
Copyright © 2020 Chodankar et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Report: Regular Manuscript

GLOMERULUS-SELECTIVE REGULATION
OF A CRITICAL PERIOD FOR INTERNEURON
PLASTICITY IN THE DROSOPHILA ANTENNAL
LOBE

https://doi.org/10.1523/JNEUROSCI.2192-19.2020

Cite as: J. Neurosci 2020; 10.1523/JNEUROSCI.2192-19.2020

Received: 11 September 2019
Revised: 30 May 2020
Accepted: 2 June 2020

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

1  

  1 
 2 
 3 
GLOMERULUS-SELECTIVE REGULATION OF A CRITICAL PERIOD 4 
FOR INTERNEURON PLASTICITY IN THE DROSOPHILA ANTENNAL 5 
LOBE.  6 
 7 
 8 
 9 
Ankita Chodankar1,2, Madhumala K. Sadanandappa1,3, K. VijayRaghavan1 and Mani 10 
Ramaswami1,2†. 11 
 12 

 1National Centre for Biological Sciences, TIFR, Bangalore 560065, India.  13 
2Trinity College Institute of Neuroscience, School of Genetics and 14 
Microbiology, Smurfit Institute of Genetics and School of Natural Sciences, 15 
Trinity College Dublin, Dublin-2, Ireland. 3Department of Molecular and 16 
Systems Biology, Geisel School of Medicine at Dartmouth, Hanover, NH 17 
03755, USA. 18 

 19 
 20 
† Correspondence: mani.ramaswami@tcd.ie 21 
  22 23 



 

