (Hubel and Wiesel, 1970), enormous progress has been made in understanding critical 38 

period refinement (Vay et al., 1980; Hensch, 2005; Morishita et al., 2010) and how it goes awry 39 

in neurological diseases (Dölen et al., 2007; Contractor et al., 2015; Doll and Broadie, 2015, 2016; 40 

Golovin and Broadie, 2016; Doll et al., 2017; Vita and Broadie, 2017). Typically, critical periods 41 

open with the onset of sensory experience and close after a defined period of refinement, during 42 

which neural circuitry is modified to better respond to the sensory environment (Hensch, 2005). 43 

Although initial studies painted a stark black-and-white picture regarding opening and closing of 44 

critical periods, it is now known that numerous factors can reopen critical period-like states in 45 

mature animals (McGee et al., 2005; Vetencourt et al., 2008; Morishita et al., 2010; Hensch and 46 

Bilimoria, 2012; Baroncelli et al., 2016). Critical period work has focused primarily on vertebrate 47 

systems, but there are excellent examples of critical periods in invertebrate models (Fielde et al., 48 

1904; Remy and Hobert, 2005; Doll and Broadie, 2015; Jin et al., 2016). The short generation 49 

time and powerful genetic tools available in these systems make them attractive candidates for 50 

furthering our understanding of critical periods. 51 
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 The Drosophila antennal lobe (AL) circuitry is particularly well mapped (Vosshall et al., 52 

2000; Wang et al., 2003; Grabe et al., 2016). In the AL, the axon termini from olfactory sensory 53 

neurons (OSNs) synapse onto projection neurons (PNs) and local interneurons (LNs) within 54 

discrete synaptic glomeruli (Couto et al., 2005; Fishilevich and Vosshall, 2005; Wilson, 2013). 55 

OSNs that express the same olfactory receptor innervate the same target AL glomerulus to form 56 

synaptic connections with the same PNs. Each glomerulus can be individually identified based 57 

both on anatomical position and by the expression of the defining specific olfactory receptor 58 

(Jefferis et al., 2001, 2002, 2004). The AL circuit is grossly hard-wired with no large-scale changes 59 

to the glomerular map even after complete loss of olfaction (Larsson et al., 2004). Although the 60 

overall glomerular map is stable, a growing body of work has shown that individual glomeruli can 61 

alter their morphology and functionality in response to the odorant environment (Devaud et al., 62 

2001, 2003b, 2003a; Sachse et al., 2007; Acebes et al., 2012; Das et al., 2011; Doll and Broadie, 63 

2015, 2016). Environmental odorants usually bind to multiple sensory odorant receptors with 64 

different affinities, which lead to a characteristic AL activity map dependent on different odorant 65 

concentrations (Hallem and Carlson, 2006). Thus, olfactory sensory experience can be mapped 66 

onto central brain olfactory circuitry. 67 

 Seminal early papers demonstrated AL critical period refinement in response to olfactory 68 

experience (Devaud et al., 2001, 2003b, 2003a). Later studies showed selective remodeling of 69 

the CO2-sensitive glomerulus (Sachse et al., 2007), and LN modulatory roles shaping the critical 70 

period (Acebes et al., 2011, 2012). Molecular pathways involved include NMDA-dependent 71 

glutamatergic signaling, cAMP signal transduction (dunce, rutabaga, creb) and translational 72 

regulation (FMRP, Ataxin2) (Devaud et al., 2001, 2003b; Das et al., 2011; Sudhakaran et al., 73 

2014; Doll and Broadie, 2015, 2016). Previous studies have reported that odor activation of 74 

glomeruli during the early-life critical period can increase glomerular volume (Sachse et al., 2007; 75 

Das et al., 2011; Kidd et al., 2015). We tested this result taking advantage of genetic tools to 76 

probe OSN-specific structural and synaptic changes with the commonly used odorant ethyl 77 



 

 5 

butyrate (EB) on the strongly activated VM7 glomerulus (DoOR V2.0, Münch and Galizia, 2016); 78 

but, unexpectedly, discovered strongly reduced glomerular volume with critical period exposure. 79 

This finding shows that odorants can drive opposing remodeling changes in discrete glomeruli. 80 

Synaptic remodeling is reversible, activity-dependent and requires NMDA receptor signaling. 81 

Overall, this study expands our knowledge of mechanisms of critical period circuit remodeling, 82 

and provides a platform to investigate neuron-specific requirements. 83 

 84 

Materials and Methods 85 

Drosophila Genetics 86 

All animals were raised at 25 C on standard cornmeal/agar/molasses Drosophila food in 87 

a 12h light/dark cycling incubator until odorant exposure (see below). The following lines were 88 

used in genetic crosses: Or42a-Gal4 (RRID:BDSC_9969; Fishilevich and Vosshall, 2005) | UAS-89 

mCD8::GFP (RRID:BDSC_5137; Doll and Broadie, 2015) | UAS-mCD8::RFP 90 

(RRID:BDSC_32219) | Brp-FRT-GFP (Chen et al., 2014) | UAS-FLP1; Or42a-Gal4 91 

(RRID:BDSC_4539/RRID:BDSC_9969) | Or42aF04305; Or42a-mCD8::GFP (RRID:BDSC_18758; 92 

Thibault et al., 2004; Stephan et al., 2012) | UAS-mCD8::GFP;Or42a-Gal4 | UAS-TeTxLC (Wang 93 

et al., 2012) | UAS-Kir2.1-eGFP (RRID:BDSC_6596; Baines et al., 2001) | UAS-GABAb R3 RNAi 94 

(RRID:BDSC_26729; Flockhart et al., 2006) | UAS-NMDAR1 RNAi (RRID:BDSC_41666; 95 

Flockhart et al., 2006) | wgl-17 (Baker, 1987) | UAS-dFz2-DN (Zhang and Carthew, 1998) | and 96 

UAS-Sgg-DN (RRID:BDSC_5360; Bourouis, 2002). All genotypes were confirmed with visible 97 

markers or PCR. w1118 (RRID:BDSC_3605) was used as a genetic background control. 98 

Transgenic controls used included w1118; UAS-mCD8::GFP/+;Or42a-Gal4/+| and w1118; Or42a-99 

mCD8::GFP/Or42a-mCD8::GFP. Animals of both sexes were used in all studies, except where 100 

specifically noted in figure legends. All crosses were transferred to fresh food every 2-3 days, with 101 

rearing densities matched between genotypes.   102 

 103 
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Odorant Exposure 104 

Staged animals were sorted as dark pupae into separate vials based on sex, genotype 105 

and odor exposure (except for Figure 1C,D where animals were aged 7 days prior to exposure). 106 

A fine wire stainless steel mesh (Small Parts, Inc.) was secured with tape over the top of the vial 107 

to contain the flies, but still allow airflow. Vials were placed in an airtight 3700 mL Glasslock 108 

container with either 1 mL 15% or 25% ethyl butyrate (EB, Sigma-Aldrich; %V/V EB in mineral oil) 109 

or the vehicle only (mineral oil alone) in a 1.5 mL microcentrifuge tube attached to the side of the 110 

chamber. Exposure chambers were placed in temperature-controlled incubators (23 C) on 12h 111 

light/dark cycles. 18-21h after placing vials into the chambers, eclosed flies were rapidly 112 

transferred to clean vials with fresh food and placed in clean exposure chambers with freshly 113 

made odorants, as above. Except for experiments shown in Figure 3, animals were kept in the 114 

odor exposure chambers in incubators for 48h and then processed for immunohistochemistry. 115 

For Figure 3 experiments, animals were kept in the EB exposure chambers for 24h (1 Day), 48h 116 

(2 Day) or 96h (4 Day); whereas 3 Day reversals were kept on EB for 24h then transferred to oil 117 

for 72h, and 2 Day reversals were kept on EB for 48h then transferred to oil for 48h. Testing 118 

indicates that exposing animals to odorant from the dark pupae stage causes a more consistent 119 

phenotype, indicating that odorant exposure immediately after eclosion is critically important. 120 

  121 

Immunohistochemistry Imaging 122 

 Staged animals were anesthetized on ice for 1-2 mins. Brains were then dissected using 123 

fine, sharpened forceps (Dumont #5) in physiological saline ([in mM]; 128 NaCl, 2 KCl, 4 MgCl2, 124 

1.8 CaCl2, 64.6 Sucrose, 5 HEPES, pH 7.2; all reagents from Sigma-Aldrich). After dissection, 125 

brains were fixed for 30 mins at room temperature in 4% paraformaldehyde (EMS)/4% Sucrose 126 

in phosphate buffered saline (PBS), pH 7.4 (Life Technologies). Fixed brains were washed 3X 127 

with PBS and then blocked for 1h in 1% bovine serum albumin (BSA; Sigma Aldrich) in PBS-T 128 

(0.2% Triton X-100 in PBS; Fisher Chemical). Brains were incubated with primary antibodies 129 
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diluted in 0.2% BSA in PBS-T at 4 C overnight (~14-18h). The primary antibodies used were: 130 

rabbit anti-GFP (Abcam 290; 1:3000 or 1:6000 empirically determined for each aliquot), mouse 131 

anti-BRP (Developmental Studies Hybridoma Bank (DSHB), nc82; 1:50) and rat anti-RFP 132 

(Chromotek 5F8; 1:500). The next day brains were washed 3X for 20 mins with PBS-T, and then 133 

incubated overnight (14-18h) with secondary antibodies conjugated to fluorescent tags. The 134 

secondary antibodies used were: AlexaFluor 488 goat anti-rabbit, AlexaFluor 546 goat anti-135 

mouse, AlexaFluor 546 goat anti-rat and AlexaFluor 633 goat anti-mouse (all used at 1:250). 136 

Following secondary incubation, the brains were washed in PBS-T 3X for 20 mins followed by 137 

PBS 1X for 20 mins. Brains were then rinsed with dH2O and mounted onto clean glass slides 138 

(Probe On Microscope Slides, Fisherbrand) with Fluoromount (EMS 17984-25) with a glass 139 

coverslip (No. 1.5H, Zeiss). Double-sided adhesive tape (Scotch) was used to raise coverslips 140 

above the brains, and clear nail polish (Sally Hansen) was used to seal a coverslip to the slide. 141 

For maxillary palps (Figure 2), whole proboscises were dissected and processed exactly like the 142 

brains, except fixed for 45 mins with longer primary/secondary antibody incubations (38-42h).  In 143 

Figure 4, brains were put through a concentration series of 2,2-thiodiethanol (TDE; Sigma-Aldrich) 144 

10%, 25%, 50% and 97% TDE in PBS for 10 mins each, followed by 2X washes with 97% TDE 145 

in PBS and then mounting in 97% TDE in PBS as above. Fluorescent images were collected on 146 

a Zeiss 510 META laser-scanning confocal microscope with either a 40X or 63X oil-immersion 147 

lens. Images taken with the 40X objective were collected at 1024x1024 resolution with a Z-slice 148 

of 1 μm thickness. Images taken with the 63X objective were collected at 2048x2048 resolution 149 

with a Z-slice thickness of 0.8 μm. The microscope and imaging settings were kept constant within 150 

every experiment.  151 

 152 

Glomerular Measurements 153 

 For glomerular volume measurements, a region of interest was defined for the maximal 154 

borders of the VM7 glomerulus and the FIJI plugin 3D Objects Counter was used to quantify 155 
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volume (Schindelin et al., 2012; RRID:SCR_002285). The threshold was chosen to minimize 156 

noise. When the signal from the glomerulus was sparse, multiple object volumes were summed 157 

to obtain a single data point. Data collected from different days of experiments were normalized 158 

to the appropriate control to account for variation between replicates. To count VM7 Bruchpilot 159 

