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Abstract

To survive, animals must recognize reoccurring stimuli. A key requirement for repeated
identification of stimuli is reliable representation by the neural code on each encounter. Synaptic
transmission underlies neural codes propagation between brain regions. A hallmark of chemical
synapses is their plasticity, which enables signal transfer to be modified in an activity-dependent
manner. Despite many decades of intense research on synapses, it remains unclear how the
plastic features of synaptic transmission can maintain reliable neural coding. By studying the
olfactory system of Drosophila melanogaster, we aimed to obtain a deeper mechanistic
understanding of how synaptic function shapes neural coding reliability in the live, behaving
animal. We show that the properties of the active zone (AZ), the presynaptic site of
neurotransmitter release, are critical for generating a reliable neural code. Reducing
neurotransmitter release probability specifically at AZs of olfactory sensory neurons disrupted
both neural coding and behavioral reliability. Strikingly, these defects were rescued within a day
by target-specific synaptic plasticity, whereby a homeostatic increase in the number of AZs
compensated the drop in release probability. These findings demonstrate an important role for
synaptic plasticity in maintaining neural coding reliability and are of pathophysiological interest by
uncovering an elegant mechanism through which the neural circuitry can counterbalance

perturbations.
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Introduction

Animals encounter the same stimuli repeatedly and are able to recognize them over and over
again. An essential requirement for the repeated identification of a stimulus is that its
representation by the neural code will be reliably reproduced on each occasion. Two major
approaches are used to describe neural coding?. The first is rate coding, where the firing rate of
action potentials over a period of time is employed as the neural code. The second is temporal
coding, where the precise timing and the precise pattern of action potentials is utilized for coding.
Often, a combination of the two strategies is used as the coin of information for neural coding: the

firing rate within a relatively small time window along with changes in firing rate over time.

Coding of an external stimulus by the nervous system begins at the sensory neurons. The code
then undergoes transformations as it passes across synaptic contacts and propagates to higher
brain regions. Chemical synaptic transmission is the major mode of fast information transfer
between neurons. The response of a postsynaptic neuron depends on neurotransmitter release
from synaptic vesicles (SVs) fusing with the plasma membrane at the presynaptic active zone
(AZ). SV fusion, in turn, is regulated by the complex interplay of various specialized AZ proteins,
which determine neurotransmitter release sites and control release probability?>=*. The molecular
mechanisms of SV fusion are highly dynamic and can be modified on timescales ranging from
milliseconds to days. Such presynaptic plasticity involves e.g. changes in Ca?" signals, SV
availability, and activity-dependent modulations of the release machinery>®. Importantly,
synapses are also under homeostatic control. Homeostatic synaptic plasticity describes a
phenomenon whereby pre- or postsynaptic adjustments maintain synaptic stability’®*2. This
evolutionarily conserved process rebalances destabilizing perturbations and preserves
functionality in a changing environment. Correspondingly, dysfunctional homeostatic synaptic

plasticity has been implicated in several neurological diseases'#*®. Considering the many facets
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of synaptic plasticity, the question arises how the reliability of the neural code is affected by

dynamic changes in neurotransmission®-2°,

The Drosophila olfactory system is highly amenable to genetic manipulations and is suitable to
examine how synaptic function and plasticity affect neural code reliability. In flies, odors activate
olfactory receptor neurons (ORNS). In general, each ORN expresses a single odorant receptor
gene?2% (but note ref.24). Approximately 20-40 ORNs expressing the same receptor send their
axons to a single glomerulus in the antennal lobe (AL)*-?". Approximately 2-5 second-order
projection neurons (PNSs), in turn, send their dendrites to a single glomerulus?® and each PN
samples all arriving ORNs?°. The synaptic connection between an individual ORN and PN harbors
~10-30 release sites (scaling with glomerulus size) possessing a high average release probability
(~0.75)%°. The AL also contains multi-glomeruli inhibitory GABAergic and glutamatergic local
neurons (iLNs) and excitatory cholinergic LNs (eLNs)*'4 The ORN-PN synapse is mainly
modulated by the GABAergic iLNs34%, Thus, the Drosophila ORN-PN connection is a system with
a reliable synapse, which can be genetically modified and examined in the context of physiological

odor stimuli.

By performing in vivo whole-cell patch-clamp recordings from over 1300 neurons, we show that
knocking down the AZ Ca?* channel Cacophony (Cac) specifically in ORNs decreases the
reliability of the neural code in the postsynaptic PNs to physiological odor stimuli. Our results
demonstrate that interfering with SV release probability from ORN AZs affects the PN neural code
in three ways. First, the initial transient phase of the odor response, when PNs reach their highest
firing rates, becomes more variable due to reduced recruitment of iLNs. Second, the onset of the
odor response is delayed and more variable. Third, the temporal dynamics of the odor response
become less reliable; this third result does not involve any circuit motifs and results from
monosynaptic effects. In line with its ethological relevance, reducing the reliability of neural coding
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91 leads to areduction in the behavioral ability to correctly classify an olfactory stimulus. Surprisingly,
92  however, we find that decreased expression of Cac at ORN AZs affects neural code reliability
93  only at high stimulus intensities. This differential effect is due to homeostatic synaptic plasticity,
94  which sets in within a day. Thereby, the formation of additional AZs compensates the reduced
95  neurotransmitter release probability and rescues the coding reliability of PNs. Thus, our work
96 uncovers a new role for homeostatic synaptic plasticity in maintaining stable neural coding and

97 reliable behavior.

98

99 Results
100 ORN SVs release probability affects olfactory coding reliability at high odor intensities
101 In order to investigate how molecular properties of the AZ influence the olfactory neural code, we
102  recorded postsynaptic PN responses to odor presentation with in vivo whole-cell current-clamp
103  recordings (Figure 1A). We used RNA interference (RNAi) in ORNs to knock down Cac, the pore-
104  forming subunit of the Drosophila Ca,2-type Ca?* channel, which mediates Ca?*-influx at the
105  AZ%*3 Since different odors elicit different firing rates and temporal dynamics in ORNs*® we
106  tested PN responses to five different odors (Isopenthyl acetate, linalool, 2-heptanone, ethyl
107 acetate and isobutyl acetate) and used high odor concentrations to minimize variations in ORN
108  responses®. To examine stimulus-evoked response reliability we recorded PN responses to 10
109 applications of each odor (Figure 1A-C and Figure S1). Orco-GAL4 was used to drive UAS-
110  Cac®™ specifically in ORNs and GH146-QF, which labels approximately 60% of PNs*, was used
111  to drive QUAS-GFP for targeted patch-clamp recordings. We confirmed RNAI efficiency for Cac
112 by performing in vivo Ca?" imaging via two-photon microscopy during odor stimulation. Orco-
113  GAL4 was used to drive UAS-Cac™* along with UAS-GCaMP6f. As expected, Ca?* signals were
114  significantly reduced in ORN terminals when Cac was targeted by RNAi (Figure S2A). In addition,

115  direct staining against Cac demonstrated reduced Cac levels in Cac™" flies (Figure S2B). Cac®™
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116  significantly reduced odor-induced PN activity (Figure 1B, C and Figure S2C), illustrating that SV
117  release from ORNs was decreased, though not completely abolished.

118

119 A number of different methods can be used to examine neural code reliability. Correlation-based
120 measurement of coding reliability examines the reliability of the temporal dynamics of neural
121  activity by analyzing the activity time-series as a single entity**. Thus, this analysis examines the
122  pattern of the response over time, but does not consider the magnitude of the response.
123 Therefore, correlation measurements do not account for variations in firing rate at a specific time
124  point (Figure S3A, C). Another measure of temporal code reliability is the latency of the first spike
125  following odor presentation, which was show to encode odor identify and intensity*2. The standard
126  deviation of response magnitude examines response reliability for a given time point or a given
127  firing rate and does not account for the temporal dynamics (Figure S3B, C)*.

128

129 At high odor concentration, correlation analysis using spike trains that were integrated at
130 increasingly wider temporal windows (Figure S3A), revealed that for wild type (wt) flies the
131  response reliability (correlation value) became saturated at ~20 ms (Figure 1D, E), consistent with
132 previous reports**“®, Knockdown of Cac decreased overall correlation values and increased the
133  temporal integration window required to reach saturation (Figure 1D, E and Figure S4A, B). This
134  demonstrates that molecular perturbations of ORN AZs decrease the temporal reliability of PN
135 responses. Standard deviations of PN firing rate, as a function of the mean firing rate during a 20
136  ms time window, also revealed a decrease in PN coding reliability in Cac™* flies (Figure 1F and
137  Figure S4C) with PNs showing increased variability especially at high firing rates (Figure 1F).
138

139 PN somata, which are accessed during patch-clamp recording, are distant from the action
140  potential initiation site*®*’. As a result, action potentials recorded at the soma in current-clamp
141  mode are very small, often reaching only 5 mV in amplitude®. Such small action potentials are
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142 frequently not identified during the rising phase of the odor response. To better detect the first
143  action potential, indicating the response onset, we repeated this set of experiments in voltage-
144  clamp mode. Indeed, voltage-clamp recordings enabled detection of more action potentials in the
145  first 25 ms of the odor response and the latency of the first action potential was shorter (Figure
146  1G-l). As with the other neural coding reliability measurements, this analysis revealed that
147  knocking down Cac resulted in lower reliability, reflected by both increased latency and increased
148  standard deviation of the first action potential (Figure 1J, K and Figure S5).