2  

 24 
 25 
ABSTRACT 26 
Several features of the adult nervous systems develop in a “critical period,” (CP) 27 
during which high levels of plasticity allow neural circuits to be tuned for optimal 28 
performance. Through an analysis of long-term olfactory habituation (LTH) in female 29 
Drosophila, we provide new insight into mechanisms by which CPs are regulated in 30 
vivo. LTH manifests as a persistently reduced behavioural response to an odorant 31 
encountered for four continuous days and occurs together with the growth of specific, 32 
odorant-responsive glomeruli in the antennal lobe. We show that the CP for 33 
behavioral and structural plasticity induced by ethyl butyrate (EB) or carbon dioxide 34 
(CO2) closes within 48 hours after eclosion. The elaboration of excitatory projection 35 
neuron (PN) processes likely contribute to glomerular volume increases: both occur 36 
together and similarly require cAMP signalling in the antennal lobe inhibitory local 37 
interneurons (iLNs). Further, the CP for structural plasticity could be extended 38 
beyond 48 hours if EB- or CO2-responsive olfactory sensory neurons (OSNs) are 39 
silenced after eclosion; thus, OSN activity is required for closing the CP. Strikingly, 40 
silencing of glomerulus-selective OSNs extends the CP for structural plasticity only in 41 
respective target glomeruli. This indicates existence of a local, short-range 42 
mechanism for regulating CP closure. Such a local mechanism for CP regulation can 43 
explain why plasticity induced by the odorant geranyl acetate (GA, which is 44 
attractive) shows no CP although it involves the same core plasticity mechanisms as 45 
CO2 and EB. Local control of critical-period closure mechanisms can potentially 46 
impart evolutionarily adaptive, odorant-specific features to behavioral plasticity. 47 
 48 
SIGNIFICANCE STATEMENT: 49 
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The critical period for plasticity represents a stage of life at which animals learn 50 
specific tasks or features with particular facility.  This work provides fresh evidence 51 
that mechanisms for regulating critical periods are broadly conserved across 52 
evolution. Thus, a critical period for long-term olfactory habituation in Drosophila 53 
which closes early in adulthood can, like the critical period for ocular dominance 54 
plasticity in mammals, be extended by blocking sensory neurons early in life.   55 
Further observations show that critical periods for plasticity can be regulated by 56 
spatially restricted mechanisms, potentially allowing varied critical periods for 57 
plasticity to stimuli of different ethological relevance.  58 
 59 
 60 
 INTRODUCTION 61 
 62 
During development, brain regions often show increased capacity for plasticity in a 63 
temporal window termed the critical period (CP), during which key elements of 64 
circuit connectivity are established (Hensch and Fagiolini, 2004). Various forms of 65 
learning, such as language learning in humans (Kuhl, 2004) or co-ordination of 66 
sensory inputs in owls (Brainard and Knudsen, 1998), are easier at a young age.  67 
Understanding how CPs are regulated, what molecules are involved in closing them 68 
and what core mechanisms govern plasticity in juvenile brains, would not only 69 
provide a new understanding of developmental neuroscience but also potentially 70 
suggest approaches to extend CPs for several forms of learning.   71 
 72 
The best-studied example of a CP is ocular dominance plasticity observed following 73 
monocular deprivation, which results in visual cortex neurons receiving increased 74 
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innervation from the open eye (Wiesel and Hubel, 1963). Ocular dominance plasticity 75 
occurs most efficiently within a CP of 21 to 32 days after birth in mice (Gordon and 76 
Stryker, 1996) and 15 to 45 days in rats (Fagiolini et al., 1994). But, rats reared in the 77 
dark till postnatal day 60 show ocular dominance plasticity similar to normally reared 78 
19 to 21-day old animals (Fagiolini et al., 1994; Murase et al., 2017) indicating an 79 
activity-dependent mechanism for CP closure.  80 
 81 
However, much remains to be understood on how plasticity is regulated in vivo. In 82 
contrast to plasticity following monocular deprivation, the reinnervation of cortical 83 
areas receiving sensory input from small, experimentally lesioned regions of the 84 
retina by neurons innervating surrounding areas, does not show a CP, (Keck et al., 85 
2008). Thus, it remains unclear how local mechanisms involved in CP closure can act 86 
in the primary visual cortex as well as how widely CPs can vary within and across 87 
sensory and functional modalities. We used the well-characterized nervous system of 88 
Drosophila melanogaster, to study CP plasticity with near single-cell resolution. 89 
 90 
The ease of genetic manipulation in a specific subset of functionally and anatomically 91 
defined neurons in the Drosophila olfactory circuit allowed us to gain a unique 92 
understanding of local mechanisms involved in CP regulation. 93 
 94 
MATERIALS AND METHODS 95 
 96 
Drosophila Stocks: All Drosophila cultures were grown on standard cornmeal agar, 97 
at 25°C with a 12:12 hours light/dark cycle and Canton S (CS) flies were used as 98 
wild-type controls for all the experiments unless otherwise stated. GH146-Gal4 (II) 99 
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was from Reinhard Stocker (University of Fribourg, Fribourg, Switzerland); Or83b-100 
Gal4 (III), Gr21a-Gal4 (III) and VPN-Gal4 (X) from Leslie Vosshall (Rockefeller 101 
University, New York, NY), UAS-D 7-GFP/MKRS (III) from Stephen Sigrist (Freie 102 
Universität, Berlin), LN1-Gal4 (II) from Kei Ito (Janelia Research Campus, USA), 103 
rut2080 (X) and rut2080;UAS-rut+(II) flies from Martin Heisenberg (University of 104 
Würzburg, Germany), UAS-rut RNAi (VDRC5569) was from the Vienna Drosophila 105 
Stock Centre, UAS-Kir2.1; TubGal80ts (Chiang et al., 2009) and Or85a-Gal4 106 
(BDSC23133), Or82a-Gal4; TM2/TM6Tb (BDSC23125), Or42a-Gal4 (BDSC9969), 107 
Pin/CyO; UAS-mCD8::GFP (BDSC5130), GH146-QF,QUAS-mCD8::GFP (III) 108 
(BDSC30038) were obtained from Bloomington Drosophila Stock Centre.  109 
 110 
Induction of Long-Term Olfactory Plasticity: We used a previously described 111 
odorant exposure protocols with minor modifications (Das et al., 2011; Kidd et al.). 112 
Briefly, to establish the CP for memory acquisition, flies were exposed to odorants 113 
(Ethyl butyrate or carbon dioxide) for four days starting from 0-12 hours, 24-36 hours 114 
or 48-60 hours after eclosion. Flies were aged at 25°C for the appropriate duration 115 
before odorant exposure. Ethyl butyrate (Sigma Aldrich, Catalogue No: 101343650) 116 
exposure was carried out by suspending a 1.5 mL centrifuge tube containing 1 mL of 117 
20% of EB (diluted in paraffin oil) covered with perforated cling film in a bottle 118 
containing standard Drosophila medium with the flies to be tested, which was sealed 119 
with a tight-fitting cotton plug. Control “mock-exposed” flies were identically treated, 120 
but exposed to 1 mL of paraffin oil (solvent) in the tube. Carbon dioxide (CO2) 121 
exposure was carried out in a tissue culture incubator, maintained at 5% CO2. Mock-122 
treated flies were exposed to air. After 4 days of odor exposure, the flies were then 123 
starved overnight in empty vials containing a moist filter paper, before being tested 124 
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for their olfactory responses or glomerular volumes. Previously established odor-125 
choice behavioral assays for measuring the olfactory responses and LTH phenotypes 126 
were employed for testing the CP (Das et al., 2011). In choosing the protocols above, 127 
we not only chose conditions that allow our observations to be compared with prior 128 
publications but also built on prior work optimizing protocols to induced long-term 129 
plasticity for each odorant.  Prior work has shown that LTH is best induced by 4-day 130 
exposure to 20% EB, or 5% CO2, but only unreliably at concentrations below 5% EB 131 
or 2.5% CO2 (Das et al., 2011 and Figure 1B) Photo-ionization detector (PID) 132 
measurements (Table 1) indicate that concentrations for EB in the odorant chamber 133 
with “20% EB” range from 1231 ppm on the first day after exposure to 727 ppm on 134 
