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Abstract 22 

Odorant processing presents multiple parallels across animal species, and insects became relevant 23 

models for the study of olfactory coding because of the tractability of the underlying neural circuits. 24 

Within the insect brain, odorants are received by olfactory sensory neurons and processed by the 25 

antennal lobe network. Such a network comprises multiple nodes, named glomeruli, that receive 26 

sensory information and are interconnected by local interneurons participating in shaping the neural 27 

representation of an odorant. The study of functional connectivity between the nodes of a sensory 28 

network in vivo is a challenging task that requires simultaneous recording from multiple nodes at high 29 

temporal resolutions. Here, we used fast two-photon microscopy to follow the calcium dynamics of 30 

antennal lobe glomeruli and applied Granger causality analysis to assess the functional directed 31 

connectivity among network nodes during and after olfactory stimulation. Our findings show that there 32 

is a significant causal coupling between network nodes also in the absence of olfactory stimulation. 33 

However, connectivity patterns change upon odorant arrival, showing an increase in connection density 34 

and conveying odorant-specific information. Furthermore, we show that causal functional connectivity 35 

is unique in individual subjects, and cannot be detected upon artificial glomerular scrambling across 36 

individuals. This demonstrates that network states do not consist solely of correlations of mean 37 

glomerular responses, which are known to be conserved across bees. 38 

Introduction 39 

Honey bees are eusocial insects strongly relying on olfaction, e.g. for foraging, social communication, 40 

or mating. Their olfactory system has been extensively studied in the past decades, and it is structured 41 

along different anatomical and functional layers of odor processing (Paoli and Galizia, 2021). Volatile 42 

chemicals are received by olfactory receptors located on the antennae, where they are received by 43 

~60,000 olfactory receptor neurons (ORNs). Then, the olfactory input is forwarded to the first 44 

processing center, the antennal lobe (AL), where ORNs bearing the same olfactory receptor converge 45 

into one of about 160 glomeruli, the functional nodes of the AL processing network. Incoming neuronal 46 

inputs are further processed by ~4,000 local neurons (LNs), and the resulting signal is forwarded by 47 

~800 projection neurons (PNs) into higher-order brain centers like the mushroom bodies (MBs), where 48 

information from different sensing modalities is integrated and long-term memory is formed, and the 49 

lateral horns (LHs), most likely involved in odor valence coding.  50 
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The development of in vivo calcium imaging in the honey bee (Galizia et al., 1999b; Paoli et al., 2017) 51 

allowed simultaneous recording of the activity of multiple glomeruli, revealing the basic principles of 52 

olfactory coding, such as the stereotypical odorant-specific glomerular response maps (Galizia et al., 53 

1999b), corresponding to the time-averaged PN firing rates (Moreaux and Laurent, 2007), the 54 

representation of information on the odors' chemical properties (Sachse et al., 1999) and concentration 55 

(Sachse and Galizia, 2003), or the link between similarity of perception and neural representation of 56 

an olfactory cue (Guerrieri et al., 2005). With the implementation of fast scanning two-photon imaging, 57 

the temporal resolution has been increased by more than an order of magnitude, passing from ~6 up to 58 

100 Hz (Haase et al., 2011), thus providing the access to fine temporal properties of the olfactory code. 59 

This allowed identifying the contribution of glomerular response latencies to the odor code (Paoli et 60 

al., 2018), and to access the time-frequency domain of the glomerular responses, which revealed 61 

stereotypical odorant-specific time-frequency response patterns (Paoli et al., 2016b). In addition, fast 62 

calcium imaging allows exploring AL network dynamics so far precluded to more traditional 63 

approaches: although electrophysiology provides very high temporal resolution, it allows recording 64 

from only a limited number of network nodes at once; conversely, wide-field calcium imaging grants 65 

simultaneous access to multiple nodes with sub-cellular spatial resolution, but the limited temporal 66 

resolution makes time-resolved correlation measurements and causality analysis impossible.  67 

Previous attempts to investigate intra-glomerular connectivity relied on a modeling approach, e.g. 68 

matching ORNs and PNs signals to investigate the optimal arrangement of the local inhibitory network 69 