(BRP) punctae, the “find maxima” tool in NIH ImageJ (Schneider et al., 2012) was used to identify 160 

local maxima above a chosen noise tolerance. The “find maxima stacks” macro in ImageJ allowed 161 

quantification for an entire image by using the find maxima function for each slice. BRP intensity 162 

measurements were derived from the “histogram function” in ImageJ, which provides pixels at 163 

brightness (range: 0-255). To generate intensity values, we used the weighted sum of all pixels, 164 

with the number of pixels at each level of brightness multiplied by the brightness value, and the 165 

products summed together to generate the overall intensity. Brightness values below 20 were 166 

dropped to account for image background.  167 

 168 

Soma Measurements 169 

 For maxillary palp measurements, blinded Z-stack images were analyzed using ImageJ 170 

(NIH) and the Or42a OSN cell bodies manually counted throughout the entire maxillary palp. For 171 

the fluorescence intensity measurements, the region of interest was defined on a blinded 172 

maximum intensity projection of the Or42a OSN cell bodies and proximal labial nerve within the 173 

maxillary palp. The ImageJ measurement tool was then used to quantify the mean fluorescence 174 

intensity of this region of interest.   175 

 176 

Western Blots  177 

Western blots were performed as reported (Vita and Broadie, 2017), with slight 178 

modifications. Staged animals were exposed to oil or EB as described above. After exposure, 179 

animals were anesthetized on ice and maxillary palps were removed in dissecting saline with 180 

EDTA-free protease inhibitor (Roche - 04693132001). Palps were placed in 24 μl RIPA buffer 181 
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(150 mM sodium chloride, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 182 

sulfate, 50 mM Tris), immediately snap frozen on dry ice and stored at -80oC for <1 week. Palps 183 

in RIPA buffer were then defrosted on ice followed by sonication (Branson Sonifier, setting:90% 184 

duty, output 2) for 20 secs, vortexed (Standard Mini Vortexer, VMR Scientific Products, speed 4) 185 

for 5 secs, and then centrifuged at 12000 RPM  for 10 mins. 12 μl of lysate was then transferred 186 

to new prechilled tubes, 4 μl of NuPage LDS buffer (Invitrogen, NP007) and 0.8 μl of 2-187 

mercaptoethanol (Sigma, M7154) were added, and the lysate vortexed as above. Samples were 188 

placed at RT to incubate for 20 mins and then boiled for 10 mins followed by centrifugation (14000 189 

RPM, 10 mins). Samples were then loaded into precast NuPage 4-12% Bis-Tris gels (Invitrogen, 190 

NP0336) with NuPage Mes SDS running buffer (Life Technologies, NP002). Buffer in the middle 191 

chamber was supplemented with NuPage antioxidant (Invitrogen, NP0005) to ensure 2-192 

mercaptoethanol movement into gel. Samples were run at 150 V until loading dye exited the gel. 193 

Transfers were performed overnight at 4oC with constant 30 mA current. Proteins were transferred 194 

to nitrocellulose membranes (PROTRAN, NBA085C001EA) in 4oC NuPage transfer buffer (Life 195 

Technologies, NP0006-1) supplemented with 20% methanol (Honeywell, AH230-4). Membranes 196 

were rinsed with deionized water (DIW) for 5 mins, then air-dried for 1h. Total protein was 197 

analyzed via REVERT total protein stain (LI-COR, 926-11011) according to manufacturer’s 198 

instructions. Membranes were then blocked with 2% powdered milk (Kroger: Instant nonfat dry 199 

milk) in TBS-T (0.1% Tween-20, 150 mM sodium chloride, 5mM potassium chloride, 25 mM Tris, 200 

pH 7.6) for 1h at RT with rotation. Primary antibody in 2% milk in TBS-T was incubated overnight 201 

at 4oC with rotation. Membranes were then washed 5 X 6 mins with TBS-T at RT with rotation. 202 

Secondary antibody in 2% milk in TBS-T was incubated for 1h at RT with rotation, then washed 203 

as above. Membranes were imaged using a LI-COR Odyssey imager, with intensity 204 

measurements taken by Image Studio Lite (LI-COR Biosciences). Bands were normalized to 205 

REVRT total protein stain. Primary antibody used was rabbit anti-GFP (Abcam 290, 1:2,500). 206 

Secondary antibody was goat anti-rabbit 680 (AlexaFluor 680, 1:10,000). Due to differences in 207 
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transgenic insert composition (1xGFP vs. 4xGFP) Or42a>mcd8::GFP runs at a smaller molecular 208 

weight than Or42a-mcd8::GFP (Couto et al., 2005; Hara et al., 2017).   209 

 210 

Quantitative Real-time PCR 211 

As above, staged animals were exposed to EB or vehicle for 48h after eclosion, and then 212 

proboscises with maxillary palps were dissected free with fine forceps (Dumont) and transferred 213 

immediately to 10μL water with 1u/μL RNase inhibitor on ice (Applied Biosystems). In order to 214 

enhance signal, animals expressing 2 copies Or42a-Gal4 driving 2 copies of mCD8::GFP were 215 

used, with samples from 5 males and 5 females combined from each odorant condition, repeated 216 

in 3 independent replicates. RNA was extracted using the RNeasy Micro Kit (Qiangen) following 217 

manufacture’s instructions. cDNA synthesis from total RNA and quantitative real-time PCR 218 

(qPCR) was performed using the Power SYBRTM Green RNA-to-CTTM 1-Step Kit (Applied 219 

Biosystems) following the manufacturer’s instructions, except RNase inhibitor was added to the 220 

PCR reaction at 1u/μL. For each reaction 1ng of total RNA was used with the following primers: 221 

5’-AAGAAAAACC GAAGTGCGCC-3’ and 5’-AGTCAGCGGA GACCTTTTGG-3’ for Gal4 (DNA-222 

binding domain), 5’-TTTTGCGATT TGTTGACTGC CT-3’ and 5’-TTAGGGTAAA 223 

GCCCAGCACC-3’ for Or42a, 5’-TCACCCAAAT TCTGAGTCCC G-3’ and 5’-CATCATGGCG 224 

GCAAATCCTG-3’ for Or71a, 5’-TACAGGCCCA AGATCGTGAA-3’ and 5’-TCTCCTTGCG 225 

CTTCTTGGA-3’ for rp49 (LaLonde et al., 2006), 5’-CGTTCATGCC ACCACCGCTA-3’ and 5’-226 

CCACGTCCAT CACGCCACAA-3’ for GAPDH2 (Ling and Salvaterra, 2011). Primers were tested 227 

and verified to produce a single peak using melting curve analysis. qPCR retractions were run on 228 

a Bio-Rad CFX-96 Real-Time System, with PCR reactions run in duplicate and expression values 229 

from each run averaged. Data was analyzed using the ΔΔ Ct method (Livak and Schmittgen 230 

2001). Each expression level was normalized to housekeeping genes GAPDH2 and rp49, with 231 

values then normalized to the mean vehicle control. 232 

 233 
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MiniSOG Photoconversion 234 

Photoconversion for electron microscopy was performed as described, with some minor 235 

revisions (Strickfaden et al., 2015; Ng et al., 2016). Note that it is imperative that all solutions are 236 

made fresh at pH 7.4 for photoconversion. Staged animals expressing membrane-tethered 237 

miniSOG (UAS-myr-miniSOG) driven by Or42a-Gal4 were exposed to oil vehicle or 25% EB, and 238 

then the brains were dissected as described above. All following steps were performed at RT, in 239 

a dark chamber, with end over end rotation. Immediately following dissection, brains were fixed 240 

for 30 mins with 4% paraformaldehyde (PFA, EMS 15714) in 0.1 M sodium cacodylate (SC, EMS 241 

11652) buffer followed by 2X 20 mins washes with 0.1 M SC. Brains were then incubated for 30 242 

mins in a solution of 5 mM aminotriazole (Sigma A8056) and 50 mM glycine (Sigma G8898) in 243 

0.1 M SC buffer to reduce endogenous peroxidase activity (Strickfaden et al., 2015; Ng et al., 244 

2016), followed by 2X 20 mins washes with 0.1M SC. Brains were individually placed in 1 mg/ml 245 

hyper-oxygenated diaminobenzidine (DAB, ESM 13802) dissolved in 0.1 M SC buffer. DAB was 246 

hyper-oxygenated by bubbling medical grade O2 through solution for 2h on ice prior to use. Brains 247 

were then exposed to strong blue light (480 nm) mercury lamp (powered by a LEP Ltd. ArcLamp 248 

Power Supply HBO100 DC IGN) until the DAB precipitate reaction was visible, typically 60-75 249 

mins at RT. After light exposure, brains were placed in 0.1 M SC buffer on ice until all samples 250 

were completed. 251 

 252 

Electron Microscopy  253 

 The brain preparation for ultrastructure studies was performed as previously described 254 

(Doll et al., 2017; Vita and Broadie, 2017). All incubations were performed at RT with rotation 255 

unless otherwise stated. Briefly, following photoconversion, brains were post-fixed in fresh 2.5% 256 

glutaraldehyde (GTA, EMS 16120) in 0.1 M SC buffer overnight at 4oC. Brains were then washed 257 

3X 20 mins with 0.1 M SC buffer, with a final wash overnight at 4oC. Brains were then incubated 258 

in 1% osmium tetroxide (OsO4, EMS 19172) in 0.1 M SC buffer for 1h, followed by 3X 20 mins 259 
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washes in 0.1 M SC buffer. Brains were then stained with 2% aqueous uranyl acetate (UA, EMS 260 

22400-2) covered for 2h, followed by 3X 20 mins washes with DIW. Brains were then dehydrated 261 

in an ethanol series (EtOH, EMS 15055): 30, 50, 70, 90, 95, 2X 100% for 10 mins each. EtOH 262 

was then replaced with transitional solvent propylene oxide (PO, EMS 20401): 50/50 EtOH/PO, 263 

2X 100% PO each for 10 mins. Resin (20 g EMBED 812 [EMS 14900], 9 g DDSA [EMS 19000], 264 

12 g NMA [EMS 13710], 1.2 g BDMA [EMS 11400]) was then infiltrated into the samples: 75/25 265 

PO/resin for 30 mins, 50/50 PO/resin for 1h, and 50/50 PO/resin overnight with vials open to allow 266 

PO to evaporate. Fresh resin was then applied to brains for 2, 4 and 24h. Flat block molds were 267 

half filled and heated at 60oC, until resin was tacky but not yet firm (~4h). A small cavity was made 268 

in the resin to orient the brains anteriorly towards the block face (for sectioning in an anterior to 269 

posterior plane). Blocks were filled with resin and placed at 60oC for 48h. Thick sections (500 nm) 270 

were cut using a Leica EM UC7 ultramicrotome until brain tissue was reached. After cutting 30 271 

