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Introduction  15 

Volatile general anesthetics such as isoflurane abolish behavioral responsiveness in all animals, but 16 

the neural underpinnings of this phenomenon remain unclear (van Swinderen and Kottler, 2014). 17 

Although the cellular and molecular mechanisms through which general anesthetics work have been 18 

quite well characterized (Franks, 2008, Garcia et al., 2010, Brown et al., 2011), it is unclear what 19 

aspect of neural activity is at the core of the profound disconnection from the environment that is 20 

induced by all general anesthetics. To some extent, our understanding of the mechanisms of general 21 

anesthesia has paralleled our understanding of how the brain works, from neurons and action 22 

potentials, to receptors and neurotransmitters, to circuits and modules, and most recently 23 

communication between brain areas. One way to reconcile these varied observations is that general 24 

anesthetics might target multiple processes, from sleep circuits to synaptic release (van Swinderen 25 

and Kottler, 2014). 26 

 27 

General anesthetics have several stereotypic effects on neural activity as measured by the 28 

electroencephalogram (EEG). The best known of which is the increase in delta (0.5-4Hz) power that 29 

is associated with alternation between highly coordinated UP (depolarized) and DOWN 30 

(hyperpolarized) states, which is also observed during non-REM sleep (Lewis et al., 2012, Murphy et 31 

al., 2011). EEG studies using propofol anesthesia also show an increase in coherent frontal 32 

oscillations in the alpha band (8-12Hz), a potential mechanism for impaired cortical communication 33 

(Cimenser et al., 2011, Supp et al., 2011). Studies combining Transcranial Magnetic Stimulation 34 

(TMS) with EEG show that midazolam, propofol and xenon dramatically disrupt cortico-cortical 35 

communication in response to a TMS pulse (Ferrarelli et al., 2010, Sarasso et al., 2015). These are in 36 

agreement with the theoretical suggestion that anesthetics cause the loss of consciousness by 37 

interrupting the global integration of cortical activity (Alkire et al., 2008).  38 

  39 
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The fly model offers a unique opportunity for studying anesthetic action, because it offers the 40 

smallest brain (~100,000 neurons) that is potentially affected in the same way by general anesthetics 41 

as the human brain. Isoflurane anesthesia abolishes behavioral responsiveness in fruit flies (Kottler 42 

et al., 2013), and this is associated with decreased brain activity (van Swinderen, 2006). Genetic 43 

manipulations in Drosophila melanogaster are shedding new light on anesthetic action, suggesting 44 

that general anesthesia might also involve presynaptic mechanisms as well as potentiation of sleep 45 

circuits (Kottler et al., 2013, van Swinderen and Kottler, 2014, Zalucki et al., 2015). However, it is 46 

currently unclear if the effects of general anesthesia on neural processing are conserved across all 47 

brains, regardless of specific neuroanatomy. To investigate this we recorded neural activity from 48 

multiple regions of the fly brain simultaneously during wakefulness and isoflurane anesthesia, while 49 

also measuring brain and behavioral responses to exogenous stimuli. 50 

 51 

We used a recently developed multi-electrode preparation (Paulk et al., 2013) to record evoked 52 

Local Field Potentials (LFP) across the fly brain in response to flickering visual stimuli. The flickering 53 

stimuli produced a periodic response, known as Steady State Visually Evoked Potentials (SSVEPs) 54 

(Norcia et al., 2015) that allowed us to accurately track the responses in the frequency domain 55 

across brain structures, from the optic lobes to the central brain. We hypothesized that isoflurane 56 

would globally reduce the power of the SSVEP throughout the brain, but that impaired signal 57 

transmission would have a greater effect in the central brain compared to the optic lobes. We found 58 

that isoflurane indeed reduced SSVEP power and coherence in central brain areas but surprisingly 59 

responses in the periphery actually increased under isoflurane exposure. We explain these results 60 

using a simple model based on known fly neuroanatomy. We further show that the relationship 61 

between SSVEP power and coherence can be explained by explicitly considering the relationship 62 

between evoked responses and spontaneous brain activity. These results suggest that volatile 63 

anesthetics have distinct local and global level effects in all brains, regardless of their specific 64 

neuroanatomy, but also that local neuroanatomy is key to understanding anesthetic effects. 65 
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Results 66 

Evoked responses vary across the fly brain 67 

We presented flickering visual stimuli to awake and anesthetized flies while recording local field 68 

potentials (LFPs) from different areas of the fly brain (Figure 1a-c). Before characterizing the effects 69 

of anesthesia on the LFPs, we investigated whether different brain areas showed different responses 70 

to the visual flicker in 0% isoflurane (air). We first confirmed that in all our recordings (N=16) we 71 

were able to detect the SSVEPs, whose magnitude depended on brain region and the location of the 72 

visual flicker (Figure 2). When we presented 13Hz flicker ipsilateral (on the same side) to the probe 73 

insertion site (Figure 2a), we saw clear periodic waveforms in the time domain (Figure 2b) as well as 74 

clear peak at 13Hz and its multiples (harmonics) in the frequency domain (Figure 2c), reflecting 75 

robust SSVEPs. Figure 2d summarizes the average SSVEP power at 13Hz (blue) and at its harmonic 76 

(26Hz, red), for each channel. SSVEP power at both 13Hz (f1) and 26Hz (f2) was highest around 77 

channel 3-6, roughly corresponding to the medulla of the optic lobe (cyan structure in Figure 1c), 78 

and lower responses in channel 8-14, corresponding to the higher-order central structures of the fly 79 

brain, as expected and consistent with other SSVEP studies in the fly (Paulk et al., 2015, Paulk et al., 80 

2013).  81 

 82 

We observed clear and spatially specific responses for both frequency tags (13 and 17Hz; main effect 83 

of channel location, χ2=494.0, p<10-16). Classifying flicker configurations as either ipsilateral or 84 

contralateral to the insertion site (Figure 3a), we found much higher SSVEP power for ipsilateral 85 

flicker configurations than contralateral ones (main effect of flicker location: χ2=211.0, p<10-16), 86 

which is in line with the visual information travelling from the optic lobes to the center of the brain 87 