149

150  High odor concentrations elicit high firing rates in ORNs that may reach up to 300 Hz*. To

151  examine if the effect of Cac®™A

persists when ORNSs fire at lower rates, we repeated the above
152  experiments using a weaker odor intensity. Interestingly, we found that under these conditions,
153  response magnitude and coding reliability by PNs was not decreased by reduced Cac expression
154  (Figure 1L-O). Taken together, our data show that reducing SV release from ORNs affects the
155  reliability of the postsynaptic odor response. However, this effect is only evident during the
156  presentation of a strong olfactory stimulus.

157

158 The above results suggest that high-frequency synaptic transmission is most sensitive to
159  manipulations of ORN AZs, consistent with previous reports®®. High firing rates usually occur at
160 the beginning of the odor response within the first 200 ms (Figure 1B, C). Thus, we examined the
161  effects of Cac®™* during the presentation of a strong olfactory stimulus without the initial phase of
162  the odor response. The initial phase of the odor response is characterized by a strong increase
163 in firing rate that is highly correlated. Thus, as expected, removing the first 200 ms of the odor
164  response from the analysis resulted in an overall decrease in correlation (Figure 1P compare to
165  Figure 1D), which was further reduced by Cacf™ (Figure 1P, Q). In contrast, the increased

166  standard deviation of PN firing rates that was observed upon Cac™™A

was now completely
167  abolished. No difference in the standard deviation was observed between wt and RNA. flies even
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168  though high firing rates were still obtained in the sustained phase of the odor response (Figure
169 1R). The effect of Cac®™* was not equally distributed throughout the initial phase of the odor
170  response; rather it was most notable when the PNs reached their peak firing rate, approximately
171  20ms after the response onset (Figure 1S). These results suggest that two different mechanisms
172 underlie the reduced response reliability of PNs, one affecting the reliability of the structure of the
173  temporal firing rate dynamics and the other affecting the reliability of the absolute firing rate
174  magnitude.

175

176  Knockdown of Cac reduces release probability and increases synaptic latency and jitter
177  Reducing Cac expression in ORNs significantly reduced PN spiking (Figure 1). Nevertheless, PNs
178  maintained a substantial response to odors, demonstrating that synaptic transmission from ORNs
179 to PNs remained principally functional. Cac is a key regulator of SV release probability at
180  Drosophila neuromuscular AZs. Its functional disruption in a temperature-sensitive mutant, RNAi-
181 mediated knockdown, and impaired AZ channel clustering all lead to greatly decreased eEPSC
182  (evoked excitatory postsynaptic current) amplitudes at the NMJ, especially at low stimulation

RNAI

183  frequencies®3"°, We were therefore intrigued by the observation that Cac™" affected PN coding

184  reliability only at high and not at low ORN firing rates. To better understand this phenomenon, we

185  characterized functional properties of the ORN-PN synapse in wt and Cac®™”

animals (Figure
186  2A). Surprisingly, the average eEPSC amplitude of Cac™ did not differ from wt (Figure 2B).
187 However, Cac knockdown led to increased paired-pulse facilitation at short inter-pulse intervals
188  (Figure 2C, D), consistent with a decrease in SV release probability upon reduced expression of

189  AZ Ca?' channels®. In line with a drop in release probability, Cac®™™”

synapses also displayed
190 significantly elevated synaptic delay (eEPSC latency; Figure 2E), which was accompanied by an
191 increase in the jitter of eEPSC (Figure 2F). Interestingly, both parameters progressively increased

192  with stimulation frequency in the transgenic animals (Figure 2E, F). Within our sampling range (1,
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193 10, 20, 60 Hz), the effect of presynaptic Cac™*' on these temporal parameters was most
194  pronounced at 60 Hz.

195

196  Taken together, these results suggest a homeostatic mechanism at the ORN-PN synapse, which
197 compensates for the drop in release probability caused by presynaptic Cac knockdown to
198 maintain normal eEPSC amplitudes. However, this compensation does not cover the temporal
199  properties of synaptic transmission. The reduced release probability of CacR"» ORNs generates
200 longer synaptic latencies with larger eEPSC jitter, consistent with increased first spike latencies
201  and jitter during odor application. Thus, while the ORN-PN synapse is surprisingly resilient to Ca?*
202  channel perturbations, Cac knockdown delays synaptic transmission and reduces the temporal
203  precision of synaptic signaling.

204

205 A homeostatic increase in AZ number and synaptic strength compensates for the drop in
206 release probability

207  So far, all experiments were carried out on 2-4 day old flies. To obtain more information on the
208 homeostatic regulation of the ORN-PN connection, we next addressed the time course of the

RNAI

209  synaptic adjustment. At day 0 (less than 24 h post pupal eclosion), Cac™" caused a reduction in

RNAI

210  both release probability and eEPSC amplitudes (Figure 2G, H). Moreover, Cac synapses
211 responded in only 19 out of 40 cases irrespective of stimulus intensity. In contrast, at day 1 (24-
212 48 h post pupal eclosion), eEPSC amplitudes were already elevated to wt levels (Figure 21, J)
213  and the transmission success rate reached 100%. When presented with a high odor concentration
214  atday 0, Cac®™ flies displayed decreased firing rates and reduced coding reliability compared to
215  wt (Figure 2K-O) and to 2-4 days old flies (Figures 1C-F and Table S1). However, when a low
216  odor concentration was applied, both firing rates and neural code reliability remained severely
217  impaired (Figure 2P, Q), contrary to the compensation observed in 2-4 days old flies (Figure 1L-

218  0O). Thus, homeostatic synaptic plasticity took place within the first day post eclosion to rescue
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219  neural activity and coding reliability at low stimulus intensity but failed to do so at high odor
220  concentrations.

221

222 Next, we turned to the mechanism underlying the homeostatic synaptic change responsible for
223  maintaining normal eEPSC amplitudes. In principle, the drop in release probability caused by
224  CacRf™ could be counterbalanced by an increase in the number of presynaptic release sites or
225 anincrease in quantal size. Quantal size describes the postsynaptic response to the fusion of an
226  individual SV with the AZ membrane. This parameter is reflected by the amplitude of
227  spontaneously occurring miniature excitatory postsynaptic currents (minis) and can be influenced
228 by the number and identity of postsynaptic receptors. We recorded similar mini frequencies and
229 amplitudes at wt and Cac®™* synapses (Figure 2R, S) demonstrating an unaltered quantal size
230 and, in turn, suggesting a homeostatic addition of release sites. In line with a corresponding
231  increase in postsynaptic receptor fields, puffing nicotine onto PNs elicited larger currents
232 (Figure 2T).

233

234  Based on these results, we sought to match the functional increase of release sites in Cacf™" to
235  a structural correlate. To this end, we performed immunostainings of the antennal lobe and
236  imaged Bruchpilot (Brp), a core component of the AZ cytomatrix (CAZ>°), via confocal microscopy.
237  To restrict our analysis to ORN-PN synapses, we co-labelled postsynaptic PNs via GFP and
238 quantified Brp labels in the overlapping regions (Figure 2V). Consistent with the
239  electrophysiological estimate of release site addition, the number of Brp clusters was significantly
240 increased upon Cac knockdown (Figure 2U). Moreover, while the average cluster size remained
241 unchanged in Cac™A, the signal intensity was significantly increased (Figure 2U), possibly
242 reflecting the addition of CAZ units below the diffraction limit>l. Thus, a homeostatic increase in
243  the number of Brp-positive AZs counterbalanced the decreased transmitter release probability
244  caused by reduced Cac expression.

10
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245  Monosynaptic effects and circuit activity underlie distinct features of coding reliability

RNA js due to

246  Next, we examined whether the diminished coding reliability caused by Cac
247  monosynaptic mechanisms or instead arises from circuit effects. GABAergic iLNs also receive
248  their major input from ORNSs and inhibit these presynaptically. Whereas PNs are uniglomerular
249  and receive homogenous ORN input, iLNs are multiglomerular and receive heterogeneous ORN
250 input. PNs respond to ORN activity in a non-linear manner®%4352, |n contrast, GABAergic iLNs
251  respond linearly to ORN activity®?, are more sensitive to reduced input from ORNs®3, and show a
252 stronger transiency in their odor response®. Thus, we speculated that at least some of the
253  observed reduction in PN reliability following presynaptic manipulations might arise from reduced
254  recruitment of iLNs. In particular, this may explain the increased standard deviation in Cac™A that
255  no longer occurred in the absence of the initial transient phase of PN odor responses (Figure 1R,
256 S). To examine how IiLN activity affects PN odor response reliability we compared wt and
257  presynaptic Cacf™ flies (Figure 3A). Orco-GAL4 again drove UAS-Cac™ A and 449-QF was used
258 to express QUAS-GFP in iLNs®. Reducing Cac protein levels in ORNs resulted in an almost
259  complete abolishment of iLN responses to odors in both 0 and 2-4 days old flies (Figure 3B, C).
260  Similar to PNs, Cac™" reduced the SV release probability at the ORN-ILN synapse (Figure 3D).
261 However, in contrast to ORN-PN transmission, we observed no homeostatic rescue of iLN
262  responses to odor stimulation even in 2-4 days old flies.