the fourth day after odor exposure. CO2 concentrations are absolute and constant 135 
because exposure is in a CO2 incubator. GA concentrations are as previously defined 136 
and used in Kidd et al., 2016.   137 
 138 
For studying the CP extension, flies carrying UAS-Kir2.1; Tub-Gal80ts transgenes 139 
raised at 18°C were collected within 12 hours of eclosion and kept at either 22°C 140 
(temperature control) or 29°C (experimental) for 48 hours, as indicated in the figures.  141 
These 48-60 hour old flies were then exposed to odors at room temperature as 142 
described above. 143 
 144 
Immunohistochemistry and confocal imaging: Fly brains were dissected in 1X 145 
phosphate-buffered saline (PBS) and fixed in 4% EM grade paraformaldehyde 146 
prepared in 1X PBS with 0.3% Triton-X (PTX) for 30 minutes at room temperature 147 
(RT). Later, the samples were washed in 0.3% PTX for 1 hour at RT and incubated 148 
with primary antibodies for 2 days on a shaker at 4°C. The primary antibodies were 149 
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removed and four 0.3% PTX washes of 15-minute duration were given, before adding 150 
secondary antibody. Samples were incubated with fluor-conjugated secondary 151 
antibodies overnight at 4°C on a shaker. The samples were then washed with 0.3% 152 
PTX for 1 hour at RT before mounting in Vectashield (H-1000, Vector Laboratories, 153 
CA) on slides with spacers. 512 X 512 with 0.5 μm interval images were acquired 154 
using 60X objective on Olympus FV1000 Confocal Microscope or a 63X objective on 155 
a Zeiss LSM 510 Meta microscope.  156 
 157 
The following primary antibodies were used: Rabbit anti-GFP (1:10000, Invitrogen) 158 
or (1:800, Abcam), Rabbit anti-dsRed (1:800, Clontech) and Mouse anti-bruchpilot 159 
(mAbnc82, 1:20, DSHB). Secondary antibodies used were: Goat anti-rabbit Alexa 160 
488 (Invitrogen RRID: AB_2534122) and Goat anti-mouse Alexa 647 (Invitrogen 161 
RRID: AB_2535804), both used at 1:400 dilution. 162 
 163 
Glomerular volume measurements: Glomerulus volume measurement was 164 
performed as previously described (Das et al., 2011). Dissected brains from mock and 165 
odor-exposed flies were imaged using Olympus FV1000 confocal microscope with 166 
the same acquisition settings. The images were imported into the image analysis 167 
software Amira 5.2.0 (Thermo Fisher Scientific). Glomeruli were identified based on 168 
anti-BRP staining and labeled in the XY, XZ and YZ axes. The glomeruli were then 169 
3D reconstructed and the total volume was calculated. We used a yoked experimental 170 
design with internal controls to estimate glomerular growth. Thus, volume for 171 
identically and synchronously handled mock and odor-exposed flies were normalised 172 
to mean volume for the mock-treated flies and expressed as a percentage volume.  All 173 
volume measurements were done blinded for experimental conditions. Female flies 174 
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were dissected for all experiments, except for rut2080 mutants, where males were 175 
dissected. More than 10 glomeruli were analyzed for all experiments unless otherwise 176 
indicated. Unpaired Student’s t-test was used to compare the glomerular volumes of 177 
mock and odor-exposed flies. The p-values are indicated as * p ≤ 0.05, ** p ≤ 0.01, 178 
*** p ≤ 0.001 and ns for non-significance (p > 0.05). 179 
 180 
 181 
Fluorescence Quantification: Confocal images to quantify the fluorescence were 182 
acquired for mock and odor-exposed flies, for each genotype, using the same imaging 183 
parameters. All experiments were performed as described in the section for 184 
glomerular volume measurement. The confocal stacks were imported to FIJI, and a 185 
custom program available at https://gitlab.com/umesh-NCBS/pixel_value_getter 186 
was used to label the glomerulus of interest, in the channel showing anti-BRP 187 
staining. The corresponding pixels in the GFP channel were selected and the number 188 
of pixels with intensity values above background levels within the ROIs were counted 189 
for each glomerulus. ROIs in neuropil areas other than the antennal lobes were 190 
selected as background for each confocal stack. Unpaired Student’s t-test was used to 191 
compare mock and odor-exposed flies with 0.05 as the statistical significance level.  192 
 193 
RESULTS 194 
Critical periods for long-term olfactory habituation to ethyl butyrate and CO2 195 
close 2 days after eclosion. 196 
Drosophila detect odorants largely via ~2000 olfactory sensory neurons (OSN) 197 
present on the antenna and maxillary palp, which may be further subdivided into 198 
about 60 OSN types based on the odorant receptor (OR) expressed.  Each OSN type 199 
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projects to a distinct “glomerulus” in the insect antennal lobe, where it makes 200 
synapses onto uniglomerular projection neurons (PN) that in turn connect to the 201 
deeper brain centers, such as mushroom body and lateral horn. OSNs and PNs 202 
activate predominantly multiglomerular local interneurons of which LN1 and LN2 203 
define two subtypes that that provide feedforward or feedback inhibition to the 204 
antennal lobe (Das S. et al., 2011) (Figure 1A). Four-day exposure to the aversive 205 
odorants benzaldehyde, isoamyl acetate, carbon dioxide (CO2) or ethyl butyrate (EB), 206 
results in a long-lasting decrement in behavioral response to respective odorants, 207 
referred to as Long-Term Habituation (LTH). This reduced behavioral response in 208 
adult Drosophila occurs in association with odorant-responsive glomerular volume 209 
changes  (Devaud et al., 2001, 2003; Sachse et al., 2007; Das et al., 2011).  Previous 210 
studies have established that there is often a CP in early adulthood during which 211 
Drosophila is capable of exhibiting olfactory LTH. For example, long-term 212 
behavioral and structural plasticity are observed if 4-day benzaldehyde or carbon-213 
dioxide (CO2) exposure is started on the first day after eclosion, but not if odor 214 
exposure is started 8 days after eclosion (Devaud et al., 2003; Sachse et al., 2007). 215 
However, the exact temporal window for this critical period plasticity has not been 216 
clearly defined (Devaud et al., 2001, 2003; Sachse et al., 2007; Das et al., 2011).   217 
 218 
We, therefore, performed experiments to better define temporal features of CP 219 
plasticity to EB and CO2 in the well-defined antennal lobe circuit, where LTH 220 
associated structural changes occur (Das et al., 2011, Figure 1A).  To determine the 221 
earliest time point at which the CP closes, we exposed adult flies to 20% EB for 4-222 
days as previously described (Das et al., 2011) starting at alternative time points: 0-12 223 
hours after eclosion; 24-36 hours after eclosion; or 48-60 hours after eclosion. The 224 
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behavioural responses of these flies were then tested at 10-3 concentration of EB using 225 
the ‘Y-maze’ assay (Das et al., 2011).  226 
 227 
Flies exposed to EB at 0-12 hours and 24-36 hours after eclosion showed a significant 228 
reduction in the behavioral response to EB as compared to mock controls. However, if 229 
4-day odor exposure was started 48-60 hours after eclosion, then the odor-responses 230 
of EB-exposed flies and controls were indistinguishable (Figure 1C and Table 3). 231 
Thus, the CP for LTH to EB closes within 2 days after eclosion. 232 
 233 
Since, previous work has shown that the antennal lobe neurons contribute to olfactory 234 
habituation (Das et al., 2011), we asked whether structural changes induced by 4-day 235 
odorant exposure also occurred only within the same CP. In animals where odorant-236 
exposure was initiated at different ages, we stained the dissected brains with a 237 
neuropil-specific antibody (nc82/ anti-BRP), visualized them in 3D with confocal 238 
microscopy and measured the volumes of glomeruli known to respond to the 239 
repulsive odorants EB and CO2. Flies exposed to EB starting 0-12 hours or 24-36 240 
hours after eclosion show an increase in the volume of the EB-responsive DM5 241 
glomerulus (0-12 hours: 933.48 ± 29.25 m3 for mock vs 1116.93 ± 34.25 m3 for 242 
EB-exposed, p < 0.001 and 24-36 hours: 809 ± 21.75 m3 for mock vs 1016.86 ± 34 243 