μm of thick sections (VM7 depth based on confocal measurements), thin sections (65 nm) were 272 

cut for 20 μm. Sections were collected on formvar coated, slotted grids (EMS FCF2010-CU) at 273 

20 sections/grid (~1.3 μm of tissue/grid). Brains were imaged using a FEI T-12 transmission 274 

electron microscope operating at 100kV. Imaging began at ~40 μm and ended at ~46.5μm (5 275 

grids) to ensure no artifacts due to depth of measurement. One section per grid was imaged to 276 

limit double imaging of synaptic regions. Area measurements of labeled OSNs were made (one 277 

antennal lobe/brain) using ImageJ (Schneider et al., 2012). Synaptic active zone T-bars were 278 

quantified in two ways; 1) total within the entire section (6500X magnification), and 2) density per 279 

miniSOG-labeled Or42a OSN area.  280 

 281 

Statistical Analyses 282 

All statistical analyses were performed with Prism software (GraphPad, San Diego, CA), except 283 

for the linear regressions done in R (R Project for Statistical Computing, RRID:SCR_001905; 284 

Version x64 3.2.1; Vienna, Austria). Statistics were done using n = number of preparations, unless 285 
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otherwise stated. All groups that met the criteria for parametric statistics were analyzed with 286 

unpaired two-tailed t tests; otherwise, the Mann-Whitney test was used for comparisons. For data 287 

comparing >2 genotypes, a two-way ANOVA was used with odorant exposure and genotype as 288 

independent variables, followed up Sidak’s multiple comparisons tests to compare the odorant 289 

vehicle and EB exposed conditions within a genotype. To compare between two genotypes, the 290 

interaction term from the two-way ANOVA was used. For data with more than two genotypes, a 291 

linear regression was performed in R with interaction terms between each experimental genotype 292 

and EB exposure assessed for significance with unpaired two-tailed t tests adjusted by Sidak’s 293 

correction for multiple comparisons. These pairwise comparisons show how different genotypes 294 

impact the effect of EB exposure and are indicated in figures by dashed significance bars. For 295 

data comparing a genotype with >2 odor exposure paradigms (Figure 3), a Kruskal-Wallis one-296 

way ANOVA with Dunn’s multiple comparisons tests were used for pairwise comparisons between 297 

odor treatments. For analyses of synaptic t-bars per terminal area (Figure 5), a ROUT outlier test 298 

was done with Q set to 1%. In all figures, significance levels are shown as p>0.05 (not significant; 299 

N.S.), p<0.05 (*), p<0.01 (**) and p<0.001 (***).  300 

 301 

Results 302 

Critical period odorant experience selectively reduces OSN glomerular innervation  303 

 Previous work from our lab and others has shown that specific antennal lobe (AL) 304 

glomeruli exhibit changes in response to odorant exposure in an early-use period immediately 305 

following eclosion (Devaud et al., 2001, 2003b, 2003a; Sachse et al., 2007; Das et al., 2011; 306 

Acebes et al., 2012; Sudhakaran et al., 2014; Doll and Broadie, 2015, 2016). Older work has 307 

shown this early sensory experience can result in expansion of olfactory sensory neuron (OSN) 308 

innervation of the activated glomeruli (Sachse et al., 2007; Das et al., 2011). We started this study 309 

by testing this result for Or42a OSNs innervating the VM7 glomerulus, which are strongly 310 

activated by the ethyl butyrate (EB) odorant (Münch and Galizia, 2016). To examine the VM7 311 
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innervation, we labeled the OSNs with an Or42a-Gal4 driving UAS-mCD8::GFP to mark neural 312 

membranes (Fig. 1). Or42a OSN innervation of the VM7 glomerulus was compared between an 313 

odorant vehicle control (mineral oil) and EB dissolved in mineral oil at low (15% EB; Fig. 1A) and 314 

high (25% EB; Fig. 1B) concentrations. Odorant exposure was compared between an early time 315 

period (0-2 days post-eclosion (dpe); Fig. 1A,B) within the well-defined early-use critical period 316 

(Devaud et al., 2003; Sachse et al. 2007; Tessier and Broadie, 2008, 2011; Doll and Broadie, 317 

2015, 2016; Doll et al., 2017; Vita and Broadie, 2017; Sears and Broadie, 2018) and a late time 318 

period of adult maturity following the critical period (7-9 days dpe; Figs. 1C,D). Sample images at 319 

both low and high magnification, as well as quantified glomerular volume data for all eight 320 

conditions are shown in Figure 1. 321 

 During the critical period, EB odorant exposure causes dramatic reduction in Or42a OSN 322 

innervation of VM7 glomeruli (Fig. 1A,B). With 15% EB, VM7 innervation is strongly reduced 323 

compared to vehicle control (oil alone), with weak and sparse Or42a OSN labeling in the VM7 324 

synaptic domain (Fig. 1A, left two panels). Despite a strong reduction in innervation, glomerulus 325 

integrity is not compromised, with similar glomerular boundaries and maintained scaffolding. 326 

Quantification of the innervation volume shows EB-exposed animals are significantly reduced 327 

(normalized vehicle control (oil) 1.0  0.066 (n=9 brains) vs. 15% EB 0.429 ± 0.116 (n=10); 328 

t(17)=4.148, p=0.0007, two-tailed unpaired t test; Fig. 1A, right). The EB exposure effect is 329 

concentration dependent, with 25% EB causing an even greater loss of VM7 innervation, often 330 

resulting in an absence of detectable Or42a OSNs (Fig. 1B, left). The loss of VM7 innervation is 331 

accompanied by loss from the labial tract, which projects from the maxillary palps to AL. 332 

Quantification of glomerular volume reveals that EB-exposed animals show a greater and more 333 

significant loss of VM7 innervation compared to matched controls (Oil 1.0 ± 0.037 (n=23) vs. 25% 334 

EB 0.195 ± 0.054 (n=26); t(47)=11.95, p=7.53 x 10-16, two-tailed unpaired t test; Fig. 1B, right). 335 

Or42a OSN remodeling after 25% EB can appear qualitatively similar to the 15% EB condition, 336 

but there is a greater extent of axon process retraction including many instances of complete loss 337 
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of detectable Or42a OSN signal (Fig. 1B). These results show that EB odorant during the early-338 

use critical period (0-2 dpe) exposure causes a dose-dependent reduction of Or42a OSN 339 

innervation of the VM7 glomerulus. 340 

At maturity, EB odorant exposure causes little or no change in Or42a OSN innervation of 341 

VM7 glomeruli (Fig. 1C,D). With 15% EB for 2 days starting at 7 dpe, there is no significant 342 

difference in VM7 innervation compared to controls (Fig. 1C). The size and structure of Or42a 343 

OSN axon tracts entering the VM7 glomerulus (Fig. 1C, left), and the VM7 innervation by Or42a 344 

terminals (Fig. 1C, middle), both appear unchanged between EB exposure and vehicle controls. 345 

Quantification of innervation volume shows EB-exposed animals are not significantly different 346 

from controls (Oil 1.0 ± 0.055 (n=20) vs. 15% EB 0.841 ± 0.066 (n=18); t(36)=1.862, p=0.071, 347 

two-tailed unpaired t test; Fig. 1C, right). With the higher 25% EB exposure (7-9 dpe), there is 348 

weak Or42a OSN remodeling (Fig. 1D). Robust VM7 glomerulus innervation persists, although 349 

there is evidence of some axon retraction and glomerular reduction (Fig. 1D, left and middle). 350 

Quantification shows a significant loss of the VM7 glomerular volume (Oil 1.0 ± 0.051 (n=21) vs. 351 

25% EB 0.669 ± 0.059 (n=21); t(40)=4.262, p=0.0001, two-tailed unpaired t test; Fig. 1D, right). 352 

However, this change is small compared to critical period remodeling (~80% reduction in critical 353 

period vs. ~30% at maturity). This result is consistent with mammalian critical periods, in which 354 

heightened sensory stimulation can induce adult plasticity after critical period closure (Hensch 355 

and Bilimoria, 2012; Baroncelli et al., 2016). These results show that EB odorant exposure drives 356 

remodeling loss of Or42a OSN innervation in the VM7 glomeruli, which is concentration 357 

dependent and especially sensitive during the critical period (0-2 dpe). 358 

 359 

Critical period odorant exposure does not alter OSN survival or odorant receptor expression  360 

The dramatic loss of Or42a OSN innervation of the VM7 glomerulus after critical period 361 

EB exposure could be the result of the OSN cell death or reduced expression of the cell marker. 362 

However, studies of AL glomerular innervation after odorant exposure or neuronal silencing have 363 
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reported no alterations of OSN cell bodies or peripheral odor responses, regardless of the 364 

direction of the glomerular volume change (Devaud et al., 2001; Sachse et al., 2007; Chiang et 365 

al., 2009). Moreover, despite the widespread use of genetically-encoded odorant receptor 366 

fluorescent reporters to measure AL glomerulus innervation volumes, no work to our knowledge 367 

has shown altered transgenic expression after odorant exposure (Sachse et al., 2007; Das et al., 368 

2011; Acebes et al., 2012). Nevertheless, to test for any altered OSN survival after EB exposure 369 

during the critical period, Or42a OSN cell bodies located in the peripheral olfactory maxillary palp 370 

were quantified. As above, animals with Or42a-Gal4 driving UAS-mCD8::GFP were exposed to 371 

25% EB or vehicle control for the first 2 days after eclosion. Critical period odor exposure does 372 

not alter Or42a OSN cell bodies (Fig. 2A). Quantification shows no significant difference in soma 373 

number (Oil 15.25 ± 0.335 cells/palp (n=16) vs. EB 14.15 ± 0.629 (n=13); t(27)=1.62, p=0.117; 374 

Fig. 2B). Likewise, critical period odor exposure does not alter Or42a-Gal4 driven GFP expression 375 

in OSN cell bodies (Fig. 2A). Quantification shows no significant difference in fluorescence 376 

intensity of soma and basal processes (Oil 115.2 ± 5.261 (n=16) vs. EB 105.1 ± 7.37 (n = 13); 377 

t(27)=1.143, p=0.263; two-tailed unpaired t-tests; Fig. 2B).  378 

To confirm and extend the above findings, we next used Western blot analyses to test 379 

maxillary palps for differences in Or42a-Gal4 driven UAS-mCD8::GFP expression between the 380 

same paired EB odorant exposed and oil vehicle control conditions. In agreement with the above 381 

immunocytochemistry imaging, Western blot analyses also do not show GFP expression changes 382 

after critical period EB exposure assayed in 3 independent replicates (Fig. 2C, top). Quantification 383 

of the fluorescence intensity normalized to total protein reveals no significant difference between 384 

the two conditions (Oil 1533±192.3 (n=3 replicates, >30 palps/replicate) vs. EB 1900±606.9 (n=3); 385 