263

264  These results demonstrate that knocking down Cac in ORNs severely impairs the activation of
265 iLNs. We therefore examined the effects of blocking GABAergic transmission on PN reliability. To
266  this end, we exposed the brain to 100 uM CGP54626, a selective GABAg receptor antagonist,
267 and 250 uM picrotoxin, a chloride channel blocker®® and antagonist of GABAa receptors (Figure
268  3E). As expected, GABA blockers affected wt firing rates (Figure 3F) but had no effect on PN
269  spiking in Cact™A flies, where iLNs are hardly recruited (Figure 3B). When blocking GABA
270  receptors in wt flies, we observed a significant increase in the variability of PN activity but the

11
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271  temporal integration window of PN responses was unaffected (Figure 3G). This suggests that
272 iLNs affect only certain aspects of the code reliability. Since the odor response of iLNs was
273 diminished when Cac was knocked down in ORNs we expected that blocking GABA receptors
274 would not further affect coding reliability in CacR™* flies. Indeed, blocking GABAergic transmission
275  had no effect whatsoever on variability and only a minor effect on the temporal integration window
276  in presynaptic Cac”™ (Figure 3G).

277

278 The AL also contains another population of inhibitory local neurons, which release glutamate.
279  These glutamatergic interneurons mainly inhibit PNs, but were shown to have effectively similar
280 roles as the GABAergic iLNs on the activity of the AL neural circuit®. Thus, the pharmacological
281  experiments affect both the presynapse of ORNs and the postsynapse of PNs. Since iLNs mainly
282  act by activating GABA-B receptors in the presynaptic terminal of ORNs343, we tested whether
283  driving GABA-B-R2"V*57 in ORNs (Figure 3H) has similar effects on PN coding reliability as
284  pharmacologically blocking the inhibitory iLNs (Figure 3G). Indeed, GABA-B-R2"" increased the
285  variability at high firing rates but did not affect the temporal integration window (Figure 3I). The
286  glutamatergic iLNs inhibit PNs by activating the glutamate receptor GluCla®3. Therefore, we
287  expressed an RNAI construct against GluCla in PNs (Figure 3J) and tested their odor response
288 and coding reliability. Knockdown of the GluCla receptor in PNs had a strong effect on coding
289  variability, as observed for the pharmacological experiments and by blocking the inhibitory
290  presynaptic circuit (Figure 3K). In addition, we also observed an overall decrease in correlation

RNAI

291  (Figure 3K). However, in contrast to Cac™", which increased PN integration time (Figure 1D), we

292  did not observe any such increase in GluCla®"A

, if at all, the integration time of PNs was slightly
293  decreased (Figure 3K and Figure S6). In summary, both pharmacological and genetic approaches
294  suggest that the inhibitory AL circuit affects the variability of PN activity but not the temporal
295 reliability.

296

12
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297 Reducing neural coding reliability disrupts behavioral reliability

298 The above results demonstrate that knocking down AZ Ca?* channels specifically in ORNs
299  decreases the coding reliability by PNs. To examine whether these changes are strong enough
300 to affect behavioral output we tested the flies’ ability to correctly classify an ecologically relevant
301 stimulus. To reduce response variability, which is often observed for naive behavior®®>°, we paired
302 isopentyl acetate with an electric shock, using a well-established custom built apparatus®358-61
303 and tested the accuracy of the animals’ behavioral responses, i.e. avoidance of isopentyl acetate.

RNAI animals

304  Following prolonged exposure (2 minutes) to the olfactory stimulus, presynaptic Cac
305  were equally successful as their parental controls in classifying the odor (Figure 4A, B), indicating
306 no impairment in the flies learning capabilities. However, when flies navigate in their natural
307 habitat, olfactory stimuli are often brief and repetitive. Since such short stimuli could not be
308 delivered in the above paradigm, we used an alternative assay in which the flies walked on a
309  Styrofoam ball. This setting allowed us to present the same pattern of olfactory stimuli as used
310 for the electrophysiological recordings (Figure 1). Ten one-second trials of the shock-paired odor
311  isopentyl acetate were presented and the behavioral response was classified as correct if flies

312  turned away from the odor source (Figure 4C). Indeed, Cact™

flies made significantly fewer
313  correct choices as a result of identifying isopentyl acetate less reliably (Figure 4D). This reduction
314  in correct stimulus classification was not due to a learning defect since the learning index was
315  similar between wt and Cac™* flies (Figure 4B). Furthermore, Cac knockdown was only
316  performed in the first order ORNs and not in third order neurons, which are required for memory
317 formation®. Since our electrophysiological results showed that homeostatic synaptic plasticity
318 rescues the neural code reliability only at lower odor concentrations, we tested whether behavioral
319 reliability was also rescued at low stimulation intensities. The overall learning scores of wt and
320 Cac”™ flies were similar at low (Figure 4E) and high odor concentrations (Figure 4B). As
321 predicted, Cac®™" flies were as successful as wt animals in correctly classifying the low

RNAI

322 concentration odor (Figure 4F). In contrast, while Cac animals displayed normal memory
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323  formation at day O (Figure 4G), low concentration odor classification was significantly impaired in
324  young flies (Figure 4H). This nicely matches our finding that homeostatic compensation takes a
325 day to develop. In summary, these results demonstrate how synaptic plasticity can maintain
326  neural coding reliability and enable the animal to consistently classify an important physiological
327  stimulus.

328

329 Discussion

330 In this study, we addressed two distinct yet related questions. First, we provide in vivo evidence
331 that the molecular integrity of the AZ is important for neural coding reliability. Second, we
332 demonstrate that homeostatic synaptic plasticity operates at the ORN-PN synapse and that this
333  process compensates a reduction in release probability by increasing the number of ORN AZs.
334  The homeostatic adjustment restored eEPSC amplitudes in PNs and neural coding reliability. We
335  further show that the restored neural reliability maintains behavioral performance. Finally, we
336 demonstrate that the homeostatic compensation is limited in its efficiency and fails to maintain
337 reliable neural coding and behaviour at elevated firing frequencies in response to high odor
338  concentrations.

339

340 Using in vivo recordings, we show that high release probability of ORN AZs is required for a
341 reliable neural code in the postsynaptic PNs in response to physiological odor stimuli. Knockdown
342  of Cacophony from ORN AZs that reduced ORN release probability affected neural code reliability
343  in several manners. First, the high firing rates of the initial transient phase of PN odor responses
344 became more variable due to reduced recruitment of iLNs. Second, the onset of odor responses
345 was delayed and more variable. Third, the temporal dynamics of the odor response became less
346 reliable. This third effect results most probably from monosynaptic changes to ORN-PN
347  transmission. At a behavioral level, we find that reduced coding reliability of PNs impairs the
348 animals’ ability to correctly classify a physiologically relevant stimulus.
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349  We found that knocking down Cacophony affected neuronal coding reliability mainly at high firing
350 rates. This was true for both the monosynaptic as well as the circuit mechanisms. In terms of the
351  circuit effects on rate code reliability, this is in line with the recruitment of iLNs. iLNs sample many
352  types of ORNs with different response profiles* and as a result, they respond linearly to ORN
353  activity®2. Thus, iLNs respond most strongly to high ORN firing rates, which in turn are triggered
354 by high odor intensities. Correspondingly, almost entirely eliminating the recruitment of iLNs by
355 manipulating ORN AZs (Figure 3), mostly affects processing of high firing rates. We find that a
356 decrease in SV release probability increases the latency and jitter of eEPSC (Figure 2),
357 accompanied by an increase in the latency and jitter of postsynaptic action potential initiation
358  (Figure 1). We further show that this drop in the temporal precision of synaptic transmission
359 increases in a frequency-dependent manner. This finding helps to explain why disrupted AZ
360 function mainly impairs temporal coding at high firing rates and strong odor intensities.