m3 for EB-exposed, p < 0.001), but the same flies show no significant changes in 244 
volume of the CO2-responsive V glomerulus (0-12 hours: 3372.57 ± 187.11 m3 for 245 
mock vs 3471.31 ± 242.51 m3 for EB-exposed, p = 0.703 and 24-36 hours: 2242.83 246 
± 62.5 m3 for mock vs 2240 ± 67.7 m3 for EB-exposed flies, p = 0.976), which 247 
does not respond to EB (Figure 1D and E - 1st and 2nd pair of bars and Table 3). 248 
Correspondingly, flies exposed to CO2 starting at these time points also show 249 
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glomerular growth, but in the CO2-responsive V glomerulus (0-12 hours: 2205 ± 250 
63.82 m3 for mock vs 3105.5 ± 159.26 m3 for CO2-exposed, p < 0.001 and 24-36 251 
hours: 2301 ± 37.85 m3 for mock vs 2715 ± 147.39 m3 for CO2-exposed, p < 252 
0.001), not in the EB responsive DM5 (0-12 hours: 1078.29 ± 24.27 m3 for mock vs 253 
1069 ± 29.79 m3 for CO2-exposed, p = 0.811 and 24-36 hours: 747.83 ± 54.47 m3 254 
for mock vs 705.67 ± 30.88 m3 for CO2-exposed, p = 0.512) (Figure 1F and G - 1st 255 
and 2nd pair of bars and Table 3). In contrast, if flies were exposed to either EB or 256 
CO2 for 4-days, starting 48 hours after eclosion, then there was no significant 257 
difference in glomerular volumes compared to their mock-exposed controls (Figure 258 
1D-G – 3rd pair of bars and Table 3). All glomerular volumes were normalized for 259 
each pair of mock and odor exposed flies where the average volume of the mock 260 
exposed glomeruli was taken as 100%. Normalization of glomerular volume was 261 
necessary because flies grown at different times can show variation in glomerular  262 
volumes (Sachse et al., 2007).  263 
 264 
Together our data indicate that odor exposure to EB or CO2 must begin before flies 265 
are ~48 hours old for long-term behavioral habituation and structural plasticity in 266 
odorant-responsive (respectively DM5 and V) glomeruli of the antennal lobe. Thus, a 267 
CP for long-term plasticity for the repulsive odorants EB and CO2, closes ~48 hours 268 
(i.e. 2 days) after eclosion. 269 
 270 
Effects of EB exposure on OSN innervation in antennal lobe glomeruli 271 
We did not observe any changes in volumes of VM7 glomeruli examined 12-24 hours 272 
after 4 day exposure to 20% EB (Table 3). Consistent with a recent report (Golovin et 273 
al., 2019) we observed a decrease in Or42a OSN innervation and synapses in the 274 
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VM7 glomerulus immediately after odor exposure, which recovers 12 hours after EB 275 
exposure (Figure 2B). We also found that flies exposed to EB for 48 hours after 276 
eclosion show decreased innervation of the VM7 glomerulus, as compared to mock 277 
exposed controls, but there is no difference in DM5 innervation in the same flies 278 
(Figure 2A). 279 
 280 
Glomerular volume changes occur together with increased PN arborisation in 281 
odorant-selective glomeruli, which requires rutabaga function in GABAergic 282 
local interneurons  283 
Many lines of previously published evidence support a model in which increased 284 
glomerular volume arises from increased numbers of inhibitory synapses made 285 between the LN1 subclass of local interneurons and PN dendrites through a 286 
process that requires cAMP signaling in LN1 (Das et al., 2011; Sudhakaran et al., 287 
2012; Sachse et al., 2007). Such an increase in LN1 synapses is predicted to be 288 
accompanied by a parallel increase in PN arborization and postsynaptic contact sites 289 
in the glomeruli that show volume increase. To directly address the cellular basis for 290 
the observed structural change, we therefore examined whether changes in PN 291 
processes and their postsynaptic elements could be observed during glomerular 292 
plasticity as well as whether such increases, if observed required cAMP signaling in 293 
LN1 neurons.  294 
 295 
We visualized either PN processes by driving the expression of CD8-GFP,  a  non-296 
specific  membrane marker, or postsynaptic domains of PN dendrites by driving the 297 
expression of Dα7-GFP, a GFP-tagged non-functional acetylcholine receptor subunit, 298 
in selected subsets of PNs using the Drosophila GAL4 system (Fayyazuddin et al., 299 
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2006) The GH146-promoter (Stocker et al., 1990) was used to target EB-responsive 300 
PNs and the VPN promoter for CO2 sensitive PNs (Figure 3A-F). While Dα7-GFP 301 
would be preferentially localized to excitatory postsynapses, we expected that 302 
particularly when overexpressed, it could localize to dendrites that also receive 303 
GABAergic inputs. Moreover, being predominantly localized to synapses, it could 304 
provide a more selective measure of postsynapses than CD8-GFP. 305 
 306 
Following 4-day odorant exposure of young flies (0-12 hours) to EB or CO2, PN 307 
processes showed substantial increase in CD8-GFP or Dα7-GFP fluorescence 308 
specifically within odorant-responsive glomeruli (Figure 3A-H, Fig 4). Thus, in flies 309 
exposed to EB starting at 0-12 hours after eclosion, increased fluorescence could be 310 
seen in EB-responsive DM5 (100 ± 10% control vs 219 ± 10% EB-exposed, p < 311 
0.001) and DM2 glomeruli (100 ± 7% control vs 160 ± 25% EB-exposed, p < 0.001), 312 
but not in V glomerulus (Figure 3G). Similarly, increased fluorescence was observed 313 
in the V glomerulus after CO2 exposure as compared to mock exposed controls (100 ± 314 
12% for mock vs 178 ± 15% for CO2-exposed, p < 0.001) (Figure 3H). These 315 
increases were not seen in flies exposed to odors starting 48-60 hours after eclosion 316 
and also, no significant differences were observed in the innervation of control 317 
glomeruli for either time point (Figure 3G and H). Together, these observations 318 
indicate that EB- or CO2- induced increases in PN arborization requires odorant 319 
exposure within a CP after eclosion that matches the CP for behavior.  320 
 321 
Similar, but less dramatic results were also observed when PN processes, rather than 322 
post-synapses, were visualized with the membrane marker CD8::GFP (100 ± 6% for 323 
mock vs 131 ± 11% for EB-exposed flies, p < 0.025) (Figure 4). In contrast, in 324 
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rutabaga mutants (rut2080), PN signal in DM5 glomerulus was not significantly 325 
different between mock and EB-exposed flies (Figure 4).  326 
 327 
To further confirm that the observed odor-induced PN plasticity reflects processes 328 
that underlie glomerular growth, we asked if the former requires cellular plasticity 329 
pathways identical to ones previously implicated in LTH and glomerular growth (Das 330 
et al., 2011).  In particular, we tested whether rutabaga signaling (rut), which encodes 331 
a Ca2+/Calmodulin-responsive adenylyl cyclase known to be required in the LN1 332 
subset of inhibitory local neurons for LTH and glomerular growth (Das et al., 2011) 333 
was also required in these same neurons for the increased arborisation of PN 334 
processes. We manipulated rut in LN1 neurons using the GAL4/UAS system, while 335 
monitoring PN processes using a parallel QF/QUAS system (Potter et al., 2010) in the 336 
same flies, to address this question experimentally.  337 
 338 
Two lines of data indicate that rut is required in LN1 interneurons for odorant-339 
induced PN arborization. First, animals in which rut expression was selectively 340 
knocked down in LN1 interneurons using transgenic RNAi (LN1-Gal4 / UAS-341 
rutRNAi; GH146-QF, QUAS-mCD8::GFP) showed no odor-induced PN growth 342 
(Figure 4). Second, if a rut+ transgene was expressed specifically in LN1 neurons of 343 
rut2080 mutants (rut2080; LN1-Gal4 / UAS-rut+; GH146-QF, QUAS-mCD8::GFP), then 344 
EB-exposure for the first 4-days after eclosion (starting 0-12 hours) led to increased 345 
PN arborization in the DM5 glomerulus (Figure 4). Thus, in odorant-exposed flies, 346 
expression of the rutabaga-encoded adenylate cyclase is necessary and sufficient in 347 
LN1 neurons for the odor-induced elaboration of PN processes, exactly as previously 348 
observed for EB- and CO2-induced LTH and glomerular growth. 349 
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 350 
Taken together two lines of data argue that the glomerular volume increase observed 351 
after EB LTH (Das et al., 2011) reflects increased arborization of PN dendrites in the 352 
DM5 glomerulus. First, odor-induced glomerular volume changes as well as increased 353 
PN arborization show the same critical period and are seen only if odorant exposure is 354 
initiated during a CP less than 48 hours after eclosion (Figures 1 and 3). Second, 355 
rutabaga/ adenylate cyclase signaling is required in the LN1 subset of local 356 
interneurons both for glomerular growth and increased PN arborization (Figures 1 and 357 
4). The latter observation is particularly informative, because previous work has 358 
shown that rutabaga requirement in LTH is highly specific for LN1, being 359 
dispensable in OSN, PN or LN2 neurons. 360 
 361 
OSN silencing extends the critical period 362 