U=3, p=0.7; two-tailed Mann-Whitney test; Fig. 2D, top). We also separately assayed mCD8::GFP 386 

expression under the direct control of the Or42a promoter (Or42a-mCD8::GFP), which provides 387 

a direct, Gal4-indendent read-out of Or42a expression (Stephan et al., 2012). Western blot 388 

analyses were done to test GFP expression changes after critical period EB exposure in 3 389 
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independent replicates. Maxillary palps from these animals also show no change in GFP 390 

expression following critical period EB exposure (Fig. 2C, bottom). Quantification of fluorescence 391 

intensity normalized to total protein again reveals no significant difference between the two 392 

conditions (Oil 4735±1008 (n=3 replicates, >20 palps/replicate vs. EB 6561±1722 (n=3); U=4, 393 

p>0.999; two-tailed Mann-Whitney test; Fig. 2D, bottom). Thus, both imaging and Western blot 394 

analyses indicate no change in Or42a driven expression in response to heightened EB odorant 395 

exposure during the critical period. 396 

Finally, we used quantitative real-time PCR (qPCR) to directly test transcript levels 397 

following critical period EB exposure. After either oil vehicle or 25% EB exposure (0-2 days), 398 

proboscises with maxillary palps were dissected to extract RNA. We assessed the expression of 399 

3 transcripts; 1) Gal4, 2) the Or42a receptor, and 3) an Or71a receptor control, all normalized to 400 

the housekeeping genes GAPDH2 and rp49. Compared to GAPDH2, quantification of RNA 401 

expression levels between EB-exposed animals and oil vehicle controls done using the ΔΔ Ct 402 

method show no significant differences (Gal4: Oil 1.061±0.262 fold expression (n=3 replicates, 403 

10 proboscises for all replicates) vs. EB 0.551±0.221 (n=2), U=1, p=0.4; Or42a: Oil 1.12±0.32 404 

(n=3) vs. EB 1.45±0.348 (n=3), U=2, p=0.4 ; Or71a: Oil 1.348±0.574 (n=3) vs. EB 1.302±0.14 405 

(n=3), U=4, p>0.999; two-tailed Mann-Whitney test; Fig. 2E). Compared to rp49, a second 406 

housekeeping gene, there are likewise no significant differences in RNA levels (Gal4: Oil 407 

1.071±0.293 fold expression (n=3 replicates, 10 proboscises for all replicates) vs. EB 0.362±0.036 408 

(n=2), U=0, p=0.2; Or42a: Oil 1.163±0.371 (n=3) vs. EB 1.147±0.512 (n=3), U=4, p>0.999; Or71a: 409 

Oil 1.415±0.623 (n=3) vs. EB 1.037±0.396 (n=3), U=4, p>0.999; two-tailed Mann-Whitney test). 410 

These results demonstrate the dramatic loss of Or42a OSN innervation of the VM7 glomeruli 411 

following heightened critical period odorant experience is independent of changes in OSN cell 412 

bodies, Or42a reporter expression or Or42a receptor level, and therefore due to local retraction 413 

of axon terminal innervation in the antennal lobe. 414 

 415 
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Retracted OSN glomerular innervation during critical period odorant exposure is reversible 416 

 Given the striking OSN axonal retraction caused by heightened odorant experience during 417 

the critical period (Fig. 1), we next wished to test whether removal of the odorant stimulus during 418 

this time window would enable re-innervation of the VM7 glomerulus by Or42a OSNs. Previous 419 

studies investigating the specialized CO2-sensitive OSN showed odorant-dependent glomerular 420 

growth is reversible after CO2 removal for at least 2 days during the critical period, but not at all 421 

reversible afterwards (Sachse et al. 2007). Similar critical period restricted reversibility 422 

characterizes the mammalian ocular dominance activity-dependent critical period (Blakemore et 423 

al., 1978). We therefore hypothesized that the removal of the EB odorant after inducing critical 424 

period remodeling would enable Or42a OSNs to re-innervate VM7 glomeruli, thus reversing the 425 

effect during the critical period. Using OSNs labeled with Or42a-Gal4 driving UAS-mCD8::GFP, 426 

we tested the reversibility of OSN axonal retraction by shifting animals after 1 or 2 days of EB 427 

odorant exposure immediately after eclosion, to oil through 4 days post-eclosion (Fig. 3A). We 428 

tested effects of EB exposure for 1, 2 and 4 days, demonstrating a similar strong axon retraction 429 

for all three critical period treatments (Fig. 3A,B). In parallel, we tested animals exposed to EB for 430 

one day (0-1 dpe) and then returned to the oil vehicle for the three remaining days (3-day reversal; 431 

Fig. 3A), as well as animals exposed to EB for two days (0-2 dpe) replaced with the oil vehicle for 432 

the two remaining days (2-day reversal; Fig. 3A). All animals were dissected at the same time at 433 

the end of day 4 (Fig. 3A), and the Or42a OSN innervation of the VM7 glomerulus imaged (Fig. 434 

3B,C). 435 

EB exposure for 1, 2 or 4 days during the critical period causes a similar reduction in the 436 

VM7 innervation compared to the oil controls (Fig. 3B,D; Kruskal-Wallis one-way ANOVA 437 

KW(7)=84.94, p=1.348 x 10-15). Note that the dimmer Or42a>GFP signal at day 1 post-eclosion 438 

reflects the earlier time point in reporter expression, but the extent of axonal retraction is similar 439 

for all three treatments. Quantification shows all EB exposures significantly reduce glomerular 440 

volume compared to oil controls (1 Day: Oil 1.184 ± 0.047 (n=26) vs. EB 0.571 ± 0.073 (n=23), 441 
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mean rank difference=80.82, p=2.21x10-6; 2 Day: Oil 1.303 ± 0.053 (n=22) vs. EB 0.646 ± 0.093 442 

(n=26), mean rank difference=82.33, p=1.79x10-6; 4 Day: Oil 1.0 ± 0.040 (n=23) vs. EB 0.505 ± 443 

0.070 (n=24), mean rank difference=58.32, p=0.0017, Dunn’s multiple comparisons tests; Fig. 444 

3D). We find that both the 2- and 3-day reversal returns innervation to levels indistinguishable 445 

from controls (Fig. 3C). Quantification shows that animals returned to the oil vehicle for 2 or 3 446 

days during the critical period re-develop OSN innervation volumes that are not statistically 447 

different from day 4 controls never exposed to the EB odorant (3 Day reversal 1.164 ± 0.044 448 

(n=25), mean rank difference=-10.3, p>0.9999; 2 Day reversal 1.01 ± 0.087 (n=24), mean rank 449 

difference=-27.82, p=0.424, Dunn’s multiple comparisons tests; Fig. 3D). Note that, in addition to 450 

the reversal of the majority of animals after 2 days of EB exposure, 3 animals fail to reverse the 451 

axonal retraction (Fig. 3D), suggesting the approaching end of the early-use critical period. We 452 

conclude the Or42a OSN innervation remodeling within the VM7 glomerulus is reversible after 453 

removal from EB odor during the critical period.     454 

 455 

Critical period odorant exposure drives OSN synapse elimination in AL glomeruli  456 

The glomerular OSN volume measure represents a good proxy for synaptic innervation 457 

(Mosca and Luo, 2014), but does not directly measure OSN synaptic contacts. We therefore 458 

tested whether the Or42a OSN volume reduction in response to EB odorant exposure during the 459 

early-use critical period also affects synaptic organization within the VM7 glomerulus, by assaying 460 

the commonly used active zone marker Bruchpilot (BRP; Wagh et al., 2006). Based on the 461 

reduction in glomerular volume we hypothesized synapse number would be reduced. We 462 

employed the Synaptic Tagging with Recombination (STaR) labeling method (Chen et al., 2014) 463 

to investigate the Or42a OSN-specific changes in BRP expression and spatial distribution in 464 

synapses following critical period odorant exposure. The STaR method uses the transgenic 465 

FLP/FRT system to express tagged BRP::GFP under its endogenous promoter only in the 466 

neurons where FLP is expressed. Here, we employ the UAS/Gal4 system to specifically express 467 
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FLP using Or42a-Gal4 targeted to the OSNs innervating only the VM7 glomerulus. The resulting 468 

brains show green, punctate BRP::GFP synaptic labeling restricted to the mDC8::RFP co-labeled 469 

VM7 glomerulus (Fig. 4). The transgenic BRP::GFP label shows close overlap with anti-BRP 470 

staining for endogenous VM7 synapses. Or42a OSN synapses are compared between the 471 

odorant vehicle control (mineral oil) and 25% EB dissolved in the oil during the early-use critical 472 

period (0-2 dpe). Sample images and quantified data for VM7 glomerular volume, BRP punctae 473 

number and BRP expression levels are shown in Figure 4. 474 

Vehicle control animals exhibit prominent BRP::GFP synaptic labeling of Or42a OSN 475 

presynaptic active zones in the VM7 glomerulus (Fig. 4A, top). In contrast, animals exposed to 476 

25% EB during the critical period (0-2 dpe) show a striking decrease in both the number and 477 

intensity of BRP::GFP labeled synaptic punctae (Fig. 4A, bottom). As previously shown, Or42a 478 

OSN innervation of VM7 in EB-exposed animals is significantly reduced compared to controls (Oil 479 

1.0 ± 0.0368 (n=16) vs. EB 0.332 ± 0.0898 (n=12); t(26)=7.566, p=4.953 x 10-8, two-tailed 480 

unpaired t test; Fig. 4B). Consistently, EB exposure also causes a highly significant reduction of 481 

local BRP signal maxima as a measure for BRP synaptic punctae (see Methods) compared to 482 

matched controls (Oil 1.0 ± 0.048 (n=14) vs. EB 0.241 ± 0.068 (n=12); t(24)=9.292, p=2.0217 x 483 

10-9, two-tailed unpaired t test; Fig. 4C). Similarly, the overall BRP signal intensity within the VM7 484 

glomerulus is reduced by EB exposure during the critical period compared to vehicle controls (Oil 485 

1.0 ± 0.0596 (n=14) vs. EB 0.179 ± 0.103 (n=12); (U=13, p=7.704 x 10-5, two-tailed Mann Whitney 486 

test; Fig. 4D). These results indicate that critical period olfactory experience induces OSN 487 

synapse elimination, with fewer synapses persisting after the odorant exposure. The greater BRP 488 

reduction compared to OSN glomerulus volume suggests that synapse loss precedes retraction 489 

of Or42a axons. Taken together, these results show that EB odorant exposure during the critical 490 

period drives rapid synapse elimination from the Or42a OSNs innervating the VM7 glomerulus. 491 

 492 

Ultrastructural analyses of odorant exposure effects on Or42a OSN innervation 493 
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We next sought to test and extend the above light microscopy study at higher resolution 494 

using transmission electron microscopy (TEM) ultrastructural analyses (Vita and Broadie, 2017). 495 

The antennal lobe VM7 glomerulus contains multiple neuron types in addition to Or42a OSNs 496 

(Grabe et al., 2016; Golovin and Broadie 2016, 2017), making it impossible to identify specific 497 

synaptic terminals using standard TEM sample preparations. Therefore, to specifically assay 498 

Or42a OSN synaptic terminals within the VM7 glomerulus, we made use of a photoconversion 499 

labeling technique to render the Or42a OSNs electron-dense compared to all other surrounding 500 