361

362 Theoretical studies have suggested that decreasing SV release probability should result in
363  reduced neural coding reliability'6-2063-65  although exceptions have also been demonstrated*°:°®,
364  However, whether these theoretical studies hold true in vivo, with highly dynamic synaptic
365  properties, in complex neural circuits, and in response to physiological stimuli has remained an
366  open question. To the best of our knowledge, the present study provides the first in vivo evidence
367 thatinterfering with the molecular control of SV release results in reduced neural coding reliability.
368  Notably, the ORN-PN synapse is surprisingly resilient to reduced AZ Ca?" channel expression
369 and compensates the drop in release probability by increasing the number of AZs to yield normal
370 eEPSC amplitudes. Homeostatic synaptic plasticity features at the Drosophila NMJ'*12,
371 mushroom body®’, and also operates in the antennal lobe to match synaptic strength to PN
372 excitability®°8, Interestingly, Cacf™ decreases synaptic transmission to a greater extent from
373  ORNSs to iLNs than from ORNs to PNs (compare Figures 1C and 3C). Thus, the functional impact
374  of Cac or mechanisms to compensate for reduced Ca?" channel expression differ between ORN
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375 AZs depending on the identity of the postsynaptic partner. Interestingly, a recent study
376  demonstrated that during the time window of homeostatic compensation, i.e. the first day post-
377  eclosion, ORNs and PNs show structural changes involving increased Brp expression and neurite
378  expansion, while iLNs do not®®. It is conceivable that this developmental stability prevents or limits
379  structural homeostatic plasticity at ORN-ILN synapses. Moreover, parallels may exist with the
380 NMJ, where the expression of presynaptic homeostatic plasticity is compartmentalized to a subset
381  of amotoneuron’s synapses depending on their target muscle’®. These considerations emphasize
382  the importance of further future studies on the molecular heterogeneity of AZs in the olfactory
383  system*’172 and of elucidating the physiological properties of individual synapses in the context

384  of neural information processing.
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385 Methods

386

387  Fly Strains

388  Fly strains (see below) were raised on cornmeal agar under a 12 h light/12 h dark cycle at 25 °C.
389  The following fly strains were used: UAS-Cacf™ 73 (VDRC ID 5551), UAS-GIuCla®NA' ( 53356),
390 UAS-GABA-B-R2RMA' (50608), GH146-QF,QUAS-mCD8-GFP (BDSC_30038), Orco-GAL4
391 (BDSC_26818), UAS- GCaMP6f (BDSC_52869), 449-QF 55, QUAS-mCD8-GFP (BDSC_30002)
392

393  Olfactory stimulation

394  Odors (purest level available) were obtained from Sigma-Aldrich (Rehovot, Israel). Odor flow of
395 0.4 I/min (10? dilution) was combined with a carrier air stream of 0.4 I/min using mass-flow
396  controllers (Sensirion) and software controlled solenoid valves (The Lee Company). This resulted
397 in a final odor dilution of 5X102 delivered to the fly. Odor flow was delivered through a 1/16 inch
398 ultra-chemical-resistant Versilon PVC tubing (Saint-Gobain, NJ, USA) placed 5 mm from the fly’s
399  antenna.

400

401  Electrophysiology

402  Flies were anesthetized for 1 minute on ice. A single fly was fixed to aluminum foil using wax. To
403  expose the brain, the cuticle and trachea were removed. The brain was superfused with
404  carbonated solution (95% O3, 5% CO,) containing 103 mM NacCl, 3 mM KCI, 5 mM trehalose, 10
405 mM glucose, 26 mM NaHCOs, 1 mM NaH»PO4, 1.5 mM CaCl,, 4 mM MgCl,, 5 mM N-Tris (TES),
406 pH 7.3. For in vivo whole-cell recordings 0,1 or 2-4 days old flies were used as previously
407  described ™ . Briefly, flies’ brains were visualized on a Scientifica SliceScope Pro 1000 upright
408  microscope with a 40x water immersion objective. Patch pipettes of 9-12 MQ resistance were
409 used. Intracellular solution contained: potassium aspartate 140mM, HEPES 10mM, KCL 1mM,

410 MQgATP 4mM, Na3GTP 0.5mM, EGTA 1mM with pH of 7.3 and osmolarity of 265 mOsm. PNs
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411  were randomly patched from both the lateral and medial cluster and iLNs were randomly patched
412  from the lateral cluster. Voltage or current recordings were performed using Axon Instruments
413  MultiClamp 700B amplifier in current- or voltage-clamp mode respectively. Data was low-pass
414  filtered at 1 kHz and sampled at 50 kHz. Upon break-in to the cell, a small constant current was
415  applied to maintain a membrane potential of -60mV. Action potential times were extracted using
416  acustom MATLAB code followed by manual inspection to verify correct identification. Spike times
417  were aligned to the beginning of the rising phase of the membrane potential, indicating the
418  beginning of the odor stimulus. In experiments where GABA blockers were used, 100 uM of CGP
419 54626 (Tocris, CAS: 149184-21-4) and 250 uM of picrotoxin (Sigma-Aldrich, CAS: 124-87-8) were
420 bath applied. eEPSCs were evoked by stimulating ORN axons with a minimal stimulation protocol
421  via a suction electrode . Brief (typically 50us) pulses were passed through the innervating nerve
422  using a constant current stimulator (Digitimer, DS3 Isolated Current Stimulator). To measure
423  eEPSC amplitude and kinetics 32 eEPSCs were evoked at 1 Hz and averaged. eEPSC latency
424  was measured from the beginning of the stimulation artifact to the beginning of the eEPSC rising
425 phase. Paired-pulse recordings were made at 0.2 Hz with inter-stimulus intervals of (in ms): 10,
426 30, 100, 300 and 1,000. For each interval 20 traces were averaged. Ten seconds of rest were
427  afforded to the cell in between recordings. The amplitude of the second response in 10 ms inter-
428  pulse recordings was measured from the peak to the point of interception with the extrapolated
429  first response. Data were analyzed using MATLAB.

430  Invivo patch-clamp recordings of minis were performed essentially as previously described’. Cell
431  bodies of PNs were visualized with a Scientifica Slice Scope equipped with a 40 x Water Objective
432 (Olympus 40x, NA 0.8). Electrodes (6 - 8MOhm) were filled with internal solution containing (in
433  mM): Potassium aspartate 125, CaCl, 0.1, EGTA 1.1, HEPES 10, MgATP 4, NazsGTP 0.5, pH
434  adjusted to 7.3, osmolarity was 265 mOsm. To visualize PN morphology, Biocytin (3 mg/ml) was
435 added to the intracellular solution. Throughout measurements, preparations were perfused with
436  oxygenated external saline, containing (in mM): NaCl 103, KCI 3, CaCl; 1.5, MgCl, 4, NaH2PO4
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437 1, NaHCOs; 26, TES 5, Trehalose 10, Glucose 10, 277 + 2 mOsm, pH 7.3. Additionally, 4 uM TTX
438  (Carl Roth, 6973) was supplied to the bath solution to suppress spontaneous spiking. For
439  recordings, PNs of female flies were held at a command potential of - 80 to - 100 mV. Signals
440  were low-pass filtered at 1kHz and digitized at 10kHz. For detection of minis, templates were
441  generated and applied to recordings (ClampFit 11.0.3).

442

443  Functional Imaging

444  Flies used for functional imaging were reared as described above. Imaging was done as
445  previously described 59676 Briefly, using two-photon laser-scanning microscopy (DF-Scope
446  installed on an Olympus BX51WI microscope). Flies were anesthetized on ice then a single fly
447  was moved to a custom built chamber and fixed to aluminum foil using wax. Cuticle and trachea
448 in the required area were removed, and the exposed brain was superfused with carbonated
449  solution as described above. Odors at final dilution of 5X102 were delivered as described above.
450  Fluorescence was excited by a Ti-Sapphire laser (Mai Tai HP DS, 100 fs pulses) centered at 910
451  nm, attenuated by a Pockels cell (Conoptics) and coupled to a galvo-resonant scanner. Excitation
452  light was focused by a 20X, 1.0 NA objective (Olympus XLUMPLFLN20XW), and emitted photons
453  were detected by GaAsP photomultiplier tubes (Hamamatsu Photonics, H10770PA-40SEL),
454  whose currents were amplified (Hamamatsu HC-130-INV) and transferred to the imaging
455  computer (MScan 2.3.01). All imaging experiments were acquired at 30 Hz.

456

457  Immunohistochemistry

458  Whole mount stainings were performed essentially as previously described’. For analyzing Brp,
459  brains were fixed with 4% PFA for 2h, washed with PBT (0.3%) and blocked using 5% normal
460 goat serum in PBT overnight at 4°C, before mouse-anti Brp [nc82, 1:50; provided by E. Buchner;
461 RRID: AB_528108" was added. Following another overnight incubation at 4°C, samples were

462 washed with PBT before goat anti-mouse STAR RED (1:200; Abberior #2-0002-011-2,
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463 RRID:AB_2810982) was applied overnight. After washes with PBT, samples were stored in
464  mounting medium (Abberior MOUNT, LIQUID ANTIFADE, #MM-2009). To preserve tissue
465 morphology, imaging spacer (Sigma-Aldrich #GBL654008) were used. For verification of
466  Cacophony knock down at ORN pre-synapses, we followed a protocol published by Chang and
467  colleagues’™. Whole mounts were fixed with Bouins fixative (Carl Roth #6482.3), washed with
468  PBS and blocked in PBT (0.2%) with 5% NGS at 4°C overnight. This was followed by an overnight
469 incubation with rabbit anti-cacophony (1:1000) in blocking solution, before the samples were
470 washed several times with PBT. Subsequently, whole mounts were incubated with biotinylated
471  goat anti rabbit IgG (1:500; Jackson ImmunoResearch Labs #111-065-003, RRID:AB_2337959),
472  washed with PBT and subsequently incubated with STAR RED streptavidin (1:500; Abberior
473  #STRED-0120). Samples were stored in mounting medium (Abberior MOUNT, LIQUID
474  ANTIFADE, #MM-2009) until final use.