(Linster et al., 2005), or by combining local stimulation/inhibition and global recording to assess 70 

connectivity properties of the local network (Girardin et al., 2012). Here, we took advantage of the 71 

high spatial and temporal resolution of two-photon calcium imaging and identified the network of 72 

functional glomerular coupling based on Granger causality (GC) analysis. Granger causality was 73 

computed between pairs of glomeruli for each individual and across multiple odorants. This allowed 74 

studying connectivity patterns in the AL network in vivo, and their dynamics during, and after an 75 

olfactory stimulation. Finally, we could assess the stimulus information content of the elicited 76 

connectivity network across odorants and subjects. 77 

  78 
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Material and methods 79 

Bee preparation 80 

Forager honey bees Apis mellifera were collected at the outdoor hives of the institute (CIMeC, 81 

Rovereto, Italy) on the day of the experiment. They were cold-anesthetized at -20°C, placed on custom-82 

made Plexiglass holders, and their heads were fixed with soft dental wax to avoid movements (Paoli et 83 

al., 2017). After opening a small window in the head cuticle, glands and tracheas were gently displaced 84 

to expose the bee brain, and the tip of a pulled glass capillary coated with Fura-2-dextran 10 kDa 85 

(ThermoFisher Scientific) was inserted between the medial and lateral mushroom body calyces to label 86 

the projection neurons tracts (Sachse and Galizia, 2002). Then, the head capsule was closed and sealed 87 

with n-eicosane (Sigma-Aldrich) to prevent brain desiccation. Bees were fed with 20 μL of a 50% 88 

sugar/water solution and kept overnight at room temperature in a dark and humid environment. On the 89 

following day, the window cuticle was re-opened and the antennal lobe ipsilateral to the injection site 90 

was exposed for imaging. The brain was covered in transparent silicon (Kwik-Sil, WPI) to prevent 91 

brain movements and desiccation. Note that this procedure has an intrinsic variability that depends on 92 

the amount of Fura-2 delivered by the experimenter and on the number of labeled projection neurons. 93 

Still, multiple studies have shown convergent results on odor-elicited glomerular responses, indicating 94 

that such a procedure remains valid to investigate olfactory processing in the honey bee antennal lobe 95 

(Hourcade et al., 2009; Locatelli et al., 2013; Paoli et al., 2016a; Bestea et al., 2022). 96 

Olfactory stimulation 97 

Olfactory stimuli were delivered with a custom-built olfactometer comprising eight odor channels and 98 

controlled via a custom-made LabVIEW (National Instruments) interface, which synchronized 99 

stimulation protocol with the imaging acquisition (Paoli et al., 2017). For this study, we used six 100 

ecologically relevant odorants known to elicit distinct responses among the antennal lobe glomeruli: 101 

1-hexanol (1HEX), 3-hexanol (3HEX), 1-nonanol (1NON), isoamyl acetate (ISOA), acetophenone 102 

(ACTP), and benzaldehyde (BZDA) (all from Sigma-Aldrich) (Galizia et al., 1999b; Paoli et al., 2018). 103 

Also, they provide different degrees of structural and functional variability: 1-hexanol and 3-hexanol 104 

have the same carbon length but vary for the position of the hydroxyl group, 1-hexanol and 1-nonanol 105 

are primary alcohols with different chain lengths; acetophenone and benzaldehyde both have a benzene 106 

ring, but with a ketone and an aldehyde group, respectively; isoamyl acetate is the major component 107 

of the alarm pheromone  (Boch et al., 1962). Odorants were presented in a 1 s ON / 9 s OFF protocol 108 
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and each odorant was delivered for 30 consecutive trials. All odorants were diluted 1:200 in mineral 109 

oil (Sigma-Aldrich). These concentrations were chosen to be well above the receptor sensitivity 110 

threshold and below the saturation level (Sachse and Galizia, 2003). 111 

Calcium imaging acquisition and data processing 112 

Optical imaging was performed via a two-photon imaging platform based on an Ultima IV microscope 113 

(Brucker). The calcium sensor Fura-2 was excited at 800 nm and fluorescent changes were recorded 114 

with a photomultiplier (Hamamatsu) at 525 ± 20 nm. Line scanning was performed along a user-drawn 115 

line crossing all glomeruli in the imaging field and scanned at a rate of 100 Hz. Individual glomeruli 116 

were identified and labeled according to the honey bee reference atlas (Galizia et al., 1999a). To allow 117 

for cross-subject comparisons, the analysis was limited to the 10 glomeruli that could be identified, 118 

with a few exceptions, in all imaged bees. For the analysis, a whole imaging session, comprising 30 119 

repetitions of 6 odorants, was decomposed into individual stimulation trials. The average fluorescence 120 

signal from each identified glomerulus and for each stimulation trial was normalized with respect to 121 

the mean pre-stimulus baseline (F/F; the interval of 1 s before stimulus onset was used to define the 122 

pre-stimulus baseline). Data are always presented as the negative relative fluorescence change (-F/F) 123 

so that excitatory responses correspond to positive changes and inhibitory responses to negative ones. 124 