VM7 neurons. The genetically-encoded mini Singlet Oxygen Generator (miniSOG) construct 501 

produces oxygen free radicals when exposed to blue light (480 nm), which can then interact with 502 

diaminobenzidine (DAB) to generate a dark, electron-dense precipitate at the location of the 503 

reaction (Shu et al., 2011; Ng et al., 2016). This signal can be readily imaged with TEM. Driving 504 

targeted expression of the membrane-tethered mCherry-tagged miniSOG transgene (UAS-myr-505 

miniSOG-mCherry) with Or42a-Gal4, we can label and identify specifically the Or42a OSN 506 

synaptic terminals innervating the VM7 glomerulus. Prior to the blue light exposure, Or42a OSNs 507 

expressing miniSOG are clearly visible and identifiable via the fluorescent mCherry tag (Fig. 5A, 508 

red, left panel). After the blue light exposure (~1 hour), the DAB precipitate labels the Or42a OSNs 509 

innervating only the VM7 glomerulus (Fig. 5A, black, right panel), marking these neurons 510 

selectively for subsequent TEM analyses.  511 

Due to the shape and location of the VM7 glomerulus, proper brain orientation in the TEM 512 

block is imperative to maintain imaging consistency (Fig. 5B). To section the embedded brain, we 513 

position the anterior side toward the block face, such that sectional planes proceed in an anterior 514 

to posterior direction (Fig. 5B). Moreover, to ensure accurate and consistent depth measurements 515 

across compared conditions, we use brain confocal imaging stacks as a guide to determine the 516 

depth from the antennal lobe surface to the widest point of the VM7 glomerulus (~40 μm). Starting 517 

at this sectioning depth, we image individual ultra-thin brain sections (65 nm) spanning 6.5 μm of 518 

tissue, affording us reproducible image acquisition and analysis (Fig. 5B). During the DAB 519 
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photoconversion, the visible fluorescence signal will bleach swiftly (typically 5-10 minutes of light 520 

exposure), but singlet oxygens are still being generated and blue light exposure must be 521 

maintained until the precipitate is clearly seen (~1h for our experiments). Labeled Or42a OSNs 522 

are distinctly darker than all surrounding cells, and can be easily identified even at low 523 

magnification (6500X) as islets of increased density within VM7 glomeruli (Fig. 5C). In control 524 

brains, labeled regions are present throughout the VM7 glomerulus, occupying a large proportion 525 

of the neuropil (Fig. 5C, left panel). Under identical acquisition and imaging parameters, EB-526 

exposed animals display a dramatic reduction in labeled Or42a OSNs, with islets sparsely 527 

occupying the neuropil (Fig. 5C, right panel). Thus, odorant experience during the critical period 528 

results in a dramatic loss of Or42a OSN innervation of the VM7 glomerulus. 529 

Quantification shows a striking decrease in OSN synaptic area following 25% EB critical 530 

period treatment (0-2 dpe) compared to vehicle controls (Fig. 5D). Vehicle controls exhibit 6X 531 

more terminal area per section compared to EB-treated animals (Oil 33.280 2.839 μm² (n=10 532 

sections) vs. EB 5.103 0.800 μm² (n=10)), with a highly significant reduction after the odorant 533 

exposure (t(18)=9.554, p<0.0001, two-tailed unpaired t test; Fig. 2D). Higher magnification 534 

reveals DAB precipitate throughout the cytoplasm (30,000X; Fig. 5E), consistent with all published 535 

miniSOG labeling results (Shu et al., 2011; Ng et al., 2016), likely due to membrane trafficking 536 

within the neuron (Winkle and Gupton, 2016). Synaptic regions characterized by presynaptic 537 

active zone T-bars (Fig. 5E, asterisks; enlarged in insets), with mitochondria (M), endosomes (E) 538 

and synaptic vesicles, are clearly apparent in the Or42a OSN terminals innervating VM7. To test 539 

for synapse changes, we quantified T-bars in two ways; 1) T-bars per EM image, and 2) T-bar 540 

density. In both cases, there is a large decrease in synaptic T-bars (asterisks) after critical period 541 

EB exposure (Fig. 5E,F). In both counts, oil vehicle controls contain significantly more T-bars than 542 

EB-treated animals (Oil 12.480 0.763 t-bars/image (n = 46 images) vs. EB 4.583 0.704 T-543 

bars/image (n=24 images); Oil 1.57 0.082 T-bars/μm² (n=400 regions) vs. EB 0.591 0.100 T-544 

bar/μm² (n=136 regions); Fig. 5F). Taken together, these results indicate that axonal retraction 545 
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and synapse elimination in the Or42a OSNs innervating the VM7 glomerulus follows EB odorant 546 

sensory experience during the critical period. 547 

 548 

Or42a olfactory reception is required for critical period remodeling of Or42a OSN innervation 549 

In addition to the strong activation of Or42a OSNs innervating only the VM7 glomerulus, 550 

EB can activate several other AL glomeruli, particularly with higher odorant concentrations (Couto 551 

et al., 2005; Semmelhack and Wang, 2009; Münch and Galizia, 2016). This is a very important 552 

consideration since AL lateral connections from other activated olfactory sensory neurons could 553 

possibly affect VM7 critical period development. Indeed, recent work has demonstrated that 554 

altered lateral inhibition in the antennal lobe can modulate olfactory sensory processing and 555 

change olfactory behavioral outputs (Acebes et al., 2011, 2012; Franco et al., 2017; Golovin and 556 

Broadie, 2017). We therefore tested whether the specific activation of Or42a receptors is required 557 

for critical period synaptic remodeling of Or42a OSNs within the VM7 glomerulus. To test the role 558 

of Or42a receptor activity, we compared control animals expressing mCD8::GFP under the Or42a 559 

promoter (Or42a-mCD8::GFP; Stephan et al., 2012) with the characterized Or42a mutants that 560 

completely eliminate the receptor response to the EB odorant (Or42aF04305, Or42a-mCD8::GFP; 561 

Olsen et al., 2007). As above, Or42a OSN innervation of the VM7 glomerulus was compared 562 

between the odorant vehicle controls (mineral oil) and EB odorant dissolved in the oil at 25% 563 

concentration. The odorant exposure was for 48 hours at 0-2 dpe, within the initial, early-use 564 

critical period. Sample images and quantified VM7 glomerular volume data for the four conditions 565 

are shown in Figure 6. 566 

Compared to vehicle controls, EB-treated animals show strong loss of OSN innervation, 567 

marked by Or42a-mCD8::GFP punctae characteristic of axonal retraction (Fig. 6A, arrows). 568 

Quantification shows a significant effect of EB exposure on Or42a OSN innervation (F(1, 79) = 569 

13.74, p=0.0004, two-way ANOVA; Fig. 6B, left). Follow up multiple comparisons tests reveal a 570 

significant difference between the vehicle control (Oil; 1.0 ± 0.059, n=26) and EB-treated animals 571 
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(0.543 ± 0.091, n=21; t(79)=5.226, p=4.13x10-6, Sidak’s multiple comparisons test). In sharp 572 

contrast, Or42a mutants exposed to EB exhibit Or42a OSN innervation indistinguishable from oil-573 

exposed mutants (Fig. 6A, right). Note that membrane punctae characteristic of axonal retraction 574 

(Ertürk et al., 2007) are widely present in EB-treated VM7 control glomeruli (Fig. 6A, arrows), but 575 

do not occur in EB-treated Or42a mutants (Fig. 6A, right), which resembles the vehicle controls 576 

in both genotypes. Quantification shows no significant difference between the vehicle control in 577 

the Or42a mutant (0.817 ± 0.043, n=19) and the EB-treated Or42a mutant (0.783 ± 0.047, n=17; 578 

t(79)=0.3427, p=0.980, Sidak’s multiple comparisons test; Fig. 6B, right). The effect of EB 579 

exposure on genetic controls vs. Or42a mutants is also significant (exposure x genotype 580 

interaction, F(1, 79)=10.19, p=0.002, two-way ANOVA; Fig. 6B, top dashed bar). These results 581 

demonstrate that specific Or42a receptor odorant activation is required for the critical period 582 

remodeling of the Or42a OSN innervation of the VM7 glomerulus, suggesting a cell intrinsic, 583 

activity-dependent mechanism. 584 

 585 

Activity-dependent modulation of OSN critical period remodeling of glomeruli innervation 586 

Activity has long been established to mediate critical period neural circuit remodeling, both 587 

within specific neuron classes (Devaud et al., 2003b; Sachse et al., 2007) and between different 588 

neurons at a circuit level (Acebes et al., 2011; Das et al., 2011; Lieber et al., 2011; Sudhakaran 589 

et al., 2014). We therefore tested whether activity within the Or42a OSNs specifically, or the 590 

activation of downstream neurons via synaptic neurotransmission within the neural circuit, plays 591 

a role in critical period remodeling in the VM7 glomerulus. In order to test both activity levels, we 592 

used two widely-employed transgenic tools: 1) UAS-targeted expression of the tetanus toxin light 593 

chain (TeTxLC) protease, which cleaves the vSNARE synaptobrevin to block synaptic vesicle 594 

fusion and eliminate neurotransmission (Sweeney, Broadie et al., 1995), and 2) UAS-targeted 595 

expression of the exogenous inward rectifying potassium channel 2.1 (Kir2.1), which increases 596 

K+ permeability, hyperpolarizes the neuron, and thus inhibits action potential firing within the 597 
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targeted neuron (Baines et al., 2001). Both UAS constructs were driven with Or42a-Gal4 only 598 

within the targeted Or42A OSNs innervating the VM7 glomerulus. To examine VM7 innervation, 599 

Or42a OSNs co-express the UAS-mCD8::GFP membrane label. Comparisons were done for 600 

each genotype between a vehicle oil control and EB dissolved in the oil at 25% for 0-2 dpe. 601 

Sample images for all conditions and quantified VM7 glomerular innervation for all six conditions 602 

are shown in Figure 7. 603 

Transgenic controls respond to EB exposure with a strong decrease in innervation and 604 

characteristic axonal punctae (Fig. 7A, left). Quantification again shows the significant effect of 605 

odorant exposure (F(1, 144)=298.4, p=1.29x10-36, two-way ANOVA; Fig. 7B, left). Follow-up 606 

multiple comparisons reveal a significant decrease of OSN innervation in transgenic controls (Oil 607 

1.0 ± 0.037 (n=27) vs. EB 0.500 ± 0.062 (n=25); t(144)=9.064, p=6.22x10-15, Sidak’s multiple 608 

comparisons test). TeTxLC neurotransmission blockade specifically in Or42a OSNs does not 609 

prevent critical period remodeling, but rather results in a further loss of innervation (Fig. 7A, 610 

middle). This increased remodeling is accompanied by lack of axon retraction punctae (compare 611 

to Fig. 7A, left, arrows), suggesting a more rapid, complete axonal retraction process. In general, 612 

axonal punctae are observed less frequently with the greatest innervation loss, suggesting a 613 

nearly complete absence of Or42a OSNs within VM7 (Fig. 7A, middle). We hypothesize TeTxLC 614 

has a clear developmental effect on VM7 innervation as the oil TeTxLC condition has a larger 615 

Or42a OSN volume compared to controls (t(144)=3.135, p=0.014 Sidak’s multiple comparison 616 

test). Quantification with follow up multiple comparisons test between the oil control TeTxLC 617 

condition (1.179 ± 0.049, n=22) and EB-treated TeTxLC condition (0.043 ± 0.011, n=21) reveals 618 

significant volume reduction (t(144) = 18.74, p=1.32x10-39, Sidak’s multiple comparisons test; Fig. 619 