475

476  Confocal microscopy

477 Images were acquired with an Abberior INFINITY LINE system (upright Olympus BX63F)
478  equipped with a 60x / NA 1.42 oil immersion objective. Laser settings were kept constant and
479 image acquisition alternated between genotypes. Image analysis was done using ImageJ
480 (National Institutes of Health, Bethesda). Analysis was performed on each image in a stack. Data
481  sets exceeding the maximal slice number of 125 slices per stack were excluded from analysis.
482  To restrict image analysis to signals at ORN-PN synapses, masks of the GFP signal (driven with
483  GH146) were created and overlayed with the Brp or Cacophony channel. Individual punctae were
484  detected with the “Find Maxima” command and quantified via “Analyze Particles".

485

486
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487 Behavioral chambers

488  Experiments were performed using a custom-built, fully automated apparatus °86%61, Single flies
489  were housed in clear chambers (polycarbonate, length 50 mm, width 5 mm, height 1.3 mm). Mass
490 flow controllers (CMOSens Performanceline, Sensirion) were used to control air flow. An odor
491  stream (0.3 I/min) obtained by circulating the air flow through vials filled with a liquid odorant was
492  combined with a carrier flow (2.7 I/min). Isopentyl acetate was prepared at 10 fold dilution in
493  mineral oil. Liquid dilution and mixing carrier and odor stimulus stream resulted in a final 100 fold

494  dilution. Fresh odors were prepared daily.

495  Two identical odor delivery systems were used each delivering odors independently to each half
496  of the chamber. The total flow (3 I/minute, carrier and odor stimulus) was split between 20
497  chambers. . The air flow from the two halves of the chamber converged at a central choice zone.
498  The 20 chambers were stacked in two columns each containing 10 chambers and were backlit
499 by 940 nm LEDs (Vishay TSAL6400). Images were obtained by a MAKO CMOS camera (Allied
500 Vision Technologies) equipped with a Computar M0814-MP2 lens. The apparatus was operated

501 in atemperature controlled incubator (Panasonic MIR 154) at 25°C.

502  Fly position was extracted from video images using a virtual instrument written in LabVIEW 7.1
503 (National Instruments). The same virtual instrument was also used to control odor delivery. Data
504 were analyzed in MATLAB 2018a (The MathWorks). Conditioning protocol included 12 equally
505 spaced 1.25 s electric shocks at 50 V, and was repeated twice. The learning index was calculated
506 as (preference for isopentyl acetate before training) — (preference for isopentyl acetate after
507 training). Flies that were used for the ball assay in figure 4C were given a training protocol that
508 consisted of 12 equally spaced 1.25 s electric shocks at 50 V, and repeated 6 times with 15
509 minutes interval. Flies were then tested on the ball assay 12 hours later.

510

511
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512  Ball assay

513  Flies walked on a treadmill ball as previously described &. Briefly, the fly thorax was glued to a
514  fine metal rod using wax in a manner that allowed for free limb movement. Flies were then placed
515  on a Styrofoam ball with a diameter of 9 mm which floated on an air-steam in a custom made ball
516  holder. Videos were captured using a Blackfly S (FLIR® Systems) camera fitted with a Computar
517  Macro zoom 0.3-1x, 1:4.5 lens at a frame rate of 100 FPS. The ball was illuminated by infrared
518 LEDs and the fly position was tracked offline using FicTrac 8. Odor delivery was the same as for
519 the electrophysiological recording experiments described above.

520

521 Quantification and statistical analysis

522  Integration window analysis

523  For this analysis, only the first two seconds after the beginning of the odor stimulus were used.
524  Spike trains were then binned with bin sizes ranging from 1ms to 200ms with 1ms intervals. For
525  each bin size, the pairwise Pearson correlation was calculated for all combinations of the 10 trials
526  for each odor. Trials that did not show any odor response were excluded from this analysis.
527 Integration window was defined by using the Youden's index 82, which is the point of maximal
528 distance between the correlation vs. bin size curve and the diagonal between the minimum and
529  maximum point of said curve. The Youden's index is a communally used measure for the optimal
530 cutoff point of a curve, such as the one obtained by plotting correlation vs. bin size®.

531

532  Variance analysis

533  For each fly, the mean and variance of the 10 stimuli repetitions were calculated using time bins
534  of 20ms. The mean spike count of each bin was then binned into discrete bins along with the
535  corresponding variance in that time bin.

536

537
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Statistics and data analysis

All statistical testing and parameter extraction were done using custom MATLAB code (The
MathWorks, Inc.). All statistical tests details can be found in table S1. Significance was defined
as a p-value smaller than 0.05 and all statistical tests were two-sided. Normality assumption
was tested using the Shapiro-Wilk test

(https://www.mathworks.com/matlabcentral/fileexchange/13964-shapiro-wilk-and-shapiro-

francia-normality-tests). In cases where the normality assumption was violated a permutation

test was used using the ‘permutationTest’ function in MATLAB
(https://github.com/Irkrol/permutationTest).
Effect size was calculated with the Measures of Effect Size (MES) Toolbox

https://github.com/hhentschke/measures-of-effect-size-

toolbox/blob/master/readme.md). Permutation test was used using the ‘permutationTest’

function in MATLAB (https://github.com/Irkrol/permutationTest).
For presentation, bar plots with dots were generated using the UnivarScatter MATLAB ToolBox

(https://Iwww.mathworks.com/matlabcentral/fileexchange/54243-univarscatter), raster plots were

generated with the Flexible and Fast Spike Raster Plotting ToolBox

(https://www.mathworks.com/matlabcentral/fileexchange/45671-flexible-and-fast-spike-raster-

plotting) and the shadedErrorBar function (https://github.com/raacampbell/shadedErrorBar) for

shaded errors on imaging traces.

Data and code availability
The data and code used to generate the figures in this manuscript are available upon publication

in the first author GitHub page: https://github.com/Eyal-ro.
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768  Figure 1: Reducing SV release probability reduces coding reliability only at high stimulus
769 intensities

770  A. Experimental scheme. UAS-Cac®™A

was expressed in ORNs using Orco-GAL4 and whole-cell
771  patch clamp recordings were made from PNs labeled by the GH146-QF driver line. PN odor
772 response were measured for high odor concentration in 2-4 days old flies.

773  B. Top, Raster plot of PN population odor responses to isopenthyl acetate (a final odor dilution of
774  5X102 was used) in wt flies (left, n=72 flies) and Cacf™" in ORNSs (right, n=50 flies). Each neuron
775  was presented with 10 repetitions of the olfactory stimulus (1 s). Bottom, the 10 repetitions of a
776  single PN are presented. The shaded area indicates the odor stimulus.

777  C. Peristimulus time histogram (PSTH) of PN population responses to five odors examined as
778 indicated (shaded areas represent SEM, odor pulse is labeled with a black bar) obtained from
779  recordings as in panel A. Spike trains were binned using a 50 ms time bin. Knockdown Cac
780  (green) in ORNSs resulted in decreased PN odor responses. A final odor dilution of 5X102 was
781  used (n=48-72 flies). Orco-GAL4 was used to drive the RNAI constructs and GH146-QF drove
782  QUAS-GFP.

783  D. Temporal reliability analysis. Pairwise correlations for each odor-neuron combination were
784  pooled across all odors for data in Figure S1. Non-overlapping windows from 1 to 200 ms were
785  used. Cac™* in ORNSs reduces correlation values.

786 E. Left, the curve saturation point (see methods) was calculated for each odor-neuron
787  combination and pooled across all odors for data in Figure S1. Right, Left curves are presented

RNATin ORNSs shifts the optimal temporal integration window of PNs as evident

788 atalarger scale. Cac
789 by a larger integration window spread (left) and a peak shift of ~10 ms (right).
790 F. Firing-rate reliability analysis for data in Figure S1. Spike trains were binned using 20 ms

791  windows. Spike count and variability were calculated for each bin and pooled across neurons,

792  odors, and time. Increased rate variability is observed for high firing rates.
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793  G. Example traces of recordings performed in current clamp (IC, black) and in voltage clamp (VC,
794  red). Note, the VC trace is inverted for presentation purposes.

795  H. PN firing-rate during the first 25 ms of the response to isopentyl acetate in current clamp (IC,
796  black) vs. voltage clamp (VC, red). Each dot represents an individual fly (n=22). The VC
797  configuration enabled detection of more action potentials.

798 |. First spike latency of PNs in response to isopentyl acetate in IC (black) vs. VC (red). Dots
799  represent individual flies (n=22).

800 J. First spike latency of PNs in response to the indicated odors for wt and Cac™* flies (n=50).
801 Each dot represent the mean first spike latency for 10 trials of a given neuron. Data were obtained
802 in VC configuration and PNs that did not spike within 200ms after stimulus onset were omitted.
803 K. First spike jitter of PN odor responses, pooled across all odors, for wt and Cacf™ flies (n=50).
804 L. PSTH of PN population responses to three low concentration odors examined as indicated
805 (shaded areas represent SEM, odor pulse is labeled with a black bar). Spike trains were binned
806 using a 50 ms time bin. Knockdown Cac (green) in ORNSs did not affect PN odor responses. A
807 final odor dilution of 5X10* was used (n=50 flies). Orco-GAL4 was used to drive the RNAI
808  constructs and GH146-QF drove QUAS-GFP.