Measuring Granger causality 125 

The calcium time series recorded from M =10 glomeruli for each animal were described as a stationary 126 

vector stochastic process 𝑌𝑛 = [𝑌1,𝑛, … , 𝑌𝑀,𝑛]𝑇, where 𝑛 denotes the time stamp. The temporal 127 

statistical structure of this process was described using the vector autoregressive (VAR) model: 128 

𝑌𝑛 = ∑ 𝑨𝑘

𝑝

𝑘=1

𝑌𝑛−𝑘 + 𝑈𝑛, (1) 

where 𝑨𝑘 is an 𝑀 × 𝑀 matrix containing the coefficients that relate the present state of the process, 129 

 𝑌𝑛, to its past state evaluated at lag 𝑘, 𝑌𝑛−𝑘, and 𝑈𝑛 = [𝑈1,𝑛, … , 𝑈𝑀,𝑛]
T
is a vector of M zero-mean 130 

white and uncorrelated input noise processes (prediction errors).  131 

Starting from the time series of each given subject, the VAR model (1) was identified via a least squares 132 

method, finding estimates of the coefficients 𝑨𝑘 and of the variance of the input noises, i.e. 𝜆𝑈𝑚
=133 
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var(𝑈𝑚), 𝑚 = 1, … , 𝑀 (Faes et al., 2012). Afterwards, to compute Granger causality from the process 134 

𝑌𝑖 to the process 𝑌𝑗, a so-called reduced model was defined and identified via the state-space method 135 

(Barnett and Seth, 2015), where the present state of the assigned target 𝑌𝑗,𝑛 is described from the past 136 

states of all processes except the assigned driver 𝑌𝑖. This method avoids problems related to the 137 

incomplete formulation of the reduced model that may lead to poor estimates of GC (Faes et al., 2017). 138 

Denoting the prediction error process of the reduced model as 𝑊𝑗 and its variance as 𝜆𝑊𝑗
= var(𝑊𝑗), 139 

the GC correlation measure from 𝑌𝑖 to 𝑌𝑗, conditioned on the remaining processes 𝑌𝑘, 𝑘 =140 

{1, … , 𝑀}/{𝑖, 𝑗}, is computed (Geweke, 1984): 141 

𝐹𝑖→𝑗 = ln
𝜆𝑗|𝑗𝑘

𝜆𝑗|𝑖𝑗𝑘
. (2) 

This conditional GC measure (2) quantifies the extent to which the past states of the driver 𝑌𝑖 help in 142 

predicting the present state of the target 𝑌𝑗 above and beyond its own past states and the past states of 143 

the other processes 𝑌𝑘. Here, the measure was computed by varying 𝑖 and 𝑗 in the range {1, … , 𝑀} (𝑖 ≠144 

𝑗) to quantify the causal coupling along the two directions of interaction for each pair of glomeruli in 145 

each subject. Furthermore, to establish the existence of a link from the 𝑖𝑡ℎ to the 𝑗𝑡ℎ node of the 146 

observed network, the statistical significance of the computed conditional GC was tested using an 147 

asymptotic statistics approach. This approach makes use of a Fisher F-test applied to the estimated 148 

prediction error variances of the full and restricted models, considering the computation of multiple 149 

GC via false discovery rate (FDR) correction (α = 0.05) (Hochberg and Tamhane, 1987).  150 

Network analysis 151 

For the analysis of signal dynamics across time, as a first step, the time series were sub-divided into 152 

seven 1-second windows: ON phase (0-1 s), earlyOFF phase (1-2 s), and OFF phases (2-3 s, 3-4 s, 4-153 

5s, 5-6s, and 6-7s). Then, the signals belonging to the different windows were decomposed into slow 154 

and fast components by using an infinite impulse response (IIR) autoregressive filter with zero phase  155 

(Nollo et al., 2000) applied to the 30 trials. The filter was implemented first in a low-pass configuration 156 