Given that dark rearing is well known to extend the duration of the CP for visual 363 
plasticity in the V1 area of the mammalian cortex (Cynader, 1983; Fagiolini et al., 364 
1994), we examined whether similar silencing of olfactory inputs in Drosophila 365 
would extend the CP for odorant-induced plasticity for longer than 48 hours. Note 366 
that OSN silencing is also expected to silence PN and LN targets because, in 367 
Drosophila and other insects, OSNs drive most electrical activity in the antennal lobe 368 
circuit (Wilson, 2004; Joseph et al., 2012). 369 
 370 
We used Or83b-Gal4 to drive the inward-rectifying potassium channel UAS-Kir2.1 371 
and thereby electrically silence excitatory input into all Or83b-target glomeruli for the 372 
first 48 hours after eclosion. Combining Or83b-Gal4; UAS-Kir2.1 flies with a Tub-373 
Gal80ts transgene expressing a temperature-sensitive repressor of GAL4, allowed 374 
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conditional expression of Kir2.1 channels. When flies were kept at 29°C, the repressor 375 
is inactivated, but not at temperatures below 21°C when the repressor blocks GAL4 376 
function (Mcguire et al., 2004).  For the experiments, flies were grown at 18°C until 377 
eclosion to allow OSNs to develop normally and then shifted to 29°C silence OSNs 378 
for the first 48 hours after eclosion (Chiang et al., 2009). After 2 days at 29°C, the 48-379 
60 hour old flies were exposed to EB for 4-days at RT (~21°C) and their glomerular 380 
volumes were compared to those of two classes of control flies whose OSNs remained 381 
fully functional. First, with flies the same genotype that were treated identically but 382 
for not having been shifted up to 29°C. And second with UAS-Kir2.1; Tub-Gal80ts 383 
flies that lacked the GAL4 transgene but treated identically with the experimental 384 
flies.     385 
 386 
Consistent with previous experiments control flies (CS > UAS-Kir2.1; Tub-Gal80ts 387 
and Or83b-Gal4 > UAS-Kir2.1; Tub-Gal80ts maintained at 21°C) with functional 388 
sensory neurons exposed for 4-days to EB starting 48-60 hours after eclosion showed 389 
no increase in the volume of DM5 glomerulus. In contrast, however, similarly aged 390 
and exposed flies whose OSNs had been silenced for the first 48 hours showed a 391 
significant increase in DM5 volume (EB-exposed flies 669.7 ± 23.69 m3 compared 392 
to mock-exposed flies 538.5 ± 29.25 m3, p < 0.043) (Figure 5 and Table 3). Thus, 393 
silencing the activity of Or83b-positive OSNs extends the capacity for EB-evoked 394 
plasticity in the olfactory glomeruli beyond the normal CP.  395 
 396 
This immediately raised the question of whether OSN silencing would have local 397 
effects on CP in silenced glomeruli, or more general effects in the antennal lobe, an 398 
issue we addressed with further experiments.  399 
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 400 
Local control of critical period closure in the antennal lobe 401 
In the Drosophila olfactory system, individual antennal lobe glomeruli differ not only 402 
in terms of the distinctive OSN and PN classes for each glomerulus but also in 403 
biochemical and physiological properties of excitation and inhibition (Vosshall et al., 404 
2000; Hong and Wilson, 2015; Seeholzer et al., 2018). Besides, some glomeruli 405 
mediate aversive responses while others mediate approach behaviors (Root et al., 406 
2008; Semmelhack and Wang, 2009). To directly test if the regulation of CPs for 407 
odorant-induced long-term plasticity could be determined at the level of individual 408 
glomeruli, we asked if silencing the DM5 innervating Or85a class of OSN responding 409 
to EB, would selectively extend the CP for EB-induced plasticity in the DM5 410 
glomerulus without affecting closure of the CP for other adjacent EB-responsive 411 
glomeruli or for CO2-induced plasticity in the V glomerulus.     412 
 413 
We expressed the inward-rectifying potassium channel Kir2.1 in either Or85a-Gal4 414 
or Gr21a-Gal4 expressing OSNs to respectively silence either EB-responsive OSNs 415 
that innervate the DM5 glomerulus or CO2-responsive OSNs that innervate the V 416 
glomerulus. All flies, which also expressed GAL80ts, the temperature-sensitive GAL4 417 
inhibitor, were grown at 18°C till eclosion so that sensory neurons developed 418 
normally and then shifted post-eclosion for 48 hours, at which time point the CP for 419 
EB- and CO2-induced plasticity is closed in control flies (Figure 5 and 6).     420 
 421 
Selective silencing of the OSNs that innervate the DM5 glomerulus or the V 422 
glomerulus for 48 hours respectively led to odorant and glomerulus-specific extension 423 
of CPs for EB or CO2-induced structural plasticity. Thus, following 48-hour DM5 424 
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silencing (Or85a-Gal4 > UAS-Kir2.1; Tub-Gal80ts maintained at 29°C), 4-day EB 425 
exposure results in the DM5 glomerular volume increase (717.56 ± 29.48 m3 in 426 
mock vs 880.71 ± 30.69 m3 in EB-exposed, p < 0.001), but no detectable increase in 427 
in volumes of flanking EB-responsive DM2 glomerulus and EB non-responsive DL5 428 
glomerulus as compared to mock exposed controls (Figure 6).  In addition, silencing 429 
of Or85a neurons did not extend the critical period for CO2-induced V glomerulus 430 
growth (2564 ± 82.62 m3 in mock vs 2859 ± 115.55 m3 in CO2 exposed, p = 431 
0.239) (Figure 6A-C and Table 3). On similar lines, after 48-hour silencing of Gr21a-432 
positive OSNs, 4-day of exposure to CO2 results in increase in volume of the V 433 
glomerulus (2589 ± 132.75 m3 in mock vs 3734.5 ± 274.65 m3 in CO2 exposed, p 434 
< 0.001), but 4-day EB exposure does not have any effect on volume of DM5 435 
(1157.78 ± 31.91 m3 in mock vs 1133.25  ± 46.82 m3 in EB-exposed, p = 0.239) 436 
(Figure 6D-F).   437 
 438 
Thus, critical period plasticity in the Drosophila antennal lobe can be regulated in a 439 
glomerulus autonomous or at least region-specific manner in the antennal lobe. We 440 
further tested if this could explain the previously described absence of a CP for GA-441 
induced plasticity (Figure 7; Kidd et al., 2015). 442 
 443 
 444 
Long-term plasticity induced by the attractive odorant geranyl acetate involves 445 
the same cellular mechanisms as repulsive CO2 and EB but shows no critical 446 
period.   447 
 448 
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Previous work has shown that 4-day exposure of Drosophila to the attractive odorant 449 
geranyl acetate (GA) induces growth of the GA-responsive VA6 glomerulus (Lieber 450 
et al., 2011). Unexpectedly, Kidd and Leiber showed GA-induced VA6 plasticity 451 
when exposure was initiated in 2-8 day old flies, effectively arguing against the 452 
presence of a CP for long-term olfactory plasticity (Kidd and Lieber, 2016). This 453 
conundrum could be explained by postulating glomerulus specific differences in CPs.  454 
 455 
We first repeated previous experiments showing that the CP for GA remains open 456 
beyond 2 days. These confirmed that flies exposed to GA for 4 days starting 48-60 457 
hours (1730 ± 61 m3 in mock vs 2341 ± 188 m3 in GA-exposed, p < 0.014) or 0-12 458 
hours (1712 ± 82 m3 in mock vs 2134 ± 110 m3 in GA-exposed flies, p < 0.001) 459 
after eclosion showed increased volume of VA6 glomerulus as compared to mock-460 
exposed controls (Figure 7B). Thus, we independently confirm that the CP for GA-461 
induced plasticity of the VA6 glomerulus remains open at a time when it is closed for 462 
EB and CO2.    463 
 464 
We then asked whether the mechanism for plasticity induced by long-term odor 465 
exposure was different for GA, since it doesn’t have the same critical period for odor 466 
induced plasticity. Specifically, we asked whether adenylate cyclase function in 467 
inhibitory local interneurons was required for GA induced glomerular growth, as 468 
shown for EB- and CO2-induced structural plasticity. 469 
 470 
We expressed the RNAi against rut in the LN1 subset of interneurons to knockdown 471 
adenylate cyclase function to see if this affected GA-induced VA6 glomerular growth. 472 
Consistent with rut function in iLNs being necessary (Figure 4), we observed no 473 
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significant GA-induced VA6 growth of in LN1-Gal4 > UAS-rutRNAi flies after 4-day 474 
GA exposure (Figure 7C). We also found that rut2080 mutants failed to display PN 475 
plasticity after 4-day GA exposure (rut2080;; GH146-QF, QUAS-mCD8::GFP), but 476 
expressing wild-type rutabaga in the LN1 neurons in whole body rut mutants (rut2080; 477 
LN1-Gal4 / UAS-rut+; GH146-QF, QUAS-mCD8::GFP) is sufficient to rescue GA-478 
induced PN plasticity (Figure 7D). Hence, plasticity induced by long-term exposure to 479 
the attractive odorant GA shares a key common cellular mechanism with that induced 480 
by the repulsive odorants, EB or CO2  (Figure 7C-D and 4; Das et al., 2011).  481 
 482 
The lack of CP closure for GA-induced plasticity provides further proof of the ability 483 
for local regulation of CPs at the level of individual glomeruli. 484 