7B). A linear regression analysis shows that TeTxLC block significantly increases the effect of EB 620 

exposure compared to controls (-0.636 ± 0.007, t(144)=-7.195, p=2.21 x 10-10, two-tailed unpaired 621 

t test with Sidak’s correction; Fig. 7B, middle dashed bar).  622 
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We next tested critical period remodeling with the Kir2.1 suppression of action potential 623 

firing in the Or42A OSNs. Like the Or42a mutant, EB exposure did not significantly alter OSN 624 

innervation in Kir2.1 compared to the vehicle controls (Fig. 7A, right). However, a complication to 625 

this interpretation is that Kir2.1 activity suppression in Or42a OSNs strongly reduces VM7 626 

innervation in the vehicle controls (Fig. 7A; compare control and Kir2.1 oil-exposed conditions). 627 

The striking effect shows activity-dependent control of OSN refinement, but may indicate a need 628 

for activity for the initial innervation of the VM7 glomerulus (Chiang et al., 2009). Note also that 629 

despite the overall effect of Kir2.1 activity suppression on OSN innervation, EB-treatment still 630 

produces axonal retraction punctae similar to controls (Fig. 7A, Kir2.1 EB). Quantification of 631 

innervation volume shows a strong reduction already in the vehicle control Kir2.1 condition (Oil; 632 

0.210 ± 0.030, n=28) with no significant loss with EB exposure (0.154 ± 0.028, n=27; 633 

t(144)=1.043, p=0.917, Sidak’s multiple comparisons test; Fig. 7B, right). Linear regression 634 

analyses show Kir2.1 activity suppression attenuates the EB treatment effect compared to 635 

controls by 0.441 ± 0.007, and is significantly reduced compared to the controls (t(144)= 5.327, 636 

p=2.63 x 10-6, two-tailed unpaired t test with Sidak’s correction; Fig. 7B, top dashed bar). Thus, 637 

suppression of Or42A OSN activity reduced baseline innervation and blocks critical period 638 

remodeling. Overall, these results indicate cell intrinsic OSN activity is important for innervation, 639 

and that OSN synaptic signaling limits OSN remodeling during the critical period.        640 

 641 

Critical period remodeling requires NMDA glutamatergic transmission, but not GABA signaling 642 

Given neurotransmission is important for control of critical period remodeling, we next 643 

dissected intercellular signaling mechanisms. Previous work suggests both GABAergic and 644 

glutamatergic signaling play important roles in regulating AL-dependent behavior (Das et al., 645 

2011). Labeling studies indicate GABAb R2/3 and NMDA R1/R2 receptors are present in the AL 646 

(Xia et al. 2005; Raccuglia et al. 2016).  To independently test GABAergic and glutamatergic 647 

signaling, we used transgenic RNAi to knockdown GABA receptors (GABAb R3;) and NMDA 648 
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receptors (NMDAR1) specifically in the Or42a OSNs (Ni et al., 2009). We then assessed Or42a 649 

innervation of the VM7 glomerulus as above, comparing oil vehicle controls with 25% EB during 650 

the critical period (0-2 dpe; Fig. 8). A two-way ANOVA analysis shows a significant effect of 651 

odorant exposure (F(1, 143)=66.27, p=3.5x10-13; Fig. 8A,B, left). Compared to controls, GABAb 652 

R3 RNAi flies show similar reduction of VM7 innervation after EB exposure (Fig. 8A, middle). 653 

Quantification shows the transgenic control reduction in Or42a OSN volume in VM7 with EB 654 

exposure (Oil 1.0 ± 0.067 (n=26) vs. EB control 0.373 ± 0.079 (n=24); t(143)=6.376, p=1.18x10-655 

8, Sidak’s multiple comparisons test) is similar to the effects in the GABAb R3 RNAi condition (Oil 656 

1.096 ± 0.053 (n=22) vs. EB 0.547 ± 0.095 (n=24); t(143)=5.348, p=1.72x10-6, Sidak’s multiple 657 

comparisons test; Fig. 8B, middle). There is no significant difference due to GABAb R3 RNAi on 658 

EB reduction compared to controls (average difference 0.0787 ± 0.0126, t(143)=0.5242, p=0.99, 659 

two-tailed unpaired t test with Sidak’s correction; dashed middle bar).  660 

Given that GABAb R3-mediated GABAergic signaling has no detectable effect on critical 661 

period OSN innervation remodeling, we next assayed roles of NMDAR1-mediated glutamatergic 662 

signaling. In the transgenic controls, EB exposure during the critical period (0-2 dpe) results in a 663 

highly significant reduction in OSN innervation compared to the odorant vehicle (Fig 8A,B left). In 664 

sharp contrast, NMDAR1 RNAi OSN knockdown strikingly suppresses this EB-dependent 665 

remodeling (Fig. 8A, right). Despite the decreased change in Or42a OSN innervation, the VM7 666 

glomerulus with NMDAR1 RNAi still shows axonal retraction punctae, consistent with an 667 

incomplete axonal retraction process in the absence of effective NMDA signaling. Quantification 668 

shows that the vehicle exposed NMDAR1 RNAi condition (Oil; 1.019 ± 0.047, n=26) is not 669 

significantly different from the EB-treated NMDAR1 RNAi condition (EB; 0.800 ± 0.068, n=27; 670 

t(143)=2.284, p=0.114, Sidak’s multiple comparisons test; Fig. 8B, right). NMDAR1 knockdown 671 

significantly attenuates the effect of critical period EB exposure on Or42a OSN innervation 672 

compared to controls (0.423 ± 0.0111, t(143)=3.1851, p=0.0088, two-tailed unpaired t test with 673 

Sidak’s correction; Fig. 8B, top dashed bar). Glutamatergic interneurons are the only known 674 



 

 28 

source of glutamate in the antennal lobe (Das et al., 2010; Liu and Wilson, 2013), suggesting 675 

these cells are the signal source. These results indicate that NMDA glutamatergic signaling onto 676 

OSNs, but not GABAb GABAergic signaling, is important for critical period OSN remodeling. 677 

 678 

Wingless/Wnt-1 signaling is not involved in critical period Or42a remodeling  679 

Other forms of trans-synaptic signaling reportedly play key roles in sensory experience 680 

remodeling (Huang et al., 1999; Chiang et al., 2009; Lieber et al., 2011). Wingless (Wg; Wnt-1) is 681 

a prominent example, with Wg ligand activating the Drosophila Frizzled 2 (dFz2) receptor to inhibit 682 

Drosophila GSK3β Shaggy (Sgg) and regulate connectivity (Packard et al., 2002; Chiang et al., 683 

2009; Korkut et al., 2009; Tsai et al., 2012; Friedman et al., 2013; Kopke et al., 2017). We used 684 

genetic approaches to interrogate this Wg signaling pathway in OSN critical period remodeling. 685 

We first removed one copy of wg (wgl-17/+; Baker, 1987; Kopke et al., 2017) to reduce the Wg 686 

ligand level. In controls, 25% EB exposure in the critical period (0-2 dpe) causes the expected 687 

loss of OSN innervation and appearance of axonal retraction punctae (Fig. 9A, top, arrows), and 688 

quantification shows the typical loss of VM7 glomerulus innervation (Oil 1.0 ± 0.035 (n=25), EB 689 

0.485 ± 0.058 (n=25); t(138)=7.093, p=4.37x10-10, Sidak’s multiple comparisons test; odorant 690 

exposure, effects F(1, 138)=210.8, p=2.84x10-29, two-way ANOVA; Fig. 9B, left). Heterozygous 691 

wgl-17/+ does not impact the effect of EB exposure on OSNs, with innervation indistinguishable 692 

from matched controls (Fig. 9A). Quantification shows a significant difference between vehicle 693 

and EB exposure (Oil wgl-17/+ 0.901 ± 0.059 (n=12) vs. EB-treated wgl-17/+ 0.266 ± 0.063 (n=17); 694 

t(138)=6.564, p6.86x10-9, Sidak’s multiple comparisons test; Fig. 9B). There is no significant effect 695 

on EB exposure between wgl-17/+ and controls (0.120 ± 0.009, t(138)=-1.0997,p=0.893, two-tailed 696 

unpaired t test on interaction terms from linear regression with Sidak’s correction; Fig. 9B, third 697 

dashed bar). 698 

Despite the lack of Wg effect, we used stronger transgenic manipulations to further test 699 

the signaling pathway. We targeted a dFz2 dominant-negative (dFz2-DN; Zhang and Carthew, 700 
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1998) to Or42a OSNs. This reduces VM7 innervation in vehicle controls (Fig. 9A), but does not 701 

significantly impact the effect of EB exposure (Oil 0.554 ± 0.097 (n=15) vs. EB 0.029 ± 0.021 702 

(n=19); t(138) = 5.926, p=1.65x10-7, Sidak’s multiple comparisons test; Fig. 9B). In dFz2-DN flies, 703 

the EB treatment effect compared to controls is weakly augmented by -0.0104 ± 0.01023, which 704 

is not significantly different (t(138)=-0.086, p=0.999, two-tailed unpaired t test with Sidak’s 705 

Correction; Fig. 9B, second dashed bar). We also expressed a Sgg dominant-negative (Sgg-DN; 706 

Bourouis, 2002) in Or42a OSNs to inhibit Wg signaling. Compared to controls, Sgg-DN increases 707 

the effect of critical period EB exposure on innervation (Fig. 9A, bottom). Quantification shows 708 

vehicle controls (1.135 ± 0.073, n=18) are significantly different from EB-treated Sgg-DN (0.273 709 

± 0.070, n=15; t(138)=9.607, p=3.48x10-16, Sidak’s multiple comparisons test; Fig. 9B, right). In 710 

Sgg-DN flies, the OSN volume reduction from EB exposure compared to control is augmented by 711 

-0.347 ± 0.0104, which is significant (t(138)=-2.849, p=0.035, two-tailed unpaired t test with 712 

Sidak’s correction; Fig. 9B, first dashed bar). However, a Sgg role in remodeling is likely 713 

independent of Wg signaling, as the other Wg manipulations do not impact remodeling, other 714 

pathways regulate Sgg activity, and Sgg independently affects glomerulus synapse number and 715 

behavior (Acebes et al., 2011). Overall, Wg signaling does not appear to be involved in regulating 716 

EB-dependent critical period remodeling. 717 

 718 

Discussion  719 

          In Drosophila, the first few days of sensory experience are a use-dependent critical period 720 

for central olfactory circuit refinement with a greatly heightened capacity for synaptic remodeling 721 

(Devaud et al., 2003a; Sachse et al., 2007; Tessier and Broadie, 2009; Doll and Broadie, 2015, 722 

2016; Doll et al., 2017). Here, we test this early post-eclosion time window (0-2 days) in contrast 723 

to maturity (7-9 days). We find odorant exposure only during the early period causes a striking 724 

reduction of Or42a OSN innervation onto their target VM7 synaptic glomerulus. This remodeling 725 

is odorant concentration-dependent and developmentally regulated. Despite early work clearly 726 
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showing critical period odorant experience reduces glomerulus innervation volume (Devaud et 727 

al., 2001, 2003a, 2003b), no other work, to our knowledge, has shown an odorant-dependent 728 

decrease in OSN glomerular innervation, and only previous work from our lab has demonstrated 729 

reduction at the level of the postsynaptic PNs (Doll and Broadie, 2015). The current study thus 730 

refutes the conclusion that glomeruli activated by an odorant during the critical period always 731 

respond with an innervation increase, and presents a more complicated landscape. The current 732 

study also reveals larger magnitude innervation remodeling changes in comparison with earlier 733 

studies reporting reductions approaching ~30% (Devaud et al., 2001, 2003a). These differences 734 

likely reflect dosage-dependent effects (10% vs. 15% or 25% concentration), and the more careful 735 

monitoring of critical period timing.  736 

Similar to a previous report on CO2-sensitive olfactory sensory neurons, we demonstrate 737 