(cut-off frequency ~ 1.5 Hz) to extract the slow signal components mostly related to the stimulus 157 

response, and then in a high-pass configuration (cut-off frequency ~ 2.5 Hz) to extract the fast 158 

components. In the latter case, before high-pass filtering, the mean response obtained by averaging the 159 

signal across the 30 repetitions was subtracted from each trial. As a last step, Granger causality analysis 160 

was performed for each bee, time window, and odorant to assess the causal connectivity structure of 161 
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each network. The obtained matrices contain statistically significant GC correlation measures between 162 

glomeruli, or zero if results were not non-significant. The density of each estimated weighted network 163 

was evaluated as the fraction of significant connections to the total number of possible connections 164 

(Rubinov and Sporns, 2010). Significant changes in network density across time bins were assessed 165 

with a Kruskal-Wallis test performed separately for the unfiltered signal, the fast and the slow 166 

components. 167 

Stereotypy analysis 168 

The similarity between the edge-centered odor representations within and across individuals was 169 

quantified via a best-match-to-template analysis. For the within-subject analysis, we split the 30 170 

olfactory stimulations into 6 groups of 5 trials. Hence, GC measures were calculated independently for 171 

each group to obtain 6 connectivity maps for each odorant-bee combination. Then, the connectivity 172 

map for each stimulus trial (test) was tested against the mean response map across all remaining trials 173 

for all odorants (templates). The similarity between maps of two odors o1 and o2 was quantified by 174 

Pearson's correlation coefficient r between the vectorized GC maps of odors o1 and o2, after statistical 175 

validation. The best-fitting template is considered the one with the highest r. The probability of the 176 

best fit to the correct odor template is plotted in Figure 2A.  177 

For the across-subject analysis, the average connectivity in an odorant-bee combination (calculated 178 

across all 30 olfactory stimulation) was tested against the average connectivity maps across all 179 

individuals excluding the tested one. For each test, the best template odorant would receive a score of 180 

1 and all other odorants a score of 0. If the highest correlation was shared by more than one odor 181 

template, the score was split accordingly. Results in each bee and the averages across bees are shown 182 

in Figure 2C.  183 

The same best-match-to-template test was performed for the node-centered maps, that is the time-184 

averaged glomerular response amplitudes, within (Figure 2B) and across (Figure 2D) individuals.  185 

For each test, significant differences from a random distribution, which would give 1/6 = 0.167 fit-to-186 

template probability for each odor, were analyzed with a Wilcoxon sum rank test with FDR correction. 187 

Original and adjusted p-values for all tests and the signed rank values W are shown in Supplementary 188 

Table 1. 189 

  190 
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Results 191 

Node-centered odor response maps 192 

Glomerular activity was imaged by fast two-photon microscopy (Paoli et al., 2017) from projection 193 

neurons labeled with the calcium-sensor Fura-2. Spatio-temporal activity patterns were recorded as 194 

relative fluorescence changes, with respect to the baseline, upon stimulation with six odorants (n = 15 195 

bees). Glomeruli were identified across animals by comparing their morphology and anatomical 196 

location with the honey bee AL reference atlas (Galizia et al., 1999a), and their odorant specificity 197 

(Galizia et al., 1999b). Figure 1A shows the trial-averaged response maps of the ten most frequently 198 

identified glomeruli across all bees, revealing their highly stereotyped response patterns. On average, 199 

two to four of the monitored glomeruli showed a clear excitatory response during odor arrival. This 200 

analytical approach for studying olfactory coding takes into account the responses of individual 201 

functional units, measuring physiological parameters such as glomerular response intensity or latency. 202 

It is the classical description of a stimulus representation in the AL: a node-centered network analysis. 203 

Edge-centered odor response maps 204 

The nature and dynamics of inter-glomerular connectivity 205 

High-temporal resolution allows investigating the temporal correlations between glomerular responses, 206 

as shown here for the first time. This provides access to the functional connectivity across glomeruli, 207 

shifting the focus from the network nodes, the AL glomeruli, to its edges, the inter-glomerular 208 

connections. The connectivity analysis was performed via Granger causality, in its conditional form, 209 

which quantifies the amount of information contained in the present state of one glomerulus (target 210 

process) that can be predicted by the past state of another glomerulus (source process), above and 211 

beyond the information that is predicted already by the past states of the target process itself and of all 212 

others glomeruli (Barnett et al., 2009). 213 

To investigate whether inter-glomerular connections are permanently active links within the AL, or if 214 

they are elicited by an olfactory input, we compared causal connectivity maps during and after olfactory 215 

stimulation. Note that with connectivity or edge-centered maps we refer to the calculated GC 216 

correlation matrices after statistical validation (see Materials and Methods). Figure 1B shows the 217 