809 M, N. Temporal reliability analysis (as in panels D, E) for data in panel L. Cacf™" in ORNSs did not
810 reduce correlation values.

811  O. Firing-rate reliability analysis (as in panel F) for data in panel L. Cac”™ in ORNSs did not
812  increase firing rate variability.

813 P, Q. Temporal reliability analysis (as in panels D, E) for data in Figure S1. Removing the first
814 200 ms of the odor response leads to an overall decrease in correlation. A shift of the peak of the
815  curve is observed for the sustained odor response in Cact™ flies.

816 R. Firing-rate reliability analysis (as in panel F) for data in Figure S1 without the first 200 ms of

817 the odor response. Contrary to the increased variation observed for the entire odor response
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818  (Figure 2C), Cac®™ in ORNs did not increase the variability for the sustained odor response
819  although high firing-rates were still obtained.

RNA relative

820 S. The ratio between the area under the curve (AUC) of the rate code variability in Cac
821 to wt. The initial response was progressively cropped from the analysis. The difference in rate
822  code variation of wt and Cac™ flies gradually decreases over the first 200 ms of the odor
823  response.

824

825  For all panels *** p<0.001, see table S1 for statistical analysis.
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826  Figure 2: Presynaptic Cac knockdown induces homeostatic plasticity

827  A. Experimental scheme. UAS-Cactf™ was expressed in ORNSs using Orco-GAL4 and whole-cell
828  patch clamp recordings were made from PNs labeled by the GH146-QF driver line. The antennal
829  nerve was stimulated with a suction electrode.

830 B. The average eEPSC amplitude was unaltered by CacRf"" for 2-4 days old flies (1 Hz stimulation
831  frequency; Orco-Gal4 driver, wt n=17 and Cac™" n=18 flies).

832 C. Examples traces of eEPSC evoked by paired pulse stimulation with an inter-pulse interval of
833  10ms.

834  D. Quantification of the paired-pulse ratio at different inter-stimulus intervals for 2-4 days old flies
835 (10ms, 30ms, 100ms, 300ms and 1000ms). Cac®™A significantly increased paired-pulse

836 facilitation at short inter-pulse intervals (wt, n=20-22; CacR"A

, N=24-28 flies). Error bars represent
837 SEM.

838 E, F. Average eEPSC latencies (E) and average eEPSC jitter (F) at 1, 10, 20, and 60 Hz
839  stimulation for wt (n=17) and Cac™*" (n=18) flies. A significant increase was observed for all
840 tested stimulation frequencies (except of jitter at 1 Hz).

841 G. The average eEPSC amplitude was reduced by Cacf™ for 0 day old flies (1 Hz stimulation
842  frequency; Orco-Gal4 driver, wt n=20 and Cac™™* n=19 flies).

843

844  H. Quantification of the paired-pulse ratio at different inter-stimulus intervals for O day old flies
845  (10ms, 30ms, 100ms, 300ms and 1000ms). Cacf™™A significantly increased paired-pulse

846 facilitation at short inter-pulse intervals (wt, n=20-21; CacRf"A

, h=19 flies). Error bars represent
847  SEM.

848 |. The average eEPSC amplitude was unaltered by Cac®™* for 1 day old flies (1 Hz stimulation
849  frequency; Orco-Gal4 driver, wt n=17 and Cac®™* n=18 flies).

850 J. Quantification of the paired-pulse ratio at different inter-stimulus intervals for 1 day old flies

851 (10ms, 30ms, 100ms, 300ms and 1000ms). Cac™™A significantly increased paired-pulse
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RNAI

852 facilitation at short inter-pulse intervals (wt, n=20-22; Cac™"", n=22 flies). Error bars represent

853 SEM.

854 K. Experimental scheme. UAS-CacRf™A

was expressed in ORNs using Orco-GAL4 and whole-cell
855  patch clamp recordings were made from PNs labeled by the GH146-QF driver line. PN odor
856  response were measured for both high and low odor concentration in O days old flies.

857 L. PSTH of PN population responses to five high concentration odors examined as indicated
858 (shaded areas represent SEM, odor pulse is labeled with a black bar) for 0 day old flies. Spike
859 trains were binned using a 50 ms time bin. Knockdown Cac (green) in ORNSs resulted in decreased
860 PN odor responses. A final odor dilution of 5X102 was used (n=50-57 flies). Orco-GAL4 was used
861  to drive the RNAI constructs and GH146-QF drove QUAS-GFP.

862 M, N. Temporal reliability analysis (as in Figure 1 D, E) for data in panel L. Cac®™" in ORNs
863  reduces correlation values.

864  O. Firing-rate reliability analysis (as in Figure 1 F) for data in panel L. Cac™* in ORNSs increased
865 firing rate variability.

866 P. PSTH of PN population responses to three low concentration odors examined as indicated
867 (shaded areas represent SEM, odor pulse is labeled with a black bar) for 0 day old flies. Spike
868  trains were binned using a 50 ms time bin. Knockdown Cac (green) in ORNSs resulted in decreased
869 PN odor responses. A final odor dilution of 5X10* was used (n=49-50 flies). Orco-GAL4 was used
870  to drive the RNAI constructs and GH146-QF drove QUAS-GFP.

RNAT in ORNSs reduces

871 Q. Temporal reliability analysis (as in Figure 1 D, E) for data in panel P. Cac
872  correlation values.

873 R. Left, Experimental scheme. Spontaneously occurring single-vesicle fusions (minis) were
874  recorded at PNs in 2-4 days old flies. Right, Representative traces of averaged spontaneous minis
875 in PNs of wt (black) and Cacf™ in ORNSs (green).

876  S. Analysis of mini frequency (left) and amplitude (right) does not show significant differences

877  between genotypes. (wt, n=6; Cacf™, n=9 flies).
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878 T. Left, Experimental scheme. Nicotine (100uM) was injected to the AL and currents were
879  measured in PNs. Right, Analysis of the current magnitude in response to a nicotininc puff. Cacf™
880 in ORNSs increases PN response to the cholinergic agonist nicotine, indicating an increase in
881  postsynaptic receptor fields. Orco-GAL4 was used to drive the RNAi construct and GH146-QF
882  drove QUAS-GFP (wt, n=23; Cact™ n=22 flies).

883  U. Analysis of Brp in ORN pre-synapses shows a significant increase in number and fluorescence
884  intensity of Brp punctae following Cac knock-down, while the size of Brp points is unaffected. (wt,
885  n=7; Cac®™ n=10 flies).

886 V. Example confocal images of an individual plane through the antennal lobe in control (upper
887  panel; orco- Gal4/+; GH-146-QF QUAS-GFP/+) and Cac®™A flies (lower panel; orco-Gal4/+;
888  GH146-QF QUAS-GFP/UAS-Cacf™) stained against Brp (fire). To restrict the analysis of Brp to
889  excitatory PN post-synapses, the Brp signal was overlayed with masks generated from imaging
890 endogenous GFP driven via GH146 (GFP, grey; overlay). Scale bar: 20 um.

891

892  For all panels, * p<0.05, ** p<0.01, *** p<0.001, see table S1 for statistical analysis.
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893  Figure 3: Monosynaptic effects underlie temporal reliability whereas circuit effects
894  underlie rate code reliability

895 A. Experimental scheme. CacRf™

was driven in ORNs using Orco-GAL4. Whole-cell patch
896  recordings were made from iLNs labeled with the 449-QF driver line.

897 B. PSTH of the iLN population response to four odors examined as indicated (shaded areas
898 represent SEM, the odor pulse is labeled with a black bar) for O day old flies. Cac knockdown
899 resulted in an almost complete abolishment of iLN odor responses (final odor dilution of 5X107?;
900 n=49-50 flies).

901 C. PSTH of the iLN population response to four odors examined as indicated (shaded areas
902 represent SEM, the odor pulse is labeled with a black bar) for 2-4 days old flies. Cac knockdown
903 resulted in an almost complete abolishment of iLN odor responses (final odor dilution of 5X107%;
904  n=49-50 flies).

905 D. Quantification of the paired-pulse ratio at different inter-stimulus intervals for 0 day (left) and
906 2-4 days (right) old flies (10ms, 30ms, 100ms, 300ms and 1000ms). Cact™A significantly
907 increased paired-pulse facilitation at short inter-pulse intervals (wt, n=13-22; Cacf™™A n=15-28
908 flies). Error bars represent SEM. * p<0.05, two-sample t-test, see table S1.

909 E. Experimental scheme. GABA receptors blockers (100 uM CGP54626 and 250 UM picrotoxin)
910 were applied by bath perfusion. Whole-cell patch recordings were made from PNs labeled with
911 the GH146-QF driver line. UAS-Cac™" was expressed in ORNSs using Orco-GAL4

912 F. Mean firing rate during the odor response. Application of GABA blockers significantly increased
913  wt firing rates but had no effect on Cac®™*'. Orco-GAL4 drove UAS-Cac™* and GH146-QF drove
914  QUAS-GFP (n = 45-48 flies).