Or42a innervation remodeling is reversible with removal from the odorant (Sachse et al. 2007). 738 

Removing animals from EB for 2 or 3 days during the critical period leads to complete reversal of 739 

lost glomerulus innervation. Importantly, however, a few animals with 2 days reversal do not 740 

manifest re-innervation. This result suggests that remodeling capacity is reduced with odorant 741 

exposure time and the critical period endpoint threshold prevents reversal remodeling to make 742 

the OSN glomerulus innervation largely permanent. This conclusion agrees with classical critical 743 

period studies (Hubel and Wiesel, 1970; Blakemore et al., 1978; Ma et al., 2014; Tsai and Barnea, 744 

2014; Huang et al., 2015), and is supported by the all-or-nothing nature of the reversal. We test 745 

synaptic remodeling using OSN-targeted STaR synapse labeling (Chen et al., 2014). Using the 746 

STaR technique, we show odorant-induced synapse elimination is more extensive than process 747 

loss, suggesting loss of synaptic connections precedes axon retraction. MiniSOG electron 748 

microscopy confirms synapse elimination (Devaud et al., 2001). This loss of synaptic connectivity 749 

likely modifies odorant-induced behaviors following EB exposure during the critical period (Das et 750 

al., 2011; Sudhakaran et al., 2014), which results in long-term habituation with flies avoiding the 751 

EB odorant more weakly than naïve flies. 752 
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          We used three manipulations to test the activity-dependence of critical period remodeling. 753 

First, using Or42aF04305 receptor mutants that render OSNs EB-insensitive (Olsen et al., 2007), 754 

we find that critical period refinement is eliminated. This result indicates Or42a receptor activity is 755 

necessary in a cell-intrinsic mechanism controlling activity specifically within the Or42a OSNs. 756 

Second, expressing the tetanus protease to block synaptic vesicle fusion and neurotransmission 757 

(Sweeney, Broadie et al., 1995), we find that OSN synaptic output is not only dispensable for the 758 

odorant-induced remodeling, but acts to limit the extent of glomerular retraction. This intriguing 759 

finding suggests a mechanism acting trans-synaptically to limit critical period refinement of Or42a 760 

OSN innervation of VM7 glomerulus. A strong candidate is Notch signaling, which was recently 761 

shown to mediate Or82a OSN remodeling (Kidd and Lieber, 2016). Third, targeted Kir2.1 762 

expression to suppress cell-intrinsic OSN electrical activity (Baines et al., 2001) blocks critical 763 

period innervation remodeling, similarly to the loss of Or42a receptor function. However, Kir2.1 764 

silencing reduces glomerular innervation in both the vehicle- and EB-exposed animals, 765 

suggesting that activity is required for OSN axonal maintenance (Chiang et al., 2009). Together, 766 

these results demonstrate that activity-dependent critical period remodeling requires OSN cell-767 

autonomous olfactory receptor activity modulated by downstream neuronal communication within 768 

the neural circuit.  769 

The loss of critical period remodeling in OSNs lacking the Or42a EB odorant receptor 770 

indicates the mechanism requires olfactory reception in the specific OSN, and lateral 771 

communication between different OSN classes within the antennal lobe is not sufficient to cause 772 

remodeling (Acebes et al., 2011, 2012; Franco et al., 2017; Golovin and Broadie, 2017). The 773 

maintenance of OSN critical period remodeling with tetanus toxin blockade does not exclude 774 

electrical synapse involvement, which are not affected by the neurotoxin (Sweeney and Broadie 775 

et al., 1995). However, OSN electrical synapses have not been described, and electrical synapse 776 

loss does not alter OSN function (Yaksi and Wilson, 2010). Nevertheless, innexin mutants could 777 

be used to test possible electrical synapse roles (Phelan et al., 1996). Our studies indicate tetanus 778 
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toxin has a consequence on OSN development, since animals have increased glomerulus 779 

innervation in the vehicle controls. This confirms previous results that tetanus toxin produces 780 

increased axon branching in olfactory PNs (Doll et al., 2017). Interpretation of our Kir2.1 result is 781 

likewise complicated by decreased Or42a OSN-VM7 innervation in vehicle controls. Although 782 

remodeling is eliminated with Kir2.1 silencing, the assay may not be sensitive enough to detect 783 

changes with the reduced innervation. Future studies using optogenetics to conditionally silence 784 

OSNs in the critical period may avoid the developmental effects of constitutive Kir2.1 silencing.  785 

Our results indicate that NMDAR1-mediated glutamatergic neurotransmission is required 786 

for critical period OSN remodeling, consistent with previous work showing NMDAR1 is required 787 

for glomerulus volume increases and long-term habituation after EB exposure (Das et al., 2011). 788 

The only known source of AL glutamate release is a population of ventral LNs (Das et al., 2010), 789 

suggesting that these interneurons regulate critical period remodeling. GABAergic signaling also 790 

regulates Or42a OSN activity (Olsen and Wilson, 2008; Raccuglia et al., 2016), but our results 791 

indicate that AL-expressed GABAb R3 receptors (Okada et al., 2009) are not necessary for 792 

remodeling. This finding is consistent with previous reports that GABAergic signaling impacts 793 

long-term habituation, but not AL circuit changes (Das et al., 2011). We conclude that NMDA 794 

receptor, but not GABAb receptor, signaling combines with odorant dependent activity in Or42a 795 

OSNs to drive synaptic remodeling during the critical period. The role of activity and NMDA 796 

receptor signaling is in agreement with previous studies on OSN response to odorant exposure 797 

(Das et al., 2011). However, the direction and magnitude of remodeling changes reported here 798 

differ from earlier reports. The loss of Or42a OSN VM7 innervation is somewhat reminiscent of 799 

the progressive loss of axonal processes in Or83b (orco) mutants that lack olfactory sensory 800 

reception (Chiang et al., 2009). These orco mutants also display axonal punctae similar to the 801 

mCD8::GFP membrane retractions reported here.  802 

The punctae in retracting OSN axon processes closely resembles mammalian retraction 803 

bulbs (Li and Raisman, 1995). However, for this characterization we would need to establish the 804 
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punctae are long-lived and display a disorganized microtubule architecture (Ertürk et al., 2007). 805 

Despite the striking similarities between EB-exposed OSNs and orco mutants, the time course is 806 

enormously different, with odorant-dependent critical period remodeling occurring immediately 807 

after eclosion (0-2 dpe) and orco retraction phenotypes starting much later (Chiang et al., 2009). 808 

Also, unlike the orco mutant retraction, critical period refinement does not involve Wg signaling 809 

(Packard et al., 2002; Chiang et al., 2009; Korkut et al., 2009; Tsai et al., 2012), as both Wg 810 

heterozygotes and targeted dFz2-DN in Or42a OSNs fails to impact axon retraction. Curiously, 811 

targeted Sgg-DN in Or42a OSNs enhances odorant-induced critical period remodeling, with a 812 

greater degree of VM7 innervation loss following EB exposure. However, Sgg-DN effects likely 813 

do not act via the Wg signaling pathway, as this mechanism would be expected to limit OSN 814 

innervation reduction. Importantly, Sgg acts independently to regulate glomerulus synapse 815 

number (Acebes et al., 2011). The Wg pathway studies reported here support a role in the 816 

maintenance of OSN glomerular innervation, but do not indicate a role in the regulation of critical 817 

period remodeling.  818 

This study demonstrates a novel mode of odorant-dependent critical period remodeling of 819 

brain olfactory circuitry. EB odorant exposure during an early-use critical period causes an 820 

extensive retraction of Or42a OSN innervation of the AL VM7 glomerulus. This striking loss of 821 

innervation is independent of changes in number of Or42a OSNs, consistent with previous reports 822 

that show glomerular innervation changes occur independently of the peripheral OSN cell bodies 823 

(Sachse et al. 2007, Chiang et al. 2009). The reduction of axonal innervation is presaged by 824 

striking elimination of OSN synaptic connections. Ultrastructural studies confirm synapse 825 

elimination due to heightened critical period odorant experience. Synapse remodeling requires 826 

Or42a receptor activity and NMDA receptor signaling. These results extend our knowledge of AL 827 

critical period remodeling by demonstrating how activity diminishes innervation of an olfactory 828 

glomerulus. At a molecular level, this remodeling likely relies on an unidentified trans-synaptic 829 

signal. The previously identified Wingless signaling pathway is not detectably involved (Chiang et 830 
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al., 2009), and Notch trans-synaptic signaling is the future candidate (Kidd and Lieber, 2016). This 831 

work has important implications for our understanding of critical period remodeling of sensory 832 

circuits, and provides a step towards our understanding of the developing nervous system in both 833 

health and disease. 834 

  835 
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Figure Legends 1154 

Figure 1: Critical period sensitive remodeling of olfactory glomeruli innervation 1155 

Representative confocal images of the Or42a-Gal4 driven UAS-mCD8::GFP membrane marker 1156 

(green) in olfactory sensory neurons (OSNs) innervating antennal lobe (AL) glomerulus VM7 1157 

double-labeled with the anti-Bruchpilot (BRP; magenta) synaptic marker. Animals exposed to 1158 

mineral oil vehicle (left) or ethyl butyrate (EB) odorant in oil during the early-use critical period (0-1159 

2 days post-eclosion) at A) 15% or B) 25% (%V/V; right). Middle: High magnification gray scale 1160 

images of the Or42a-GFP channel only for the oil vehicle (top) and EB (bottom) at both odorant 1161 

concentrations. Right: Quantification of the Or42a OSN innervation volume of the VM7 glomerulus 1162 

for 15% (top) and 25% (bottom) odorant concentrations. The same experiment at maturity (7-9 1163 

days post-eclosion) comparing oil vehicle (left) to EB in oil at C) 15% or D) 25%. Middle: High 1164 

magnification gray scale images of GFP channel only. Right: Quantification of Or42a OSN 1165 

innervation volume of the VM7 glomerulus at both odorant concentrations. Scatter plots show all 1166 

data points and the mean SEM. Significance from two-tailed unpaired t-test is indicated as not 1167 

significant (N.S.; p>0.05), or significant at p<0.01 (**) and p<0.001 (***).    1168 

 1169 

Figure 2: Odorant experience does not alter OSN survival or odorant receptor expression  1170 

A, Representative confocal images of Or42a-Gal4 driven UAS-mCD8::GFP membrane marker 1171 

(green) in the olfactory sensory neuron (OSN) cell bodies, dendrites and labial tract within the 1172 

maxillary palp. Staged animals exposed to either the mineral oil vehicle (Oil, left) or odorant ethyl 1173 

butyrate in oil (EB, 25% V/V, right) during the critical period (0-2 days post-eclosion; dpe). B, 1174 