GC correlation among the analyzed glomeruli during olfactory stimulation (ON, 0-1 s window) and 5 218 

s after stimulus offset (OFF, 6-7 s window). Causal connectivity maps represent the average inter- 219 
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  220 

Figure 1. Node- and edge-centered odorant response maps. (A) Glomerular responses across bees and glomeruli. 221 

The relative fluorescence change across time is color-coded; gray lines represent the unavailability of individual 222 

glomerular data in single bees. Olfactory stimulation is delivered in the 0 to 1 s interval. The y-axis shows the 223 

response profiles of individual bees (n = 15) grouped according to the glomerulus ID number. (B) Mean 224 

connectivity maps across all bees calculated during stimulation (t = 0 to 1 s, top row) and 5 s after odor offset (t 225 

= 6 to 7 s, bottom row). Link thickness and color darkness indicate the probability of link detection across all 226 
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analyzed bees. (C) Mean network density averaged over all bees, odorants, and time for connectivity maps 227 

computed from the unfiltered signal, the fast, and the slow signal components. (D) Network density of the 228 

connectivity maps calculated from the same dataset after shuffling glomeruli across individuals. Abbreviations: 229 

1-hexanol, 1HEX; 3-hexanol, 3HEX; 1-nonanol, 1NON; isoamyl acetate, ISOA; acetophenone, ACPH; 230 

benzaldehyde, BZAD. 231 

glomerular connectivity detected across all measured honey bees, and connections (color and 232 

thickness-coded) are normalized from 0 (no individual shows that connection) to 1 (all animals present 233 

that specific inter-glomerular connection). As shown, edge-centered maps are rich in connectivity both 234 

in the presence and absence of olfactory input. Nevertheless, the network density decreases 235 

significantly after odor offset, suggesting that olfactory stimulation modulates inter-glomerular 236 

connections (Figure 1B and C). 237 

A comparison between node- and edge-centered maps revealed that causal connections are more likely 238 

to link strongly responsive glomeruli. To test whether GC depends on glomerular response patterns 239 

similarity, rather than on information transfer across nodes, we used complementary approaches: 240 

First, we filtered glomerular activity traces in slow and fast components (see Materials and Methods): 241 

the former is dominated by slow stimulus-induced transients, while in the latter these components are 242 

removed so that it consists only of fast oscillations (Supplementary Figure 1). If network states were 243 

dominated by the similarity between glomerular responses, the links between highly responsive 244 

glomeruli should be present also in the slow signal, deprived of fast oscillatory components. However, 245 

GC connectivity analysis of the slow components provided a reduced number of edges, advocating 246 

against an equivalence of node- and edge-centered odor representations (Figure 1C). Conversely, 247 

analyzing only the fast components, the network density remains comparable to the one in the 248 

unfiltered signal, suggesting that fast oscillations have a dominant role in providing inter-glomerular 249 

connectivity information.  250 

Then, we tested whether the identified connections between glomeruli were dependent on response 251 

similarity, thus providing redundant information to the node-centered odorant representation (Figure 252 

1A). Thanks to the highly conserved glomerular response pattern across bees, shuffling glomeruli 253 

among individuals provides artificial AL networks with similar glomerular response profiles. 254 

Interestingly, a GC analysis of the shuffled data generated connectivity maps with a dramatic decrease 255 

in network density across bees and stimuli (Figure 1D), demonstrating that similarity between 256 

glomerular response profiles is not sufficient to produce the observed causal functional connectivity. 257 
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Finally, we investigated connectivity map dynamics by measuring changes in connectivity during and 258 

after odor stimulation. As illustrated in Figure 1C, the average network density remains high also after 259 

odor offset, although revealing a significant decrease 1 s after stimulus termination (Kruskal-Wallis 260 

test, unfiltered signal, trial effect p = 0.002). A similar trend affects the already low network density 261 

calculated from the slow components (p < 0.001), while no change could be detected in the fast 262 

component network density (p = 0.89). 263 

Together this shows that measured causal functional connectivity is not representing response map 264 

similarity and slow transients, but physiological information transfer across glomeruli dominated by 265 

fast oscillatory components.  266 

Causal functional connectivity contains odor information 267 

The decrease in connection density over time supports the assumption that the observed inter-268 

glomerular connections may be stimulus-induced and may provide stimulus-related information. To 269 

assess if information transfer across glomeruli is indeed stimulus-specific, we performed a series of 270 

best-match-to-template tests between GC matrices (see Materials and Methods) to determine whether 271 

a causal connectivity map can predict odor identity within and across individuals. 272 