915  G. Left. Temporal integration window and right, firing-rate reliability analysis for wt and Cac®™~
916 flies before and after the application of GABA receptors blockers (100 uM CGP54626, and 250
917 UM picrotoxin). The data were pooled for the presentation of two odors (isopentyl acetate and
918  isobutyl acetate) and across all firing-rates (n=45-48 flies).
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919 H. Experimental scheme. An RNAI construct against the GABA-B-R2 receptor was expressed in
920 ORNSs using Orco-GAL4. Whole-cell patch recordings were made from PNs labeled with the
921  GH146-QF driver line.

922 |. Left. Temporal integration window and right, firing-rate reliability analysis for wt and GABA-B-
923  R2RVA flies (brown). The data were pooled for the presentation of two odors (isopentyl acetate
924  and isobutyl acetate) and across all firing-rates (n=50-72 flies).

925 J. Experimental scheme. An RNAI construct against the GluCla receptor was expressed in PNs
926  using GH146-GAL4. Whole-cell patch recordings were made from PNs.

927 K. Left. Temporal integration window and right, firing-rate reliability analysis for wt and GluClaRNA
928 flies (purple). The data were pooled for the presentation of two odors (isopentyl acetate and
929  isobutyl acetate) and across all firing-rates (n=50-72 flies).

930

931  For all panels, * p<0.05, ** p<0.01, *** p<0.001, see table S1 for statistical analysis.
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932  Figure 4: Cac knockdown reduces behavioral reliability

933  A. Experimental scheme for the learning paradigm. Flies were constrained in a linear chamber
934  with isopentyl acetate presented on one side (gray). For pairing with an electric shock, the odor
935 was presented on both sides of the chamber. Examples of single fly trajectories are shown.

936 B. Learning performance for prolonged odor exposure at high odor concentration. No significant
937 differences in the learning index were observed between the parental controls and Cact™*' in
938  ORNS. Each dot represents a single fly (final odor dilution of 5X10?; n=37-54).

939 C. Trained flies were tested in an assay where flies walked on a ball and the shock-paired odor
940 was presented from the indicated side. Ten one second odor trials were presented as in Figure
941 1. Examples for single fly trajectories along the virtual X-axis are presented. Choice was classified
942  as correct (yellow) if the mean X-axis position following the odor presentation was rightward of
943  the X-axis midline (black line) and incorrect (red) otherwise.

944  D. Behavioral reliability measure. The behavioral reliability measure was defined as the probability
945  of correctly classifying the shock-paired odor. Cac knockdown in ORNSs reduces the behavioral
946 reliability compared to the parental controls at high odor concentration. Each dot represents a
947  single fly (final odor dilution of 5X10%; n=20-21).

948 E. Learning performance for prolonged odor exposure at low odor concentration in 4 days old fly.
949  No significant differences in the learning index were observed between the parental controls and
950  Cac™" in ORNSs. Each dot represents a single fly (final odor dilution of 5X10*; n=34-45).

951 F. Behavioral reliability measure as in panel D for low odor concentration in 4 days old fly. Cac
952  knockdown in ORNs did not affect the behavioral reliability compared to the parental controls at
953 low odor concentration. Each dot represents a single fly (final odor dilution of 5X10*4; n=16-19).
954  G. Learning performance for prolonged odor exposure at low odor concentration in O day old flies.
955  No significant differences in the learning index were observed between the parental controls and

956  Cac™A in ORNSs. Each dot represents a single fly (final odor dilution of 5X10%; n=34-47).
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957  H. Behavioral reliability measure for low odor concentration in 0 day old flies. Cac knockdown in
958 ORNs reduces the behavioral reliability compared to the parental controls at low odor
959  concentration, indicating a lack of homeostatic compensation. Each dot represents a single fly
960 (final odor dilution of 5X10*%; n=27-29).

961

962  For all panels *** p<0.001, see table S1 for statistical analysis.
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Figure S1: PN population responses to odor stimulation

Raster plots of PN population responses to five odors as indicated (final odor dilution of 5X10?)
in wt flies and UAS-Cac®™* in ORNs. Each neuron was presented with 10 repetitions of the
olfactory stimulus. Orco-GAL4 UAS-Cacf™ in ORNs and GH146-QF drove QUAS-GFP (n=45-

72).
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Figure S2: Knockdown of Cac affects ORNs calcium levels and reduces odor-stimulated
PN firing rates

A. Top, averaged traces = SEM (shading) of odor responses (as indicated, odor pulse is labeled
with a black bar) obtained from a single plane of the entire AL for wt or RNAI flies. Orco-GAL4
drove UAS-Cac®™* along with UAS-GCaMP6f. Bottom, peak AF/F during odor responses for the
traces presented in the top panel. As expected, a significant decrease in Ca?" signals was
observed for Cac™. (n = 5-7 flies, ** p < 0.01, ** p < 0.001, Two-sample t-test, see table S1).
B. To validate knock-down of Cacophony at ORN-PN synapses, whole mounts of flies were
stained with an antibody against Cacophony! (Chang et al., 2014) in control (upper panel; orco-
Gal4/+; GH-146-QF,QUAS-GFP/+) and CacRf™A' flies (lower panel; orco-Gal4/+; GH146-
QF,QUAS-GFP/UAS-Cac®™A). Analysis of Cac signals (fire) was restricted to excitatory PN post-
synapses trough an overlay with the respective mask generated by imaging GH146 driven GFP
(grey, GFP; overlay). Scale bar 20um. Right. Confocal analysis yielded a lower number of Cac
signals at ORN-PN synapses upon Cac knock-down in ORNSs, confirming the RNAI efficacy. (n=7,
*P <0.05).

C. Mean firing rate of PNs in response to five odors as indicated (final odor dilution of 5X10?) for
wt flies and for Cacf™”'. Each data point shows the average of 10 responses to a 1 s odor stimulus
and 1 s following the odor stimulus. Orco-GAL4 drove UAS-Cacf™ in ORNs and GH146-QF
drove QUAS-GFP. For most odors a significant decrease in firing rate was observed. (n=45-72, *

p<0.05, ** p<0.01, *** p<0.001, Two-sample t-test, see table S1).
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Figure S3: Graphical description of the reliability analysis

A. Temporal reliability analysis. Pairwise correlations were performed between the 10 repetitions
of each odor-neuron combination. Correlations were calculated using increasing, non-overlapping
integration windows from 1 to 200 ms with 1 ms intervals. The 45 pairwise correlation values for
each condition (i.e. PN and odor) were averaged to a single correlation value for this condition.
All correlation values for all PNs and odors were pooled to yield the correlation curve on the right.
B. Firing rate reliability analysis. Spike trains were binned using 20 ms windows. The number of
spikes and variability was calculated for each individual bin. The mean variance value for all bins
having the same number of spikes is presented on the variance curve on the right. Variance
values are pooled across neurons, odors and time.

C. Temporal reliability analysis and firing rate reliability analysis capture different aspects of trial-
to-trial coding reliability. Correlation captures the general shape of the PSTH regardless of
momentary changes in firing rate at a given point in time (i and ii). Inter trial variability captures

the momentary changes in firing rates regardless of the PSTH temporal dynamics (ii and iv).


https://doi.org/10.1101/2021.12.06.471391
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure S4

A

Correlation

vy)

Probability

Variance )

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.06.471391, this version posted September 14, 2022. The copyright holder for this preprint

(whichjimag el certified by p%bﬁéﬁmw gg?%tt@r/funder wl‘gm%é;iomv alicensgy e?|sg@étt§gé)repnnt in pemﬂt)ﬂ isfEdfte

nder aCC nternational Ilcens

08

0.6 —wt

0.4 — Cac™
0.2

T T T T 1 T T T T 1
0 50 100 150 200 O 50 100 150 200 5 100 150 200 5 100 150 200 5 100 150 200
Integration window (ms) Integration window (ms) Integratlon window (ms) Integratlon window (ms) Integratlon window (ms)

-

o

) LLL

0
0 100 150 200 O 100 150 200 100 150 100 150 100 150
Opt|mal integration Optlmal integration Optlmal integration Opt|mal integration Opt|mal integration
window (ms) window (ms) window (ms) window (ms) window (ms)
7
6
5
4
3
2
0

12 3 456 7 12 3 456 7 12 3 456 7 12 3 456 7 12 3 456 7
spikes per bin spikes per bin spikes per bin spikes per bin spikes per bin


https://doi.org/10.1101/2021.12.06.471391
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.06.471391; this version posted September 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure S4: Single odor analyses of response reliability

A. Temporal reliability analysis as performed in Figure 1A but for single odors as indicated. Data
obtained from Figure 1 and Figure S1. For all odors, a final odor dilution of 5X10 was used.

B. The optimal integration window analysis as performed in Figure 1D but for single odors as
indicated. Data obtained from Figure 1 and Figure S1. For all odors, a final odor dilution of 5X10
2 was used.