(Figure 3b, N=13 flies, 0% isoflurane). For both ipsilateral and contralateral flickers, the responses 88 

were stronger at the first (f1=13 or 17Hz) than second harmonic (f2=26 or 34Hz; main effect of 89 

harmonic: χ2=718.0, p<10-16; Figure 3b). In particular, SSVEP power for contralateral flickers at f2 was 90 
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weakest and did not show increased responsiveness in peripheral channels (Figure 3b; confirmed as 91 

the significant interaction between flicker location and harmonic: χ2=190.0, p<10-16). 92 

 93 

This observation suggests that the second harmonic, f2, reflects more local processing that is evoked 94 

mostly when the flicker is presented to the ipsilateral side. In contrast, the first harmonic, f1, may 95 

reflect more global processing, showing a large response even when the flicker is presented to the 96 

opposite side of the insertion site.  97 

 98 

Evoked coherence varies across the fly brain 99 

Next, we assessed whether SSVEP coherence showed brain-region specific patterns. Coherence 100 

measures the strength of linear dependency between two variables in the frequency domain 101 

(Bendat and Piersol, 2000) and was used in a similar preparation to investigate closed and open loop 102 

behavior in flies (Paulk et al., 2015). Paulk et al observed increased SSVEP coherence when flies were 103 

engaged in closed-loop behaviour, compared to open-loop, where flies were not in control. Notably, 104 

SSVEP power alone did not distinguish between the two conditions.  105 

 106 

To summarize the coherence data we grouped channels into periphery and center (Figure 3c) and 107 

averaged channel pairs across the periphery, periphery-center and center. Example pairs from each 108 

grouping are shown at the bottom of Figure 3c. 109 

 110 

Overall, SSVEP coherence showed a similar pattern to SSVEP power.  Higher coherence was observed 111 

at f1 (=13 or 17Hz) than f2 (=26 or 34Hz), clearly seen by comparing blue (f1) and red (f2) bars in Figure 112 

3c (main effect of harmonic : χ2=179.0, p<10-16) and at ipsilateral than contralateral flickers, seen as 113 

higher brighter (ipsilateral) than darker (contralateral) bars in Figure 3c (main effect of flicker 114 

location: χ2=29.5, p<10-6). The effect of channel location is also strong with the highest coherence 115 

observed between peripheral pairs, followed by peripheral-central pairs and weakest for central 116 
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pairs (Figure 3c; main effect of channel location: χ2=62.3, p<10-10). Similarly to SSVEP power, there 117 

was an interaction between flicker location and harmonic (χ2=6.2, p<0.02). While contralateral flicker 118 

configurations barely evoked coherent SSVEP activity throughout the brain at f2, they evoked 119 

location dependent coherence at f1.  Ipsilateral flicker configurations, however, evoked similar 120 

location-dependent coherence at both f1 and f2 (Figure 3c).  Taken together, these similar patterns of 121 

results for SSVEP power and SSVEP coherence (Figure 3b and c) suggest their strong relationship. 122 

 123 

The results so far have shown that SSVEP power and coherence have a characteristic spatial 124 

responses profile with higher values in the peripheral optic lobe than in central regions, and that 125 

responses at f2 may reflect more local processing as observed in the limited response to 126 

contralateral flicker configurations (Figure 3b and c). In what follows we investigated how a volatile 127 

general anesthetic, isoflurane, affects these distinct visual responses in the fly brain.  128 

 129 

Isoflurane reduces behavioral responses and attenuates endogenous brain activity 130 

In flies, like other animals, the behavioral effects of general anesthesia are investigated through 131 

behavioral responses to noxious stimuli, such as mechanical vibrations (Kottler et al., 2013). In our 132 

paradigm, we delivered a series of startling air puffs to the tethered fly exposed to different 133 

concentrations of isoflurane (blue rectangles in Figure 4a). To quantify the responses to the air puffs, 134 

we analyzed video recordings of the experiments (see Movement Analysis). Before any anesthesia 135 

(0% isoflurane), flies responded to the air puffs by moving their legs and abdomen, and this was 136 

visible as differences in pixel intensities between consecutive frames of the video recording (Figure 137 

4b, left column). 0.6% isoflurane rendered flies completely inert, as evident from small differences 138 

between consecutive frames (Figure 4b, right column). After the isoflurane concentration was reset 139 

to 0%, flies regained pre-anesthesia responsiveness (Figure 4c): the movement index (MI, see 140 

Movement Analysis) was significantly below 1 at 0.6% isoflurane (p<0.005, paired two-tailed t-test, 141 

dof=12) and not different from 1 at the end of the recovery period (p=0.130). MI was significantly 142 
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lower during 0.6% isoflurane than after the recovery period (p<0.001). This analysis confirms that 143 

isoflurane abolishes behavioural responsiveness in fruit flies, as demonstrated in previous studies 144 

(Kottler et al., 2013, van Swinderen, 2006), and also that flies can recover from isoflurane in this 145 

preparation.  146 

 147 

Previous work has shown that the attenuated motor behavior in fruit flies is accompanied by 148 

attenuated spontaneous brain activity, quantified as a reduction in mean power in the 20-30Hz and 149 

80-90Hz frequency bands (van Swinderen, 2006). We replicated the same effect here using the 150 

multiple electrode preparation, by averaging spontaneous power (= ( )ik

SS f , see Local Field Potential 151 

Analysis for the definition) across each frequency band (f) and across all channels (i) at k=0.6% 152 

isoflurane concentration. Figure 4d shows the group average (N=13) effect of 0.6% isoflurane on 153 

spontaneous power and confirms a significant reduction due to anesthesia in the 20-30Hz and 80-154 

90Hz frequency bands (paired two-tailed t-test, dof=12, p<0.00004 and p<0.001, respectively).  155 