First, exploiting the fact that each bee was stimulated 30 times with each odorant, we split each 273 

recording into six groups of five trials. Then, we performed the GC analysis on each group of trials, 274 

obtaining six independent connectivity maps for each bee/odorant combination. This allowed assessing 275 

how a GC connectivity map induced by a certain odorant is preserved within the same individual. 276 

Figure 2A shows the results for the best-match-to-template tests performed on connectivity maps 277 

calculated during olfactory stimulation (ON), immediately after (earlyOFF), and 5 s after odor offset 278 

(OFF). During olfactory stimulation, individual responses show a rate of odor recognition, which is 279 

well above chance level. This correct template identification is reduced right after odor offset - but 280 

stays significant for four odorants - and decays to chance level in the OFF window. For comparison, 281 

we assessed the probability of a correct template recognition using the node-centered glomerular 282 

response pattern (Figure 2B). As expected, stimulus responses within individuals are highly 283 

reproducible, resulting in a correct template recognition in the majority of the cases.  284 

Next, we investigated to what extent edge-centered maps are preserved across bees, i.e. if stimulus-285 

related information exchange in the functional connectivity maps is similar at the population level. 286 

Hence, we calculated the individual connectivity map for each bee/odorant combination and tested if 287 

.CC-BY-NC 4.0 International licenseavailable under a 
(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 

The copyright holder for this preprintthis version posted November 18, 2022. ; https://doi.org/10.1101/2022.11.17.516890doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.17.516890
http://creativecommons.org/licenses/by-nc/4.0/


 

 12 

  288 

Figure 2. Best-match-to-template tests for edge-centered connectivity maps (A and C) and for node-centered 289 

glomerular response maps (B and D). (A) Within each bee, 6 connectivity maps were calculated for each odorant, 290 

each based on 5 stimulus repetitions. Each connectivity map (test) was tested against the mean map for each 291 

odor (templates), except the tested one. (B) Within each bee, the glomerular response map for each stimulus 292 

trial (test) was tested against the mean response map across all trials except the tested one for each odorant 293 

(templates). (C) Across bees, the trial-averaged connectivity profile for single odor/bee combinations (test) was 294 

tested against the mean connectivity profile of the individual odorants averaged across all bees except the tested 295 

one (templates). (D) Across bees, the trial-averaged glomerular response map for each odor-bee combination 296 

(test) was tested against the mean response maps of each odorant averaged across all bees except for the tested 297 

one (templates). In all subplots, dots indicate the test-to-template matching probability for each bee (n = 15); 298 

bars indicate the average value across bees. The horizontal dashed line represents the chance level. Significant 299 

differences from a random distribution were determined via a Wilcoxon signed rank test with FDR correction 300 

(* indicates adjusted p-values < 0.05, exact values in Supplementary Table 1). 301 

the connectivity maps of each bee for a test odorant could identify the correct subject-averaged odor 302 

template. Notably, across bees the best-match-to-template shows a higher variability than within 303 

animals, but is still significantly different from random matching for three stimuli (1-hexanol, 1-304 

nonanol, and isoamyl acetate; Figure 2C). Again, we compared this result to the same test performed 305 

with the node-centered maps. Figure 1A suggests that the latter should be rather well-preserved across 306 

animals. Still, a match-to-template assay across individuals revealed that also in this case only three 307 
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out of six odorants provide a response map that allowed identifying the correct template significantly 308 

better than chance (3-hexanol, 1-nonanol, and isoamyl acetate; Figure 2D). 309 

Discussion 310 

Differences in edge- and node-centered network representations 311 

Since the observed connectivity is dominated by functional links among responsive glomeruli which 312 

are similar in all bees, we first verified whether it depends at all on physical links among glomeruli. 313 