 485 
DISCUSSION 486 
 487 
Activity-dependent regulation of critical period closure in the antennal lobe 488 
To understand how the CPs for plasticity are determined and how these could 489 
potentially differ across glomeruli (Figure 5, 6 and 7), we tested whether neural 490 
mechanisms influenced closure of the CPs in olfactory glomeruli. 491 
 492 
It is believed that younger animals have plasticity in their neural circuits to allow 493 
them to adapt to the specific environment they are in, but there are brakes on 494 
plasticity that actively prevent extensive neuronal remodeling in mature animals, thus 495 
allowing for stability of their neural connections (Takesian and Hensch, 2013).  In 496 
mammalian systems, late developing perineuronal nets, which protect neurons 497 
(Cabungcal et al., 2013), may provide a physical mechanisms for restricting plasticity 498 
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observed in juvenile animals, in favor of stability that may be adaptive in mature 499 
nervous system (Carstens et al., 2016). 500 
 501 
In mammalian visual systems, neural activity is important not only for  proper wiring 502 
of neurons in the visual system during the CP, but also for the CP closure (Hensch, 503 
2004; Mower, 1991). Thus, rearing animals in the dark slows down the progression of 504 
the CP and allows plasticity to be induced in older animals (Mower, 1991; Fagiolini et 505 
al., 1994; Desai et al., 2002). While the exact mechanism for this has yet to be 506 
elucidated, several arguments implicate the activity of inhibitory GABAergic 507 
interneurons in bidirectional control of CP closure (Benevento, Bakkum, & Cohen, 508 
1995; Benevento, Bakkum, Port, & Cohen, 1992;  Huang et al., 1999; Gianfranceschi 509 
et al., 2003).  510 
 511 
Our work shows for the first time that electrical activity in underlying circuits also 512 
regulates critical period closure in Drosophila. In support, experimental silencing of 513 
OSNs, which should reduce activity in downstream inhibitory and excitatory neurons 514 
in the antennal lobe, causes the critical period for long-term olfactory plasticity to stay 515 
open for longer than in control animals (Figures 5 and 6). Thus, the phenomenon of 516 
activity-dependent closure of CPs appears to be conserved from Drosophila to 517 
mammals.    518 
 519 
Given that activity is important in closing the CP, we studied the effect of specific 520 
OSN silencing, which would effectively deprive the animals of olfactory stimulus, on 521 
the CP. This allowed us to study the effect of perturbations in different classes of 522 
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OSNs, responding to specific odorants, to determine how the CP is regulated in the 523 
Drosophila olfactory system. 524 
 525 
 526 
Local regulation of critical periods 527 
The 48-hour CP for CO2 and EB-induced plasticity in V and DM5 glomeruli 528 
respectively, is not observed for GA-induced plasticity in VA6 glomerulus. The 529 
organization of these glomeruli is superficially similar, receiving processes from 530 
glomerular-specific OSNs, PNs and largely common populations of LNs. What then 531 
is the underlying difference in CP regulation?  And why might such flexibility exist in 532 
the brain?   533 
 534 
Since V, VA6 and DM5 are within 20 micrometres of each other, this indicated 535 
somewhat local control of CP plasticity in the antennal lobe. Additional experiments 536 
pointed to the existence of glomerular autonomous mechanisms for CP closure. We 537 
showed that electrical silencing of OSNs, which exclusively target DM5, extends the 538 
CP for DM5 plasticity but not for the adjacent EB-responsive DM2 glomerulus 539 
(Figure 6). Thus, glomerulus-specific features or mechanisms for critical period 540 
regulation could potentially account for the differences in CP previously described 541 
across reports on EB/CO2 or GA-evoked glomerular plasticity.  542 
 543 
At a physiological level, this observation suggests either that patterns of odorant-544 
evoked activity vary across glomeruli, or that different glomeruli show different 545 
sensitivities to extracellular factors including neuromodulators and growth factors that 546 
mediate structural plasticity.  Both of these predictions have experimental support. 547 
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OSN classes vary widely in terms of the basal firing frequencies as well as in details 548 
of the intensity and duration of their responses to odorants (Hallem et al., 2004; 549 
Hallem and Carlson, 2006; Mathew et al., 2013; Seki et al., 2017). In addition, the 550 
sensitivity of different PNs and OSNs to inhibition, excitation, and modulation have 551 
been shown to vary across glomeruli. Distribution of GABA receptors and 552 
GABAergic regulation varies widely across individual olfactory glomeruli in the 553 
Drosophila antennal lobe (Root & Wang, 2007; Hong & Wilson 2015; Seeholzer et 554 
al., 2018) and the projection of various neuromodulatory interneurons can show 555 
considerable glomerular specificity (Singh et al., 2013; Kayser et al., 2014). Thus, 556 
though superficially similar in circuit design, glomerular input, output, and plasticity 557 
properties can show wide variation, which could explain the difference in CP control 558 
of GA- and CO2/EB induced plasticity.   559 
 560 
Mechanisms of neural plasticity are similar even when critical periods differ. 561 
Additional experiments tested whether crucial mechanisms for CO2 and EB LTH, was 562 
also required for geranyl acetate (GA) induced plasticity in the VA6 glomerulus, since 563 
they induce similar increases in volumes of the odorant-selective glomeruli after 564 
prolonged odorant exposure, as well as increased arborization of PN processes in the 565 
odorant-selective glomeruli (Figures 1, 3, 4 and 7). Also that rutabaga function was 566 
required in LN1 neurons for the elaboration of PN processes induced by both EB and 567 
GA (Figures 4 and 7). These results indicate that mechanisms of habituation are 568 
similar, even when there are differences in odor valence or regulation of a critical 569 
period for plasticity. 570 
 571 
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Taken together, these observations are consistent with, but also extend, previous 572 
studies that have shown the presence of dendritic plasticity in the mammalian visual 573 
system in response to small lesions, at a time when CP for conventional ocular 574 
dominance plasticity observed has closed ( Keck et al., 2008;  Hübener & Bonhoeffer, 575 
2014). While observations in mammals show that critical periods can be regulated 576 
differently across large- and small-scale plasticity processes, our observations in the 577 
fly olfactory system show that a particular sensory channel can retain plasticity after 578 
the CP has closed in an immediately adjacent analogous channel. Given the 579 
experimental accessibility and relative simplicity of the Drosophila olfactory circuit, 580 
the antennal lobe may prove a valuable model system to study CP regulation with 581 
cellular resolution in vivo.  582 
 583 
Several previous studies have established that long-term behavioral habituation to EB 584 
and CO2 occurs together with increased volume of odorant-responsive glomeruli, 585 
DM5 and V glomeruli, whose activation is required for behavioral aversion to 586 
respective odorants (Suh et al., 2004; Sachse et al. 2007; Semmelhack et al., 2009; 587 
Das et al 2011; Sudhakaran et al., 2012). All known genetic requirements for 588 
olfactory LTH, including the need for cAMP signaling in inhibitory LNs, are also 589 
required for associated glomerular growth and the temporal features of LTH closely 590 
match those for of DM5 and V glomeruli as volume increases (Das et al., 2011; 591 
McCann et al., 2011; Sudhakaran et al., 2012). Moreover, reduced odorant-evoked 592 
responses in EB- or CO2-responsive projection neurons dendrites are associated with 593 
long-term olfactory habituation (Sachse et al., 2007; Das et al., 2011; McCann et al., 594 
2011; Sudhakaran et al., 2014). Together, these  data strongly support a causal 595 
connection between anatomical and physiological changes in DM5 or V glomeruli 596 
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and behavioral LTH (Sachse et al., 2007; Das et al., 2011; Glanzman 2011; 597 
Sudhakaran et al., 2012; Sudhakaran et al., 2014). While other glomeruli, such as the 598 
recently studied VM7 glomerulus, may also show alternative and intriguing forms of 599 
structural plasticity in response to odorant exposure, additional experiments are 600 
required to establish the underlying mechanisms as well as their relevance if any to 601 
behavioral habituation (Golovin et al. 2019; Figure 2, Table 3) 602 
 603 
Our finding that plasticity driven by adenylate cyclase activity in inhibitory local 604 
interneurons is required for long-term plasticity induced by both EB and GA, which 605 
are aversive and attractive odorants respectively, suggests that identical signaling 606 