C. Firing rate reliability analysis as performed in Figure 1E but for single odors as indicated. Data

obtained from Figure 1 and Figure S1. For all odors, a final odor dilution of 5X102 was used.
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Figure S5: Controls for first spike analysis
Analysis of the latency of the first spike (left) and jitter of the first spike (right) in PNs as performed
in Figure 11,J but in response to mock odor application (i.e. no odor was actually applied) for wt

flies or Cac®™ in ORNs (n=47-49). No change in any parameter was observed.
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Figure S6: GluCla RNAi in PNs does not increase their integration window

Left, the curve saturation point was calculated for each odor-neuron combination and pooled
across the two odors for the data in Figure 3K. Right, Left curves are presented at a larger scale.
GluCla knockdown in PNs did not increase their optimal temporal integration window. If at all, it
slightly improved as reflected by a smaller integration window spread and a slight peak shift to

the left.
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Table S1: statistical analysis

Figure data Statistical method comparison P- Effect significance
value size
Figure 1E  J-index probability CacRNA' all odors Permutation test . Control (N=12133) <0.001 -0.211 e
pooled . CacRNA (N=9883)
Figure 1H  Spike count IC vs. VC Two sample paired t- . IC (N=22) 0.001 -1.162 bl
test . VC (N=22)
Figure 11 First spike latency IC vs. VC Two sample paired t- . 1IC (N=22) <0.001 1.265 i
test . VC (N=22)
Figure 1K  First spike jitter all odors pooled Permutation test . Control (N=134) <0.001 -1.178 Frk
. CacRNA (N=127)
Figure IN  J-index probability CacRNA all odors Permutation test . Control (N=4198) <0.001 0.083 ok
pooled . CacRNA (N=4722)
Figure 1Q  J-index probability CacRNA all odors Permutation test . Control (N=9803) <0.001 -0.253 b
pooled . CacRNA (N=7156)
Figure 2B eEPSC amplitude (pA) Permutation test . Control (N=17) 0.789 -0.093 n.s
. CacRNA (N=18)
Figure 2D  Paired-pulse ratio (10ms interval) Permutation test . Control (N=20) 0.010 -0.638 *
. CacRNA (N=25)
Paired-pulse ratio (30ms interval) Permutation test . Control (N=21) 0.034 -0.614 *
. CacRNA (N=24)
Figure 2E  eEPSC latency — 1Hz Two sample t-test . Control (N=17) 0.001 -1.185 **
. CacRNA (N=18)
eEPSC latency — 10Hz Two sample t-test . Control (N=17) <0.001 -1.402 el
. CacRNA (N=17)
eEPSC latency — 20Hz Two sample t-test . Control (N=17) <0.001 -1.518 il

. CacRNA (N=18)
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eEPSC latency — 60Hz Two sample t-test . Control (N=17) <0.001 -2.053 bl
. CacRNA (N=18)
Figure 2F eEPSC jitter — 1Hz Permutation test . Control (N=17) 0.044 -0.611 *
. CacRNA (N=18)
eEPSC jitter — 10Hz Permutation test . Control (N=17) 0.016 -0.772 *
. CacRNA (N=17)
eEPSC jitter — 20Hz Permutation test . Control (N=17) 0.010 -0.849 *
. CacRNA (N=18)
eEPSC jitter — 60Hz Two sample t-test . Control (N=17) <0.001 -1.452 bl
. CacRNA (N=18)
Figure 2G  eEPSC amplitude (pA) Permutation test . Control (N=20) 0.016 0.751 *
. CacRNA (N=19)
Figure 2H  Paired-pulse ratio (10ms interval) Permutation test . Control (N=20) 0.025 -0.731 *
. CacRNA (N=19)
Figure 2| eEPSC amplitude (pA) Permutation test . Control (N=17) 0.927 -0.028 n.s
. CacRNA (N=22)
Figure 2J Paired-pulse ratio (10ms interval) Permutation test . Control (N=20) <0.001 -0.933 el
. CacRNA (N=22)
Figure 2N J-index probability CacRNA all odors Permutation test . Control (N=10782) <0.001 -0.350 i
pooled . CacRNA (N=7598)
Figure 2Q  J-index probability CacRNA all odors Permutation test . Control (N=5463) <0.001 -0.533 ok
pooled . CacRNA (N=3552)
Figure 2S  Mini frequency (Hz) Permutation test . Control (N=6) 0.984 0.012 n.s
. CacRNA (N=9)
Mini amplitude (pA) Two sample t-test . Control (N=6) 0.872 0.081 n.s

. CacRNA (N=9)
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Figure 2T Nicotine response (pA) Permutation test . Control (N=23) 0.002 -0.931 o
. CacRNA (N=22)
Figure 2U  # of Brp punctae Two sample t-test . Control (N=7) 0.020 -1.215 *
. CacRNA (N=10)
Mean intensity of Two sample t-test . Control (N=7) 0.009 -1.401 *
Brp punctae . CacRNA (N=10)
Mean size of Brp punctae Two sample t-test . Control (N=7) 0.20 0.627 n.s
. Cac”NA (N=10)
Figure 3D  Paired pulse ratio-day 0 (10ms) Two sample t-test . Control (N=22) 0.002 -0.915 *
. CacRNA (N=28)
Paired pulse ratio-day 2-4 (10ms) Two sample t-test . Control (N=13) 0.025 -0.870 *
. CacRNA (N=15)
Figure 3F Firing rate-control- isopentyl acetate Permutation test . Before GABA blockers (N=45) <0.001 -0.430 bl
. After GABA blockers (N=45)
Firing rate- CacRNA - isopentyl acetate Permutation test . Before GABA blockers (N=46) 0.056 0.144 n.s
. After GABA blockers (N=46)
Firing rate-control- isobutyl acetate Permutation test . Before GABA blockers (N=43) <0.001 -0.731 bl
. After GABA blockers (N=43)
Firing rate- CacRNA - isobutyl acetate Permutation test . Before GABA blockers (N=44) 0.842 -0.013 n.s
. After GABA blockers (N=44)
Figure 3G Mean variance-control Permutation test . Before GABA blockers (N=88) <0.001 -0.583 bl
. After GABA blockers (N=88)
Mean variance- CacRNA Permutation test . Before GABA blockers (N=90) 0.151 0.088 n.s
. After GABA blockers (N=90)
Integration window-control Permutation test . Before GABA blockers (N=88) 0.895 0.012 n.s

. After GABA blockers (N=88)
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Integration window- CacRNA

Permutation test

1. Before GABA blockers (N=90)

2. After GABA blockers (N=90)

0.041

0.216

Figure 4B

Learning index

One-way ANOVA

1. Orco-GAL4 (N=40)

2. UAS-Cac RNAI (N=37)

3. Orco-GAL4;UAS-Cac RNAI
(N=54)

0.196

0.025

n.s

Figure 4D

p(correct choice)

Permutation test

1. Orco-GAL4 (N=39)

2. UAS-Cac RNAI (N=40)

3. Orco-GAL4;UAS-Cac RNAI
(N=36)

<0.001

0.564

kkk

Figure 4E

Learning index

One-way ANOVA

1. Orco-GAL4 (N=43)

2. UAS-Cac RNAI (N=34)

3. Orco-GAL4;UAS-Cac RNAI
(N=45)

0.892

0.001

n.s

Figure 4F

p(correct choice)

Permutation test

1. Orco-GAL4 (N=16)

2. UAS-Cac RNAi (N=16)

3. Orco-GAL4;UAS-Cac RNAI
(N=19)

0.559

0.026

n.s

Figure 4G

Learning index

Permutation test

1. Orco-GAL4 (N=40)

2. UAS-Cac RNAI (N=47)

3. Orco-GAL4;UAS-Cac RNAI
(N=34)

0.962

0.0005

n.s

Figure 4H

p(correct choice)

Permutation test

1. Orco-GAL4 (N=27)

2. UAS-Cac RNAI (N=27)

3. Orco-GAL4;UAS-Cac RNAI
(N=29)

<0.001

0.580

Figure
S2A

Peak AF/F isopentyl
acetate

Permutation test

1. Control (N=6)
2. CacRMNA (N=8)

<0.001

2.374

*k%

Peak AF/F isobutyl
acetate

Permutation test

1. Control (N=6)
2. CacRNA (N=8)

<0.001

2.956



https://doi.org/10.1101/2021.12.06.471391
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure # of Cac punctae Two sample t-test . Control (N=7) 0.016 1.393 *
S2B . CacRNA (N=7)
Figure Spikes/sec linalool Permutation test . Control (N=58) 0.014 0.475 *
s2C . CacRNA (N=49)
Spikes/sec isopentyl Permutation test . Control (N=71) <0.001 0.776 Frk
acetate . CacRNA (N=49)
Spikes/sec 2-heptanone Permutation test . Control (N=62) 0.326 0.190 n.s
. Cac”NA (N=49)
Spikes/sec ethyl Permutation test . Control (N=49) 0.291 0.210 n.s
acetate . CacRNA (N=49)
Spikes/sec isobutyl Permutation test . Control (N=49) 0.007 0.545 **
acetate . CacRNA (N=49)
Figure S5  Time of first spike (ms) Permutation test . Control (N=47) 0.776 0.057 n.s
. CacRNA (N=49)
STD (ms) Permutation test . Control (N=47) 0.108 -0.329 n.s
. CacRNA (N=49)
Figure S6  Optimal integration Permutation test . Control (N=5234) <0.001 -0.230 bl

window (ms)

. GluClaRNARNAT (N=3950)
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