By shuffling glomeruli across ALs, we generated a series of artificial 'scrambled' networks, which have 314 

node-centered maps similar to the original ones because of the stereotyped odor tuning of identified 315 

glomeruli across individuals. Granger causality analysis on scrambled AL provided a dramatically low 316 

number of connections, showing that glomerular response profile similarity is not sufficient to 317 

determine a causal functional connectivity link, and that dense connectivity maps could be obtained 318 

only among nodes belonging to the same physical network. In a previous report, Galan et al. showed 319 

that glomeruli displaying a strong odorant-induced response tend to fire more synchronously, possibly 320 

increasing their reciprocal excitatory connections (Galán et al., 2006). In agreement with the current 321 

observations on GC analysis, this advocates for a stimulus-induced functional connectivity and 322 

information transfer across responsive glomeruli. 323 

Moreover, an analysis of the contribution of fast and slow signal components to the connectivity maps 324 

revealed that AL connectivity is dominated by fast oscillatory components, while the slow calcium 325 

transients - typical of slow signal components - have a minor role. Notably, the network density of the 326 

unfiltered signal is higher during olfactory stimulation but remains constitutively elevated also after 327 

stimulus offset. However, the odorant-related information content is confined to the stimulation phase, 328 

suggesting that even if active connections are always present, odorant arrival increases edge density in 329 

a stimulus-specific manner. 330 

Stimulus-dependence of edge- and node-centered network representations 331 

Whether the observed connectivity maps contain stimulus-related information was assessed at the 332 

individual level by testing if the connectivity profiles calculated for the same bee but upon different 333 

olfactory stimulations could identify the correct odor template. Interestingly, repetition of the same 334 

stimulus provided odorant-specific connectivity networks, suggesting that information transfer among 335 

glomeruli - which determines the detected connectivity - carries stimulus-specific information. A 336 
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similar approach was used to assess to what extent stimulus-elicited edge-centered maps are conserved 337 

across individuals. Despite the stereotypical responses of glomeruli across individuals, quantitative 338 

match-to-template tests did not allow for a general error-free odorant prediction for both node- and 339 

edge-centered maps. This is likely limited by the small sub-population of AL glomeruli we were able 340 

to identify with certainty. In fact, in a larger subset of glomeruli, each odorant would likely have some 341 

strongly responding units in its response map, possibly leading to a better match-to-template 342 

probability of the node-centered representation maps. Similarly, a larger subset of glomeruli could 343 

provide more stimulus-specific functional connections, resulting in more odorant-specific edge-344 

centered maps. Moreover, the analysis was performed only on ten T1 glomeruli that could be faithfully 345 

identified across all tested bees, and it is possible that connectivity rules may be different across 346 

glomeruli from different tracts or when calculated on different sizes of glomerular populations. 347 

Altogether, within and across animal comparisons highlighted the presence of stimulus-related 348 

information in the functional connectivity maps, which are dominated by individuality. Nonetheless, 349 

template-identification tests performed across individuals based on node- and edge-centered maps were 350 

comparable. This suggests that connectivity maps are partly shaped by features that are conserved 351 

across individuals, thus allowing the recruitment of a similar set of inter-glomerular connections in 352 

response to the same odorant. 353 

Structure of the AL connectivity network 354 

In a previous study on glomerular correlations, Linster and colleagues combined response amplitudes 355 

of AL input and output neurons and computational modeling to test different glomerular coupling 356 

scenarios. They found that neither a stochastic all-to-all coupling, nor spatially weighted connections 357 

favoring neighboring glomeruli matched the AL input/output data. Best matching to the experimental 358 

data was obtained with a functional model, where coupling was weighted by the similarity of the 359 

glomerular response profiles (Linster et al., 2005). Our measurements on temporal correlations via 360 

Granger causality analysis support these observations, showing that networks are not random, nor 361 

dominated by local connections, but provide stimulus specificity and include significant coupling of 362 

non-neighboring glomeruli. Moreover, the variability of stimulus-specific connectivity maps across 363 

subjects confirms previous physiological studies of local AL connectivity, which revealed that 364 

inhibitory connections varied across individuals, advocating that local connectivity is not pre-365 

determined, but susceptible to interindividual variability that may depend on the difference in 366 

developmental plasticity and/or past experience (Girardin et al., 2012). 367 
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Conclusive remarks 368 

Olfactory input transformation within the AL relies on local connectivity, which plays a fundamental 369 

role in input gain control and contrast enhancement. Previous studies in honey bee and fruit fly revealed 370 

that the inter-glomerular connectivity is patchy (Girardin et al., 2012), and that local inhibitory 371 

connections participate in input signal gain control (Olsen and Wilson, 2008), while a network of lateral 372 

excitatory connections distributes odorant-evoked excitation between glomeruli (Olsen et al., 2007). 373 