 156 

Previous studies in humans show that general anesthetics have spatially distinct effects on spectral 157 

power and coherence (Cimenser et al., 2011). In these studies, primary sensory areas tend to remain 158 

reliably responsive, but higher-order areas show markedly reduce responsivity (Liu et al., 2012, 159 

Mashour, 2013, Supp et al., 2011). Isoflurane is known to potentiate GABAergic neurons, resulting in 160 

increased inhibition (Alkire et al., 2008, Garcia et al., 2010) and this is consistent with the attenuated 161 

endogenous brain activity observed above and in previous reports (van Swinderen, 2006). Thus, we 162 

hypothesized that isoflurane would generally reduce neural responses, but that this reduction would 163 

be brain region dependent.  164 

 165 

Isoflurane has opposite effects on SSVEP power at f1 and f2  166 

To assess the effects of anesthesia on SSVEP power we presented visual flickers during exposure to 167 

increasing concentration of isoflurane (gray rectangles in Figure 4a). 168 
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  169 

In line with our expectations we observed a concentration-dependent reduction in SSVEP power at 170 

f1. The anesthetic effect was stronger in the central brain than in the periphery (Figure 4e, blue 171 

circles). When presenting a 13Hz flickering stimulus ipsilateral to probe insertion site, we found a 172 

concentration-dependent reduction that was more pronounced in central than peripheral areas 173 

(Figure 4e blue circles versus blue triangles, mean of channels 9-14, N=3).  Surprisingly, responses at 174 

f2 increased under anesthesia, but only in peripheral areas (red triangles versus circles in Figure 4e). 175 

We confirmed a strong effect for isoflurane concentration (main effect of isoflurane (N=3; χ2=631.36, 176 

p< 10-16) as well as an interaction between harmonic and isoflurane (N=3; χ2=434.7, p< 10-16)). 177 

 178 

To better understand the dissociation between the responses at f1 and f2, we collected data from 10 179 

additional flies in which we manipulated isoflurane concentration in a binary manner (0% (air) -> 180 

0.6% -> 0% (recovery)).  We found that isoflurane reduced SSVEP power at f1 (i.e.  E 1ΔS f  < 0) for 181 

both ipsilateral (light blue in Figure 4f) and contralateral flicker configurations (dark blue in Figure 182 

4f). In contrast, isoflurane increased SSVEP power at f2 (i.e.,  E 2ΔS f  > 0) for peripheral areas but 183 

only in response to ipsilateral flicker configurations (light red in Figure 4f). This region- and flicker-184 

specific dissociation was confirmed by a strong interaction between isoflurane and channel location 185 

(χ2=187, p<10-16) and isoflurane and flicker location (χ2=31.26, p<0.01), as well as the triple 186 

interaction between isoflurane, channel location and harmonic (χ2=23.09, p<0.048). 187 

 188 

The reduction in SSVEP power at f1 was observed for both ipsilateral and contralateral conditions 189 

(Figure 4f), suggesting a reduction in global levels of neuronal processing. Further, that this 190 

reduction is more pronounced in the central brain is consistent with isoflurane modulating 191 

sleep/wake pathways in the central brain (Kottler et al., 2013), in addition to possibly also impairing 192 

signal transmission from the periphery to the center. At the same time, the increase in SSVEP power 193 
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at f2 in the periphery was not observed for contralateral flickers, suggesting that this increase may be 194 

attributed to isoflurane acting on some local circuit in the periphery. In the following, we provide a 195 

potential explanation with simple, yet biologically plausible modeling of the SSVEPs.  196 

 197 

A minimal model explains the opposing effects of isoflurane on SSVEP power at f1 and f2 198 

A global reduction in SSVEP power at f1 is in line with the reduced neural responsiveness described 199 

previously (van Swinderen, 2006) and with global impairment of neural communication across the 200 

brain (Alkire et al., 2008). However, the local increase in SSVEP power at f2 in the periphery is not 201 

consistent with these. Here, we propose a minimal model that explains these results in a 202 

quantitative manner.  203 

 204 

First, we considered what processing of the input can result in a response at f2. Linear models of 205 

SSVEPs from human electroencephalograms (EEG) have demonstrated reasonable fit to the 206 

observed data (see for example (Capilla et al., 2011)). However, we can immediately reject purely 207 

linear models because our flickering stimuli consisted of a square wave, whose Fourier 208 

decomposition consists of only odd harmonics (f1, f3, f5,…). A linear transformation of the input signal 209 

cannot result in power at frequencies which are not present at the input in the first place (Norcia et 210 

al., 2015). This suggests that a nonlinear process is involved in the generation of the power at f2. 211 

What physiological feature in the fly periphery could account for this nonlinearity? 212 

 213 

A prominent property in visual processing in animals, including fruit flies, is the segregation of the 214 

input pathway into luminance increment responsive (On) and luminance decrement responsive (Off) 215 

pathways (Joesch et al., 2010). Splitting of processing into these two pathways is captured by a 216 

nonlinearity in the form of half-wave rectification (Regan and Regan, 1988). Half-wave rectification is 217 

also implemented in the fly visual system (Reiff et al., 2010) and represents a biologically plausible 218 

yet simple nonlinearity. 219 
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 220 

Figure 5a and b summarize our model which is based on previous models of nonlinear SSVEP 221 

generation (e.g. (Regan and Regan, 1988)). First, the input is linearly differentiated to extract points 222 

of luminance change before passing through two opposite half-wave rectifiers, corresponding to 223 

segregation into On and Off pathways. The result is two pulse trains with the same period as the 224 

input stimulus and a time delay of half of the stimulus period. The two pulse trains are separately 225 

linearly processed by the On and Off pathways and finally summed to give the recorded response. 226 

We estimated the impulse responses of the On and Off pathways for each channel from the 227 

response to a 20s 1Hz flicker that was obtained before the main 13/17Hz flicker blocks (Figure 228 

5b)(see Modeling the SSVEPs). 229 

 230 

The model predicts that if the Off pathway impulse response is the exact negative of the On pathway 231 

impulse response (gray line in Figure 5c), there will be no power at the second harmonic (gray line in 232 