Quantification of the number of Or42a OSN cell bodies (left) and total fluorescent intensity within 1175 

each maxillary palp (right) comparing oil and EB conditions. C, Representative Western blots of 1176 

maxillary palp homogenates from oil or EB-exposed animals (0-2 dpe) from both Or42a-Gal4 1177 

driven mCD8::GFP (Or42a>mCD8::GFP, top) and mCD8::GFP driven directly by a Or42a 1178 

promoter (Or42a-mCD8::GFP, bottom). Both blots show the GFP channel (upper panel) and total 1179 



 

 49 

protein (REVERT, lower panel). Molecular weights are shown to the left. The difference in 1180 

mCD8::GFP size is due to the number of GFP molecules in reporter (1 GFP at top vs. 4 GFPs at 1181 

bottom). D, Quantification of GFP Western blots for both Or42a-Gal4 driven mCD8::GFP (top) 1182 

and Or42a promoter (bottom) normalized to the total protein. A sample size of 3 independent 1183 

biological replicates is compared for all 4 conditions. E, Quantification of RNA level from the 1184 

proboscis with attached maxillary palps from animals exposed to oil or EB from 0-2 dpe for the 1185 

Gal4 driver (left), Or42a receptor (middle) and Or71a (EB-insensitive control olfactory receptor, 1186 

right) normalized to the GAPDH2 housekeeping gene. Scatter plots show all data points and the 1187 

mean SEM. Significance from two-tailed unpaired t-tests (B) or Mann-Whitney tests (D,E) is 1188 

indicated as not significant (N.S.; p>0.05).    1189 

 1190 

Figure 3: Critical period OSN innervation remodeling is reversible by odorant removal 1191 

A, Schematic illustrating the timing of exposure to either mineral oil vehicle (oil) or ethyl butyrate 1192 

in oil (EB; 25%) for reversal experiments. Animals were exposed to EB for either 1 day (top) or 2 1193 

days (bottom) before shifting to the oil vehicle condition. All animals were dissected at the end of 1194 

4 days, testing 3 day reversal (top) or 4 day reversal (bottom). B, Representative gray scale 1195 

confocal images of Or42a-Gal4 driven UAS-mCD8::GFP membrane marker in olfactory sensory 1196 

neurons (OSNs) innervating the antennal lobe (AL) glomerulus VM7. Animals exposed to either 1197 

oil vehicle(top) or EB (bottom) for 1 day (left), 2 days (middle) and 4 days (right) post-eclosion. C, 1198 

Representative gray scale images as in B, but with 1 day of 25% EB exposure followed by 3 days 1199 

of oil (3-day reversal, top) or 2 days of EB exposure followed by 2 days of oil (2-day reversal, 1200 

bottom). D, Quantification of Or42a OSN innervation volume of the VM7 glomerulus for all 8 1201 

conditions. Scatter plots show all data points and the mean SEM. The significance is indicated 1202 

from Kruskal-Wallis one-way ANOVA with follow up Dunn’s multiple comparisons tests as not 1203 

significant (N.S.; p>0.05), or significant at p<0.01 (**) and p<0.001 (***). 1204 

 1205 
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Figure 4: Critical period olfactory experience drives glomeruli synapse elimination 1206 

A, Representative confocal images of Or42a-Gal4 driven UAS-mCD8::RFP membrane marker 1207 

(mCD8::RFP, magenta, left) and UAS-Bruchpilot::GFP (BRP::GFP, green, middle) with the 1208 

merged overlap (right) in olfactory sensory neurons (OSNs) innervating the antennal lobe (AL) 1209 

glomerulus VM7. BRP local maxima punctae at OSN synapses (white asterisks) in single confocal 1210 

sections (1 μm). Exposure to the mineral oil vehicle (top) or ethyl butyrate (EB) odorant at 25% 1211 

(%V/V; bottom) during the early-use critical period (0-2 days post-eclosion; dpe). Quantification 1212 

of the Or42a OSN innervation volume of the VM7 glomerulus (B), BRP synaptic maxima (C) and 1213 

BRP intensity (D). Scatter plots show all the data points and the mean SEM. Significance from 1214 

two-tailed unpaired t tests is indicated as p<0.001 (***).  1215 

 1216 

Figure 5: Ultrastructure analysis of critical period odorant exposure on Or42a innervation 1217 

A, Light microscope brain images of membrane-tethered mCherry-tagged miniSOG transgene 1218 

(UAS-myr-miniSOG-mCherry) driven by Or42-Gal4 before blue light (480 nm) exposure (left) and 1219 

after light exposure forming DAB precipitate (right). Insets show enlarged VM7 glomerulus with 1220 

fluorescent signal (red, left) and DAB precipitate (black, right). B, Schematic depicting brain 1221 

orientation in resin block for sectioning, with coordinates; anterior (A), posterior (P), dorsal (D) 1222 

and ventral (V). Direction of sectional plane is A to P. C, Representative low magnification electron 1223 

micrographs (6500X) of vehicle control (Oil, left) and 48 hour ethyl butyrate exposure (EB, right). 1224 

Red outlines depict DAB labeled regions in the VM7 glomerulus. D, Quantification of area 1225 

measurements depicted in C. E, Representative high magnification electron micrographs 1226 

(30,000X) of vehicle control (Oil, left) and 48 hour EB exposure (right). Red outlines depict DAB 1227 

labeled boutons in VM7 glomerulus. Abbreviations: M, mitochondrion; E, endosome; *, t-bars. 1228 

Insets show enlarged synaptic t-bars from each bouton. F, Quantification of synaptic active zone 1229 

t-bar count per image (left graph) and density within labeled area (right graph). All experiments 1230 

use Or42a-Gal4 driving myr-miniSOG-mCherry. Scatter plots show all data points and 1231 
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mean SEM. Significance is shown between conditions by two-tailed unpaired t tests or a Mann-1232 

Whitney test (t-bars/area). Analysis of t-bars per area was performed following ROUT outlier test 1233 

with Q set to 1%. Significance is indicated as p<0.001 (***). 1234 

 1235 

Figure 6: Or42a olfactory receptors required for Or42a OSN critical period remodeling  1236 

A, Representative confocal images of Or42a -mCD8::GFP in olfactory sensory neurons (OSNs) 1237 

innervating the antennal lobe VM7 glomerulus. Early critical period exposure (0-2 dpe) to the 1238 

vehicle only (oil, top) or 25% ethyl butyrate (EB, bottom) in the Or42a-mCD8::GFP genetic 1239 

background (control, left) and the Or42a-mCD8::GFP; Or42aF04305 null (Or42a mutant, right). 1240 

White arrows in EB control indicate axonal membrane retraction punctae. B, Quantification of 1241 

Or42a OSN innervation volume of the VM7 glomerulus for all 4 conditions. Scatter plots show all 1242 

the data points and the mean SEM. Significance from two-way ANOVA with Sidak’s multiple 1243 

comparisons tests between vehicle and EB conditions within each genotype. Top dashed 1244 

significance bar indicates the interaction between genotype and odor exposure. Significance is 1245 

indicated as not significant (N.S.; p>0.05), or significant at p<0.01 (**) and p<0.001 (***).     1246 

 1247 

Figure 7: Activity-dependent critical period remodeling of olfactory glomeruli innervation 1248 

A, Representative confocal images of Or42a OSNs innervating the VM7 olfactory glomerulus 1249 

(Or42a-GAL4 driven UAS-mCD8::GFP) following critical period exposure (0-2 dpe) to vehicle only 1250 

(oil, top) or 25% ethyl butyrate (EB, bottom). Three genotypes are compared: 1) the background 1251 

control w1118; UAS-mCD8::GFP/+; Or42a-GAL4/+ (control, left), 2) same genotype with UAS-1252 

tetanus toxin light chain (TeTxLC, middle) to block synaptic transmission, and 3) the same 1253 

genotype with UAS-inward rectifying potassium channel 2 (Kir2.1, right) to block action potentials. 1254 

White arrows in EB control (left) indicate OSN axonal membrane retraction punctae. B, 1255 

Quantification of Or42a OSN innervation volume of the VM7 glomerulus for all 6 conditions. 1256 

Scatter plots show all the data points and the mean SEM. Significance is shown within 1257 
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genotypes from two-way ANOVA with Sidak’s multiple comparisons tests (bottom bars), or from 1258 

multiple regression with two-tailed unpaired t tests to test interactions between genotype and 1259 

treatment for TeTxLC (dashed middle bar) and Kir2.1 (dashed top bar) conditions. Significance is 1260 

indicated as not significant (N.S.; p>0.05) or significant at p<0.001 (***).     1261 

 1262 

Figure 8: NMDAR glutamatergic transmission required for critical period OSN remodeling  1263 

Representative confocal images of Or42a OSNs innervating the VM7 olfactory glomerulus 1264 

(Or42a-GAL4 driven UAS-mCD8::GFP) following critical period exposure (0-2 dpe) to vehicle only 1265 

(oil, top) or 25% ethyl butyrate (EB, bottom). Three genotypes are compared: 1) the background 1266 

control w1118; UAS-mCD8::GFP/+; Or42a-GAL4/+ (control, left), 2) same genotype with UAS-1267 

GABAb R3 RNAi (middle ) or 3) UAS-NMDAR1 RNAi (right). White arrows in EB control indicate 1268 

OSN membrane retraction punctae. B, Quantification of Or42a OSN innervation volume of the 1269 

VM7 glomerulus for all 6 conditions. Scatter plots show all the data points and the mean SEM. 1270 

Significance is shown within genotypes from two-way ANOVA with Sidak’s multiple comparisons 1271 

tests (bottom bars), or multiple regression with two-tailed unpaired t tests to test the interactions 1272 

between genotype and odorant treatment for GABAb RNAi (dashed middle bar) and NMDAR1 1273 

RNAi (dashed top bar). The significance is indicated as not significant (N.S.; p>0.05) or significant 1274 

at p<0.001 (***).   1275 

 1276 

Figure 9: Wnt Wg signaling not involved in critical period sensitive OSN remodeling 1277 

A, Representative confocal images of Or42a OSNs innervating the VM7 olfactory glomerulus 1278 

(Or42a-GAL4 driven UAS-mCD8::GFP) following critical period exposure (0-2 dpe) to vehicle only 1279 

(oil, left) or 25% ethyl butyrate (EB, right). Four genotypes are compared: 1) background control 1280 

w1118; UAS-mCD8::GFP/+; Or42a-GAL4/+ (control, top), 2) same genotype with a heterozygous 1281 

wingless null (wgI-17/+, second row), 3) same genotype with UAS-Drosophila frizzled-2 dominant 1282 

negative (dFz2-DN, third row) or 4) the UAS-shaggy dominant negative (Sgg-DN, bottom). White 1283 
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arrows in EB control indicate OSN axonal membrane retraction punctae. Female brains were 1284 

used for these experiments. B, Quantification of OSN innervation volume of the VM7 glomerulus 1285 

for all 8 conditions. Scatter plots show all the data points and the mean SEM. Significance within 1286 

genotypes from two-way ANOVA with Sidak’s multiple comparisons tests (bottom bars), or from 1287 

multiple regression with two-tailed unpaired t tests to test interactions between genotype and 1288 

treatment for Sgg-DN (dashed top bar), dFz2-DN (dashed second bar) and wg/+ (dashed third 1289 

bar). Significance is indicated as not significant (N.S.; p>0.05), or significant at p<0.01 (**) and 1290 

p<0.001 (***).  1291 




