Here, we showed that the application of a Granger causality approach to high-temporal resolution 374 

glomerular calcium imaging provides access to information on the functional connectivity among 375 

glomeruli, the network nodes, and allows monitoring how such connectivity changes during and after 376 

an olfactory stimulation. We demonstrated that GC-based connectivity describes physical coupling 377 

between neurons and observed that, although connections can often be found among strongly 378 

responsive glomeruli, response similarity is not sufficient to determine a functional connection between 379 

units. In the future, the use of pharmacology will be crucial in understanding the neurochemical nature 380 

behind such glomerular connectivity, and in particular the role of the local GABAergic interneurons 381 

(Schäfer and Bicker, 1986) in mediating between-nodes information transfer. and particularly the 382 

contribution of excitatory and inhibitory local neurons to the between-nodes information transfer. 383 

Similarly, extending the analysis to larger AL networks will provide further insight into the information 384 

content of edge-centered maps and will allow assessing the degree of information transfer between 385 

glomeruli innervated by different antennal nerve tracts. 386 
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Supplementary Information 481 

Supplementary Table 1. Statistical test on best-match-to-template tests. Wilcoxon signed rank test 482 

parameters: original p-values (black), FDR-adjusted p-values (red), and signed rank value W (blue). 483 

For each odor/bee combination, n = 15. 484 

 Edge- centered Node-centered 

 within across within across 

 ON earlyOFF OFF ON earlyOFF OFF ON ON 

1HEX 

0.0001 

0.0004 

119 

0.013 

0.020 

103 

0.72 

0.72 

52 

0.0016 

0.0010 

110 

0.16 

0.32 

84 

0.078 

0.24 

29 

0.0002 

0.0002 

118 

0.07 

0.11 

92 

3HEX 

0.0016 

0.0032 

99 

0.0022 

0.0044 

98 

0.30 

0.59 

53 

0.45 

0.54 

75 

0.45 

0.54 

75 

0.0065 

0.04 

15 

0.0001 

0.0002 

119 

0.0005 

0.0015 

114 

1NON 

0.0034 

0.0050 

109 

0.0005 

0.0015 

78 

0.54 

0.64 

42 

0.0056 

0.012 

105 

0.07 

0.21 

92 

0.32 

0.38 

42 

0.0001 

0.0002 

105 

0.0001 

0.0007 

119 

ISOA 

0.0001 

0.0004 

120 

0.0004 

0.0015 

103 

0.12 

0.59 

78 

0.0056 

0.012 

105 

0.016 

0.10 

99 

0.45 

0.45 

75 

0.0001 

0.0002 

120 

0.0056 

0.012 

105 

ACPH 

0.018 

0.018 

101 

0.28 

0.33 

71 

0.52 

0.64 

42 

0.32 

0.47 

42 

0.32 

0.47 

42 

0.16 

0.32 

84 

0.0010 

0.0010 

101 

0.16 

0.20 

84 

BZDA 

0.011 

0.013 

92 

0.99 

0.99 

61 

0.22 

0.59 

27 

0.56 

0.56 

55 

0.68 

0.68 

60 

0.32 

0.38 

42 

0.0001 

0.0002 

105 

0.71 

0.71 

54 
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Supplementary Figure 1. Glomerular profiles and connectivity maps computed from the fast (A) and slow (B) 488 

signal components. (A) Glomerular responses across bees and glomeruli. The relative fluorescence change is 489 

color-coded as a function of time, gray lines represent the unavailability of individual glomerular data in single 490 

bees. Olfactory stimulation is delivered in the 0-1s interval. The y-axis shows the response profiles of individual 491 

bees (n = 15) grouped according to glomerulus ID number. Mean connectivity maps across all bees calculated 492 

during stimulation (t = 0 to 1 s, top row) and 5s after odor offset (t=6 to 7s, bottom row). (B) The same data are 493 

presented after filtering original calcium signals to preserve only the slow components. Abbreviations: 1-494 

hexanol, 1HEX; 3-hexanol, 3HEX; 1-nonanol, 1NON; isoamyl acetate, ISOA; acetophenone, ACPH; 495 

benzaldehyde, BZAD. 496 
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