Figure 5d). The symmetry between the On and Off responses cancels the nonlinearity (see equation 233 

(3.2) in Methods). When the impulse responses for the On and Off pathways are asymmetric, the 234 

half-wave rectification is in effect and a prominent peak at f2 is observed (Figure 5d, black line).  235 

 236 

Our minimal model is effective in explaining the opposing effects of anesthesia at f1 and f2 in the 237 

time (Figure 5e) and frequency (Figure 5f) domain representation of the SSVEP, explaining that 238 

isoflurane anesthesia increases the power at f2 by changing the impulse responses of the On and Off 239 

pathways. We emphasize that the model is completely determined by the response to the 1Hz 240 

stimulus, which is then used to predict responses for the [13 13] and [17 17] flicker configurations. 241 

No parameters are fitted after computing the impulse responses.  242 

 243 

To evaluate the model we computed the correlation coefficient (ρ) and line of best fit between the 244 

model-predicted and observed SSVEP power at f1 and f2 (see Evaluating the SSVEP model). We found 245 
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excellent agreement between the model prediction and the actual data in 0% (air) isoflurane (n=168, 246 

ρ2=0.9, 95% confidence interval for slope is [1.0 1.21]; for intercept [-6.01 -2.43]) and highest 247 

concentration of isoflurane delivered to each fly (n=168, ρ2=0.95, slope=[1.05 1.15], intercept=[-1.70 248 

0.75]). Most importantly, the model accurately predicts the effects of isoflurane on SSVEP power. 249 

Figure 5g shows the observed vs predicted effects of isoflurane on SSVEP power and demonstrates 250 

that the model captures both the increase at f2 (red) and the decrease at f1 (blue) for each of three 251 

flies (marked by cross, asterisk and square). The predicted and observed effects of isoflurane show a 252 

strong linear relationship (dashed black line, ρ2=0.76, dof=167, slope=[0.722 0.94], intercept=[2.50 253 

4.48]) that closely resembles a perfect fit (solid black line).  254 

 255 

Thus, according to our model that assumes a minimal yet biologically plausible nonlinearity, the 256 

unexpected increase in SSVEP power at f2 due to isoflurane anesthesia has a simple explanation; 257 

isoflurane changed the balance of the responses of the On and Off pathways. This explanations is 258 

also consistent with the observation that the increase was not observed for contralateral flickers, 259 

because in this case the On and Off pathways of the opposite (i.e., unrecorded) optic lobe would be 260 

primarily involved. While our model cannot pinpoint the cellular/molecular mechanisms underlying 261 

this change, one potential cause is a wide-spread impairment in synaptic efficacy, independent of 262 

sleep circuits, that here results in affected On and Off responses (van Swinderen and Kottler, 2014, 263 

Zalucki et al., 2015). 264 

 265 

Isoflurane has opposite effects on SSVEP coherence at f1 and f2 266 

We next investigated how isoflurane anesthesia affected the observed SSVEP coherence. Generally, 267 

the effects were closely related to the changes observed for SSVEP power. Following the same 268 

procedure for 0% isoflurane (Figure 3c), we summarized the results by averaging coherence among 269 

pairs of recording site within periphery, between periphery and center and within center (see 270 
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Analyzing SSVEP coherence). As expected, 0.6% isoflurane significantly modulated SSVEP coherence 271 

(main effect of isoflurane, χ2=185, p<10-16).  272 

 273 

The effects of 0.6% isoflurane on SSVEP coherence (ΔCE, N=13 flies) are qualitatively similar to those 274 

on power, in terms of channel pair location, flicker location, and harmonic as shown in Figure 6a. 275 

Isoflurane reduced coherence at f1 but increased coherence at f2 (Figure 6a, red vs blue bars, 276 

interaction between harmonic and isoflurane, χ2=146, p<10-16). The reduction at f1 was greater in the 277 

center (right column) while the increase at f2 was predominantly observed at the periphery (left 278 

column, interaction between isoflurane and channel location, χ2=29.25, p<0.00001). The reduction at 279 

f1 was observed for all flicker configurations (light and dark blue), but the increase at f2 was only 280 

observed for ipsilateral flicker configurations (light red vs dark red, interaction between isoflurane 281 

and flicker location, χ2=12.35, p< 0.009). The triple interaction between isoflurane, harmonic and 282 

channel was not significant (χ2=0.66, p=0.72). The results imply that in our paradigm there is a strong 283 

connection between SSVEP power and SSVEP coherence, which we dissect in the following section 284 

by assuming a linear framework that provides an estimate of coherence based on the Signal to Noise 285 

Ratios. 286 

 287 

A minimal model explains the opposing effects of isoflurane on SSVEP coherence at f1 288 

and f2 289 

The observation that isoflurane affected coherence and power in a similar way suggests that in our 290 

data the two measures are linked. We explain the opposing effects of isoflurane on SSVEP coherence 291 

at f1 and f2 with another simple model. The model assumes that in each pair of channels, one 292 

channel (vi(t) in Figure 6b) receives an input from the initial sensory processing (i.e., On/Off response 293 

box in Figure 6b) and the other (vj(t)) is a linearly filtered version of the first, (represented by the 294 

transfer function H(f)). Finally, independent noise (ni(t), nj(t)) enters at each channel giving the two 295 

output voltages (yi(t) and yj(t)).  This simple framework allows us to apply an analytic derivation of 296 
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coherence based on the Signal to Noise Ratios (SNRs) at each channel (see SNR-based estimation of 297 

coherence and (Bendat and Piersol, 2000)).   298 

 299 

To quantify the SNRs we first estimated the noise level by fitting power-law noise to the power 300 

spectrum at the non-tagged frequencies during visual stimulation for each channel, flicker 301 

configuration and isoflurane concentration (Figure 6d, see SNR-based estimation of coherence). Note 302 

that the SSVEP paradigm allows us to operationally regard power at the tagged frequency (f1 and f2) 303 

as "signal" and power at non-tagged frequencies as "noise" (Norcia et al., 2015).  Dividing the 304 

measured SSVEP power by the estimated noise levels (in the linear scale) provides our estimation of 305 

the SNR (Figure 6c-d, see SNR-based estimation of coherence). The SNR estimates together with 306 

equation (4.1) provide a coherence estimate (Figure 6e). Finally, we separately obtained estimates of 307 

the SSVEP coherence in 0% and 0.6% isoflurane to predict the effects of isoflurane on coherence 308 