pathways leading to increased inhibition onto odorant-responsive PNs following long-607 
term odorant exposure can account for habituation of both aversive and attractive 608 
responses mediated by respective projection neurons. This is consistent with 609 
observations in larvae (Larkin et al., 2010).   610 
 611 
While additional experiments on multiple odorants, both aversive and attractive, will 612 
be required to test this hypothesis, we speculate that differences in the regulation of 613 
CPs for GA and EB/CO2 induced plasticity point to an evolutionarily useful 614 
adaptation that allow flies to retain the ability to habituate to innately attractive but 615 
useless odorants encountered in the lifetime of the animal.   616 
 617 
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 774 
 775 
FIGURE LEGENDS 776 
 777 
Figure 1: Critical Period for Long-Term Habituation (LTH) in Drosophila is 778 
closed at 2 days. (A)  Schematic of the antennal lobe showing OSNs, PNs and LNs 779 
innervating the DM5 and V glomeruli. (B) Early optimization of EB-exposure 780 
conditions to optimally induce long-term habituation.  Histogram shows normalized 781 
response of CS flies exposed to EB at the indicated concentrations for 4 days, with 782 
odor exposure starting 0-12 hours after eclosion. (C) Schematics show the odor 783 
exposure protocol. The numbers indicate days after eclosion. Shaded boxes indicate 784 
that flies were exposed to odor and unshaded boxes indicate that flies were aged 785 
without odor exposure. Normalised response index for LTH behavior of wild-type CS 786 
flies that were exposed to EB at different time periods after eclosion such as 0-12 787 
hour, 24-36 hour and 48-60 hour after eclosion. N is 8 to 11 sets for each bar. Refer 788 
table 2 for actual RI values, p-values and n. (D to G) Histogram shows the 789 
quantification of glomerular volume in mock and odor-exposed flies. The shaded 790 
glomeruli in the antennal lobe schematic indicate the glomerulus analyzed after odor 791 
exposure. Normalised volume for the EB-sensitive DM5 glomerulus and CO2-792 
sensitive V glomerulus measured after 4-days EB (D and E) and CO2 exposure (F and 793 
G). Refer table 3 for normalised volume values, p-values and n. *** indicates p ≤ 794 
0.001, ** indicates p ≤ 0.01 and * indicates p ≤ 0.05 determined by Student’s t-test.  795 
Error bars indicate mean ± SEM. N is 7 to 27 glomeruli for each bar. 796 
 797 
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Figure 2: Quantification of OSN innervation in antennal lobe glomeruli. (A) OSN 798 
innervation after 2 day EB exposure. OSNs that innervate various olfactory glomeruli 799 
were visualised in Or83b-Gal4> UAS-mCD8 RFP flies, using immunohistochemistry 800 
and confocal microscopy. Bar graph shows normalized RFP positive pixels in VM7 801 
and DM5 glomeruli of the same animals. (B) Innervation of Or42a positive OSNs is 802 
rapidly restored within 12 hours after recovery after 4-day odorant exposure. Or42a-803 
Gal4 > UAS-mCD8GFP flies were exposed to EB for 4 days starting 0-12 hours after 804 
eclosion, and then one group was allowed 12 hours recovery in air before dissection. 805 
Bar graphs show extent of OSN innervation in VM7 glomeruli with and without 12 806 
hours of recovery. Error bars indicate mean ± SEM and * p ≤ 0.05, ** p ≤ 0.01, *** p 807 
≤ 0.001 determined by Student’s t-test. 808 
 809 
Figure 3: Projection neuron processes are elaborated in odorant-specific 810 
glomeruli during the critical period after LTH formation. PN post-synaptic 811 
terminals were labeled using acetyl choline receptor subunit tagged with GFP (Dα7-812 
GFP). Confocal image showing GH146-Gal4 > UAS-Dα7-GFP (A to D) and VPN-813 
Gal4 > UAS-Dα7-eGFP (E and F) in the antennal lobe. Yellow dotted lines mark the 814 
boundary of EB-responsive, GH146-positive, DM5 glomerulus in flies (0-12 hours) 815 
exposed to mock (A) and EB (B) and DM2 glomerulus in flies exposed to mock (C) 816 
and EB (D). CO2-selective V glomerulus in flies (0-12 hours) exposed to mock (E) 817 
and CO2 (F). Scale bar is 20 μm. PN post-synaptic processes showed an increase in 818 
DM5, DM2 (B and D) and V (F) glomeruli after EB and CO2 exposure as compared 819 
to mock exposed controls, respectively. Histogram shows GFP positive pixels in 820 
DM5, DM2 and V glomeruli after EB (G) and CO2 (H) exposure at different times 821 
after eclosion. White bar corresponds to mock exposure, whereas black bar is odor-822 
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exposed. * indicates p ≤ 0.05 and *** indicates p ≤ 0.001 determined by Student’s t-823 
test.  Error bars indicate mean ± SEM. 824 
 825 
Figure 4: rutabaga function is required in GABAergic LNs for elaboration of PN 826 
processes. Bar graphs show GFP positive pixels in DM5 glomerulus of mock and EB 827 
exposed GH146QF, QUASmCD8::GFP/+ flies, without any perturbation, rut2080 828 
mutants, LN1-specific rutabaga knockdown, and rutabaga mutants expressing UAS-829 
rut+ transgene in LN1 neurons. White bar corresponds to mock exposure, whereas 830 
black bar is EB-exposed. Error bars indicate mean ± SEM and * indicates p ≤ 0.05 831 
determined by Student’s t-test. 832 
 833 
Figure 5: Silencing OSNs during the critical period extends it. Schematic shows 834 
Or83b-Gal4 positive sensory neurons, which are active during the CP in control flies 835 
and silenced for 48 hours after eclosion in Or83b-Gal4 > UAS-Kir2.1; TubGal80ts 836 
flies.  Schematics show days of odor exposure. Red boxes indicate that flies were 837 
aged at 29°C without odor exposure and black boxes indicate that flies were exposed 838 
to odor at room temperature. The numbers indicate days after eclosion. Normalised 839 
volumes of DM5  glomeruli of Or83b-Gal4 > UAS-Kir2.1; TubGal80ts along with 840 
temperature and genotype controls. White bar corresponds to mock exposure, whereas 841 
black bar is EB-exposed. Error bars indicate mean ± SEM and * indicates p ≤ 0.05 842 
determined by Student’s t-test. 843 
 844 
Figure 6: Local control of critical period closure. Schematics show days of odor 845 
exposure. The numbers indicate days after eclosion. Red boxes show the days flies 846 
were kept at 29°C, empty boxes indicate flies were not exposed to odor and black 847 
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boxes indicate that flies were exposed to odor at room temperature. Normalised 848 
volumes of the indicated glomeruli of Or85a-Gal4 > UAS-Kir2.1; TubGal80ts and 849 
Gr21a-Gal4 > UAS-Kir2.1; TubGal80ts flies exposed to EB (A-C) and CO2 (D-F). 850 
Schematics of the antennal lobe above the respective bar graphs, show the OSNs 851 
being silenced. White bar corresponds to mock exposure, whereas black bar is odor 852 
exposed. Error bars indicate mean ± SEM and *** indicates p ≤ 0.001 determined by 853 
Student’s t-test. 854 
 855 
Figure 7: Adaptation induced by GA requires rut but doesn’t show a critical 856 
period. (A) Image showing Or82a-Gal4 > UASmCD8::GFP, which labels the GA 857 
sensitive OSNs, innervating the VA6 glomerulus. (B) Schematics show days of odor 858 
exposure. The numbers indicate days after eclosion. Black boxes indicate that flies 859 
were exposed to odor. Normalised volumes of VA6 glomeruli of Or82a-Gal4 > UAS 860 
mCD8::GFP flies. (C) Normalised volume of VA6 glomerulus for LN1-Gal4 > UAS-861 
rutRNAi and UAS-rutRNAi/+ flies exposed to mock and GA for 4-days after eclosion. 862 
(D) GH146-positive PNs labeled with the Q system, rut2080 mutants and flies having a 863 
wild type rut expressed in LN1-Gal4 positive neurons in a rut mutant background. 864 
White bar corresponds to mock exposure, whereas black bar is GA-exposed. Error 865 
bars indicate mean ± SEM and * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 determined by 866 
Student’s t-test. 867 
 868 
Table 1: Concentration of EB in odor exposure chamber: Direct measurements of 869 
odorant concentration as a function of time during odor exposure. Table shows EB 870 
concentration in odor exposure chambers on each day of odor exposure, determined 871 
using photoionization diode measurements. 872 
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 873 
Table 2: Response index of CS flies exposed to EB at specified time points: Raw 874 
values for response index of CS flies exposed to 20% EB for 4-days starting at 0-12 875 
hours, 24-36 hours and 48-60 hours after eclosion. 876 
 877 
Table 3: Normalised glomerular volumes: Normalized volumes of glomeruli of the 878 
indicated genotype after 4-day odor exposure starting at 0-12 hours, 24-36 hours and 879 
48-60 hours after eclosion. Raw volume values are shown in Table 3-1. 880 
 881 
Extended Table 3-1: Glomerular volume values for indicated genotypes and 882 
experimental conditions. Volumes of glomeruli (in micron^3) of the indicated 883 
genotype after 4-day odor exposure starting at 0-12 hours, 24-36 hours and 48-60 884 
hours after eclosion. 885 
 886 
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Table 1: EB concentration in odor exposure chamber: 