( EΔĈ ) (Figure 6f-h). 309 

 310 

The predicted effects of isoflurane on SSVEP coherence is in excellent agreement with the observed 311 

data (Figure 6a for the observed coherence and 6f for the model prediction). The model captures the 312 

general decrease at f1 as well as the increase in periphery coherence at f2 for ipsilateral flicker 313 

configurations.   314 

 315 

In this framework, the effects of isoflurane on noise level as well as SSVEP power both contribute to 316 

the SNR-based prediction of coherence. But what is the relative contribution of non-tagged "noise" 317 

and tagged "signal” to our successful prediction of SSVEP coherence? To isolate the relative 318 

contribution, we re-calculated the SNR by fixing either noise or signal to 0% isoflurane levels, which 319 

we call SNRFN  and SNRFE (see Separating the contribution of “noise” and “signal” to the SNR-based 320 

estimation of coherence). The results (Figure 6g and h), clearly show that the contribution of the 321 

signal (or evoked response) is much more important for the model prediction.   322 
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 323 

We formally confirmed the above observation by computing the Mean Squared Error between each 324 

SNR-based prediction (
EĈ , 

FNĈ  and 
FEĈ ) and the observed data ( EC ) across all channel 325 

pairs and flicker configurations (Figure 6i, see Separating the contribution of “noise” and “signal” to 326 

the SNR-based estimation of coherence). Disregarding the effect of isoflurane on power (
FEĈ ) 327 

resulted in considerably worse predictions than
EĈ  (p<0.0001, dof=12) and FN  Ĉ (p<0.0001, dof = 328 

12). However, disregarding the effects of isoflurane on noise only resulted in slightly (but 329 

significantly) worse predictions ( EĈ vs FN  Ĉ , p<0.040, dof = 12). This means that the observed 330 

effects of isoflurane on SSVEP coherence, that is global decrease of coherence at f1 and local 331 

(peripheral) increase of coherence at f2, is largely attributed to the effect of isoflurane on SSVEP 332 

power at the stimulus’ tagging frequency, rather than general effects on non-tagged frequencies.  333 

 334 

 335 

Discussion  336 

In this paper, we showed that isoflurane has distinct local and global effects on the fruit fly brain. 337 

This was made possible by our approach that combines pharmacological manipulation of the states 338 

of the brain through anesthetics, perturbation of the neural circuits through periodic visual stimuli, 339 

analysis of behaviour and neural data and modeling. Together these components synergistically 340 

provide a fuller picture of the effects of isoflurane anesthesia on visual processing, which may 341 

generalize to the brains of animals other than flies.  342 

 343 

As to the mechanisms of anesthesia, recent studies suggest that reduced cortical communication is 344 

at the core of the anesthetic-induced loss of consciousness (Alkire et al., 2008, Mashour, 2013). In 345 

particular, increased synchronous activity induced by anesthesia has been suggested to adversely 346 

interfere with the communication between brain areas (Sarasso et al., 2014, Supp et al., 2011, Lewis 347 
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et al., 2012), which may explain the failure of the propagation of evoked responses from primary to 348 

higher order areas (Liu et al., 2012, Mashour, 2013, Supp et al., 2011). The volatile general 349 

anesthetic isoflurane also abolishes behavioural responses in fruit flies at similar concentrations as 350 

required for human anesthesia ((Kottler et al., 2013, van Swinderen, 2006) and here), suggesting 351 

that the neural mechanisms through which this anesthetic works may be conserved in most animals. 352 

Here we questioned whether isoflurane has distinct effects on local and global processing in the fruit 353 

fly brain, and thereby investigate whether an entirely different brain neuroanatomy might reflect 354 

similar fundamental effects on neural processing under general anesthesia.  355 

 356 

Using a multi-electrode preparation allowed us to record from different brain areas simultaneously, 357 

and to assess brain region dependent effects. By presenting flickering visual stimuli we could isolate 358 

the neural response in the frequency domain. The frequency decomposition revealed specific effects 359 

of anesthesia on the first harmonic (f1, 13 or 17Hz) and second harmonic (f2, 26 or 34 Hz), which 360 

reflected global and local visual processing. Our results show that the reduction in behavioural 361 

responses is accompanied by attenuated spontaneous brain activity, and this was also true for the 362 

SSVEPs in the central brain, which were reduced for all stimulus configurations, indicating an effect 363 

on global neuronal processing at f1. In contrast, and to our surprise, local responses at f2 in 364 

peripheral areas increased, but only for ipsilateral flicker configurations. Modeling the SSVEPs was 365 

crucial to understanding this unexpected effect, explaining that the f2 power increase in the 366 

periphery can most likely be attributed to isoflurane-induced changes of the On and Off response 367 

pathways in the optic lobes. It is important to note that the brain region dependent effects we have 368 

found do not fit with a more simple suppression of neural activity, as this would have resulted in a 369 

global and uniform reduction of power. We further showed that the analogous effects of isoflurane 370 

on coherence can be explained by explicitly considering how isoflurane affects the tagged brain 371 

activity (both f1 and f2). Overall, the reduction in SSVEP power and coherence in the central brain fits 372 
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with the view that general anesthetics target inter-area neural communication, impairing the 373 

transmission of the visually evoked responses from the optic lobes to central brain structures.  374 