Day of odor exposure Concentration of EB 

Day 1 1231 ppm 

Day 2 1231 ppm 

Day 3 995 ppm 

Day 4 727 ppm 

 

Table 2: Response index of CS flies exposed to EB at specified time points: 

4-day EB exposure 
started at 

Raw RI values  

p value Mock (n) EB exposed (n) 

0-12 hour 0.69 ± 0.01 (10) 0.41 ± 0.02 (11) p < 0.001 

24-36 hour 0.65 ± 0.02 (9) 0.33 ± 0.04 (10) p < 0.001 

48-60 hour 0.69 ± 0.02 (8) 0.68 ± 0.02 (11) p = 0.727 

 

Table 3: Normalised glomerular volumes:  

Genotype Tempe
rature 

Exposure 
started 
from 

Exposed 
to  

Glomeruli 
measured 

Mock 
(n) 

Exposed 
(N) 

p value 

CS RT 0-12 hr EB DM5 100.00 ± 
3.13 (25) 

119.65 ± 
3.67 (27) 

2.82E-06 

CS RT 0-12 hr EB DM2 100.00 ± 
2.41 (17) 

105.84 ± 
1.45 (20) 

0.04762 

CS RT 0-12 hr EB VM7 100.00 ± 
6.38 (7) 

98.91 ± 
1.72 (8) 

0.8328 

CS RT 0-12 hr EB V 100.00 ± 
5.55 (14) 

102.93 ± 
7.16 (13) 

0.7035 

CS RT 24-36hr EB DM5 100.00 ± 
2.69 (10) 

125.69 ± 
4.24 (7) 

0.00037 

CS RT 24-36hr EB V 100.00 ± 
2.79 (6) 

99.87 ± 
3.02 (7) 

0.9760 

CS RT 48-60hr EB DM5 100.00 ± 
1.45 (19) 

98.03 ± 
1.62 (22) 

0.36903 

CS RT 48-60hr EB V 100.00 ± 
1.28 (9) 

105.17 ± 
0.75 (9) 

0.0344 

CS RT 0-12 hr CO2 V 100.00 ± 
2.89 (12) 

140.84 ± 
7.22 (14) 

6.5447E-
05 



 

 2 

CS RT 0-12 hr CO2 DM5 100.00 ± 
2.25 (7) 

99.14 ± 
2.76 (10) 

0.8112 

CS RT 24-36hr CO2 V 100.00 ± 
1.64 (8) 

117.99 ± 
6.41 (6) 

0.0324 

CS RT 24-36hr CO2 DM5 100.00 ± 
7.28 (7) 

94.36 ± 
4.13 (7) 

0.5118 

CS RT 48-60hr CO2 V 100.00 ± 
2.46 (12) 

103.17 ± 
1.79 (12) 

0.3094 

CS RT 48-60hr CO2 DM5 100.00 ± 
4.05 (10) 

104.75 ± 
3.67 (8) 

0.3539 

CS>Kir2.1, 
tubGal80ts 

29°C 48-60hr EB DM5 100.00 ± 
4.38 (11) 

103.98 ± 
3.73 (14) 

0.4966 

CS>Kir2.1, 
tubGal80ts 

29°C 48-60hr EB V 100.00 ± 
4.65 (12) 

103.34 ± 
3.56 (9) 

0.5748 

Or83b>Kir2.1, 
tubGal80ts 

RT 48-60hr EB DM5 100.00 ± 
5.05 (7) 

102.2 ± 
5.65 (7) 

0.7765 

Or83b>Kir2.1, 
tubGal80ts 

RT 48-60hr EB V 100.00 ± 
3.68 (6) 

100.99 ± 
3.76 (8) 

0.8557 

Or83b>Kir2.1, 
tubGal80ts 

29°C 48-60hr EB DM5 100.00 ± 
5.43 (10) 

124.36 ± 
4.4 (19) 

0.0428 

Or83b>Kir2.1, 
tubGal80ts 

29°C 48-60hr EB V 100.00 ± 
3.15 (5) 

98.75 ± 
0.99 (8) 

0.8345 

Or85a>Kir2.1, 
tubGal80ts 

RT 48-60hr EB DM5 100.00 ± 
3.08 (10) 

104.73 ± 
4.23 (9) 

0.3784 

Or85a>Kir2.1, 
tubGal80ts 

RT 48-60hr EB V 100.00 ± 
1.43 (9) 

111.11 ± 
3.72 (8) 

0.0789 

Or85a>Kir2.1, 
tubGal80ts 

29°C 48-60hr EB DM5 100.00 ± 
4.11 (18) 

122.74 ± 
4.28 (21) 

0.0003 

Or85a>Kir2.1, 
tubGal80ts 

29°C 48-60hr EB DM2 100.00 ± 
5.64 (8) 

118.2 ± 
3.34 (10) 

0.5664 

Or85a>Kir2.1, 
tubGal80ts 

29°C 48-60hr EB DL5 100.00 ± 
3.33 (10) 

100.51 ± 
4.27 (10) 

0.9261 

Or85a>Kir2.1, 
tubGal80ts 

29°C 48-60hr EB V 100.00 ± 
2.7 (14) 

104.2 ± 
2.73 (15) 

0.2838 

Or85a>Kir2.1, 
tubGal80ts 

29°C 48-60hr CO2 DM5 100.00 ± 
3.22 (8) 

111.51 ± 
4.51 (8) 

0.2389 

Or85a>Kir2.1, 
tubGal80ts 

29°C 48-60hr CO2 V 100.00 ± 
5.96 (7) 

114.05 ± 
5.98 (6) 

0.0588 

Gr21a>Kir2.1, 
tubGal80ts 

RT 48-60hr CO2 V 100.00 ± 
3.27 (15) 

100.35 ± 
8.07 (10) 

0.9684 

Gr21a>Kir2.1, 
tubGal80ts 

RT 48-60hr CO2 DM5 100.00 ± 
3.75 (8) 

97.77 ± 
9.26 (7) 

0.8293 

Gr21a>Kir2.1, 
tubGal80ts 

29°C 48-60hr CO2 V 100.00 ± 
5.13 (14) 

144.24 ± 
10.61 
(16) 

0.0011 

Gr21a>Kir2.1, 
tubGal80ts 

29°C 48-60hr CO2 DM5 100.00 ± 
4.11 (12) 

114.94 ± 
7.74 (11) 

0.4456 

Gr21a>Kir2.1, 
tubGal80ts 

29°C 48-60hr EB V 100.00 ± 
4.6 (6) 

97.13 ± 
3.46 (6) 

0.0586 

Gr21a>Kir2.1, 
tubGal80ts 

29°C 48-60hr EB DM5 100.00 ± 
2.76 (9) 

97.88 ± 
4.04 (12) 

0.2389 

 

 