 375 

Evoked and spontaneous activity  376 

The characterization of evoked responses, as opposed to spontaneous activity, through the delivery 377 

of a controlled input can reveal additional information about the dynamics of the system. In our 378 

experiment, the SSVEPs increased in peripheral areas at f2 for specific flicker configurations, 379 

revealing a clear difference between the effects of isoflurane on the periphery and center of the fly 380 

brain. The use of evoked activity in studying general anesthesia may be particularly important 381 

because it allows tracking a stimulus-related neural processes across the brain, potentially making it 382 

easier to identify impaired inter-area communication. In SSVEP paradigms, the signal is operationally 383 

defined as activity at the tag and its harmonics and this assumption makes it straightforward to 384 

define an SNR. This is more difficult with spontaneous activity where “signal” and “noise” cannot be 385 

easily separated. Our operational definition of “signal” and “noise” following the tradition of SSVEP 386 

studies (Norcia et al., 2015) allowed us to explicitly consider how SSVEP at the tag frequency 387 

combine with non-tagged activity (through the quantification of the SNR) to influence coherence. In 388 

our data, the effects of isoflurane on SSVEP coherence could be largely attributed to the effects of 389 

isoflurane on SSVEP power, as opposed to effects on surrounding, non-stimulus related activity 390 

(Figure 6 f-i). 391 

Focusing on neural activity at predefined frequencies, however, is also a limitation of SSVEP 392 

paradigms as this only probes the system’s behaviour in a narrow range: the tag and its harmonics. 393 

This is particularly important in the context of nonlinear systems whose frequency response can be 394 

highly input dependent. We expect that both our modeling of the SSVEPs and the SNR based 395 

estimation of coherence will need to be expanded when the system is evaluated over a broader 396 

dynamic range.  397 

 398 
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Neural substrate of the SSVEPs  399 

Our modeling of the SSVEPs concisely yet plausibly accounts for the unexpected increase in power at 400 

f2 observed in the periphery. Given the vast literature on elementary motion detection circuitry in 401 

flies (Borst and Euler, 2011, Egelhaaf and Borst, 1989, Reisenman et al., 2003), it may be possible to 402 

provide more comprehensive modeling. However, for the purpose of explaining the unexpected 403 

effects of anesthesia, our minimal modeling was sufficient and provided a physiologically plausible 404 

explanation; isoflurane most likely affected the responses of local On and Off pathways which, 405 

combined with the presentation of a periodic stimuli, resulted in increased power at f2.  406 

 407 

Even for our simple model it is not straightforward to assign a fine neural substrate to the SSVEP 408 

because there are many connections between the fly optic lobes, such that stimulation in one lobe 409 

causes activation in the other (Haag and Borst, 2008). While our recordings (and (Paulk et al., 2015)) 410 

clearly show that SSVEP power is much smaller when the flicker is presented to the opposite eye, the 411 

broad-field flicker prevents us from precisely disentangling the relative contribution of each optic 412 

lobe to the LFP. Another factor is the aggregate nature of the LFP; while the first On and Off 413 

responsive cells may be observed as early as the lamina (Reiff et al., 2010), we cannot tell how much 414 

these cells contribute to the LFP, compared to other downstream neurons. Future studies separating 415 

the contributions of the On or Off pathways to the LFP via genetic manipulations and the use of 416 

stimuli that target each pathway separately will help clarify neural substrate of the SSVEP. 417 

 418 

Slow wave and inter-area neural communication  419 

Sleep and general anesthesia are defined by similar criteria and there is evidence for some shared 420 

mechanisms (Franks, 2008). The involvement of sleep mechanisms in the impairment of cortical 421 

communication observed in general anesthesia (Ferrarelli et al., 2010, Sarasso et al., 2015) is not 422 

established, but one possibility is that the stereotypical DOWN states that manifest as the EEG slow 423 

.CC-BY-NC 4.0 International licenseavailable under a
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 preprint (which wasthis version posted April 20, 2016. ; https://doi.org/10.1101/049460doi: bioRxiv preprint 

https://doi.org/10.1101/049460
http://creativecommons.org/licenses/by-nc/4.0/


18 
 

wave and observed in both general anesthesia and non-REM sleep may prevent long-range 424 

coordinated activation (Sarasso et al., 2014).  425 

 426 

Recent findings extend the proposed relationship between sleep and anesthesia to fruit flies where 427 

genetic manipulations of sleep circuits can confer both resistance and hypersensitivity to isoflurane 428 

(Kottler et al., 2013). However, to date, no evidence or analogue to the slow wave has been 429 

observed in sleep or anesthesia in flies (Kirszenblat and van Swinderen, 2015, van Swinderen, 2006), 430 

and we found no evidence of it here. Thus, anesthetics may target sleep circuits in all brains but only 431 

produce a slow wave in some. Instead, the mechanism for the reduced responsiveness in the central 432 

brain that we observed under isoflurane may be a combination of potentiated sleep circuits and 433 

compromised synaptic efficacy, which has been demonstrated in flies (Zalucki et al., 2015, van 434 

Swinderen and Kottler, 2014). While sleep circuits seem unlikely to modulate the responses of the 435 

peripheral On and Off pathways, the globally compromised synaptic efficacy could cause an 436 

imbalance in the responses of the On and Off pathways resulting in the unexpected increase in 437 

power at f2. 438 

 439 

Outlook  440 

Bottom-up approaches that focus on molecular mechanisms have considerably improved our 441 

understanding of anesthetic drugs, and have identified a promising set of potential target sites 442 

(Brown et al., 2011, Franks, 2008, Garcia et al., 2010). On the other hand, it remains unclear how 443 

effects at the molecular level affect large-scale neuronal circuits. Instead, top-down approaches that 444 

focus on global effects are providing evidence that general anesthetics share a common endpoint in 445 

the reduction of inter-area communication (Lee et al., 2013, Mashour, 2014, Sarasso et al., 2015). 446 

Using the metrics developed for characterizing these global effects (Casali et al., 2013, Lee et al., 447 

2015) in conjunction with the genetic manipulations available in Drosophila is a promising direction. 448 

Studies that manipulate the state of the brain and external perturbations can be combined with 449 
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signal processing techniques and modeling to help us understand how anesthetic effects at the 450 

molecular level change the global state of the brain.  451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 

Methods 468 

Animals 469 

Female laboratory-reared Drosophila melanogaster (Canton S wild type) flies (3-7 days past eclosion) 470 

were collected under cold anesthesia and positioned for tethering. Following a procedure previously 471 

described for this preparation (Paulk et al., 2013), flies were dorsally glued to a tungsten rod using 472 

dental cement (Synergy D6 FLOW A3.5/B3, Coltene Whaledent, Altstätten , Switzerland) which was 473 

cured with blue light. Dental cement was applied to the neck to stabilize the head. Flies’ wings were 474 

glued to the tungsten rod to prevent wingbeats or attempted flight during recording. Tethered flies 475 
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were positioned above a 45.5mg air-supported Styrofoam ball (Figure 1a,b), similar to that described 476 

in (Paulk et al., 2013).  477 

 478 

Electrode probe insertion 479 

Probe insertion was similar to the procedure outlined in (Paulk et al., 2013). Briefly, linear silicon 480 

probes with 16 electrodes (Neuronexus Technologies, Ann Arbor, Michigan) were inserted laterally 481 

to the flies’ eye and perpendicularly to the eye’s curvature. Insertion was performed with the aid of 482 

a micromanipulator (Merzhauser, Wetzlar, Germany), with the electrode recording sites facing 483 

posteriorly. For the majority of experiments (14 flies) probes with electrode-site separation of 25μm 484 

(3mm-25-177) and 375μm from base to tip (Figure 1c) were used. This probe covers approximately 485 

half of the brain and is referred to as the ‘half’ brain probe henceforth. In two additional flies, probe 486 

3mm-50-177, with electrode-site separation of 50μm and measuring 703μm from base to tip was 487 

used. This probe covers approximately the whole brain and is referred to as the ‘whole’ brain 488 

probe.  Probe tip width (33μm), base width (123μm), thickness (15μm) and electrode site area 489 

(177um2) are identical for both probes. 490 

 491 

A sharpened fine tungsten wire (0.01 inch diameter, A-M Systems, Carlsborg, Washington) acted as 492 

the reference electrode and was placed superficially in the thorax (Paulk et al., 2013). Recordings 493 

were made using a Tucker-Davis Technologies multichannel data acquisition system with a sampling 494 

rate of 25kHz (Tucker-Davis Technologies, US). 495 

 496 

The probes were fully inserted until all electrode sites were recording neural activity, confirmed by 497 

the presentation of visually flickering stimuli (1Hz and 13Hz, see Visual Stimuli) and observing SSVEPs 498 

at the most peripheral electrode site (furthest from the probe tip). The probe was then gently 499 

retracted until the most peripheral site showed little to no neural activity. We assumed that this 500 
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indicated that the most peripheral site was placed just outside the eye. This ensured consistent 501 

probe insertion depth among flies.  502 

 503 

Visual stimuli  504 

Flickering blue lights (spectral peak at 470nm with 30nm half-peak width) were presented through 505 

two LED panels (Figure 1a). The panels were flickered on and off (square wave, 50% duty cycle) at 506 

approximately 13.4Hz (hereafter 13Hz) or 16.6Hz (hereafter 17Hz), and either to the left or to the 507 

right of the fly. There were thus 8 possible flicker configurations. These are [off 13], [off 17],  [13 off], 508 

[17 off], [13 13], [13 17], [17 13] and [17 17], where the number represents the flicker frequency and 509 

the location represents the left or right LED panel. An ‘off’ signifies that we turned off the blue LED 510 

lights in the respective panel. Visual flickers were presented in sets of 80 trials, consisting of 10 511 

presentation of each flicker configuration. A trial lasted 2.3s and the inter-trial interval was 0.8s, 512 

taking 248s to complete the 80 trials. The flicker configuration order was randomly generated with 513 

the added restriction that consecutive trials consisted of different flicker configurations. Panel 514 

voltage levels were recorded at 25 kHz in the same recording system as the electrophysiological 515 

signals. The LED lights were turned off except during the period of visual stimulation (Figure 4a).  516 

 517 

In three of the flies (2 with the whole- and 1 with the half- brain probe, all with the graded 518 

anesthesia manipulation, see Isoflurane delivery), we also included an additional flicker configuration 519 

of [1 1] (1Hz flicker in both panels). This stimulus was presented once for 20s before the start of the 520 

80 trials described above. These three flies are used for evaluating the modelled SSVEPs (see 521 

Modeling the SSVEPs) 522 

 523 

Grouping flicker configurations as ipsilateral or contralateral  524 

The 8 flicker configurations were chosen to isolate the effects of flicker frequency (13 vs 17Hz), 525 

flicker interaction (e.g. [13 off] vs [13 17]) and flicker location (e.g. [13 off] vs [off 13]). However, we 526 
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found that grouping trials as either ipsi- or contralateral simplified the results and sufficient for all 527 

our claims (see Results). Under this classification scheme, trials in which a single flicker was 528 

presented at the left panel were labelled ipsilateral ([13 off] and [17 off] in Figure 3a row 1). Trials in 529 

which a single flicker was presented at the right panel were labelled contralateral ([off 13] and [off 530 

17] in Figure 3a row 2). Because the ipsilateral flicker dominated the response, we classified trials in 531 

which the same flicker was presented in both panels as ipsilateral (Figure 3a row 3) and trials in 532 

which different flickers were presented in both panels as ipsilateral at the frequency of the 533 

ipsilateral panel and contralateral at the frequency of the contralateral panel (Figure 3a row 4).  534 

 535 

Isoflurane delivery 536 

Isoflurane was delivered onto the fly through a rubber hose connected to an evaporator (Mediquip, 537 

Brisbane, Australia) (Figure 1a,b). The isoflurane was blown onto the fly at a constant flow of 2l/min 538 

and continuously vacuumed from the opposite side of the fly. Following the gas chromatography 539 

procedure described in (Kottler et al., 2013) for measuring isoflurane concentration, we found that 540 

the actual concentration near the fly body was 0.3% (vol.) when the concentration at the evaporator 541 

was set to 1%. Throughout the paper, we report isoflurane concentration as the linearly estimated 542 

concentration at the fly body, not at the evaporator.  543 

 544 

Isoflurane concentrations were manipulated in either a graded or a binary manner over the blocks. 545 

In the graded manipulation (N=3 with the half-brain probe and N=2 with the whole-brain probe), 546 

concentrations were incrementally and sequentially increased over 5 levels and then reduced to 0%; 547 

0% (air)→ 0.06%→ 0.18%→ 0.3%→0.45%→0.6%→0%(recovery).  In the binary manipulation (N=10 548 

with the half-brain probe), isoflurane concentration was manipulated over 3 blocks; 0% (air) 549 

→0.6%→ 0% (recovery). Throughout the paper, we distinguish two periods of 0% isoflurane as 0% 550 

(air) and 0% (recovery), before and after drug exposure respectively. In one fly in which we used the 551 
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half brain probe we administered the graded manipulation up to 0.45%. In a subset of the flies (N=8 552 

out of 14 with the half-brain probe) an additional recovery block, 0% (recovery 2), was performed. 553 

 554 

Air puff stimuli and behavioural responsiveness 555 

An olfactory stimulus controller (custom built, (Paulk et al., 2013)) was used to deliver six air puffs to 556 

gauge the flies’ behavioral responsiveness in each concentration of isoflurane. The inter-air puff 557 

duration was approximately 1.5s. Air puffs were delivered before and after the presentation of visual 558 

stimuli (Figure 4a). Fly movement activity was recorded with 602f-2 Basler firewire camera (Basler, 559 

Ahrensburg, Germany) and a 1-6010 Navitar 12x Zoom lens (Navitar, Rochester, New York) at 30 560 

frames per second, time-locked to the onset of the air puff. We used the video data to assess the 561 

flies’ behavioral responsiveness under anesthesia (see Movement analysis). 562 

 563 

Experimental protocol 564 

After inserting a probe and confirming flies’ visible responses to an air puff, we initiated our 565 

experimental protocol.  An experiment consisted of several blocks, each at a different concentration 566 

of isoflurane (Figure 4a). Each block started with the delivery of a series of air puffs, used to gauge 567 

the fly’s responses and establish the depth of anesthesia (see Movement Analysis). 30s after the 568 

startle stimulus, 80 trials of visual flickers were presented (see Visual Stimuli). After the completion 569 

of 80 trials, the flies were left for an additional 30s, and then a second episode of air puffs was 570 

delivered. After the last air puff was delivered the isoflurane concentration was immediately 571 

changed. Flies were left for 180s to adjust to the new isoflurane concentration before the next block 572 

commenced.  573 

 574 
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Movement analysis  575 

To confirm the depth of anesthesia, flies’ movements were analyzed in response to the air puffs. The 576 

recorded movies were analyzed to extract the amount of overall movement using custom software 577 

written in MATLAB (MathWorks, Natick, Massachusetts). First, movies were down-sampled to 5 578 

frames per second and converted to grayscale. Second, individual images were annotated with the 579 

corresponding isoflurane concentration (k=[0 (air), 0.06, 0.18, 0.3, 0.45, 0.6, 0 (recovery), 0 (recovery 580 

2)]%) and saved. Third, images were cropped to only include the fly’s body, tailored for each fly. 581 

Fourth, the Mean Square Error (MSE) between consecutive images across all pixels was calculated, 582 

giving one MSE value for each pair of consecutive frames at each isoflurane concentration k%;  583 

 
2

1

1
( ) ( ( , ) ( , ))k k k

MSE i i

x y

M i image x y image x y
N

     584 

where N is the total number of pixels in each image, ( , )k

iimage x y and 1( , )k

iimage x y
 represent the 585 

grayscale value of pixel (x,y) in frame i and i+1, respectively, and the sum is taken over all pixels in 586 

the image. Finally, the resulting values were averaged over the two episodes of 6 air puffs in each 587 

block with isoflurane concentration k (~90 frames in total, Figure 4a) to obtain
k

MSEM . For 588 

comparison across flies, we further normalized the values for each fly by dividing the value in k% 589 

isoflurane (=
k

MSEM ) by the value in 0% isoflurane (=
0

MSEM ). We refer to the resulting quantity as 590 

the Movement Index (MIk).  MI values above and below 1.0 indicate increased and decreased 591 

movement compared to 0% isoflurane respectively. When computing MI for the recovery period we 592 

used the images from the last experimental block of each fly which was the 0% (recovery) for 8 flies 593 

and 0% (recovery 2) for 5 flies. 594 

 595 

Local Field Potential analysis  596 

Electrophysiological data was recorded at 25 kHz and down-sampled to 1000 Hz for all subsequent 597 

analyses (Paulk et al., 2013). The most peripheral electrode site was removed from the analysis as it 598 
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was outside the brain (see Electrode Probe Insertion). The remaining 15 electrodes sites were bipolar 599 

re-referenced by subtracting neighboring electrodes to obtain a set of 14 differential signals, which 600 

we refer to as channels hereafter (Figure 1c).  601 

 602 

For SSVEP analysis we segmented the data in 2.3s epochs according to flicker configuration and 603 

isoflurane concentration. We removed line noise at 50Hz using the rmlinesmovingwinc.m function 604 

from the Chronux toolbox (http://chronux.org/, (Mitra and Bokil, 2007)) with 3 tapers, a window size 605 

of 0.7s and a step size of 0.35s.  606 

 607 

Analyzing power 608 

For each fly, we denote the power of the LFP during visual stimulation at frequency f, in channel i (1-609 

14), flicker configuration l (1-8) and isoflurane concentration k% ([0 (air), 0.06, 0.18, 0.3, 0.45, 0.6, 0 610 

(recovery)]) as ( )ilk

ES f  with subscript E meaning evoked. ( )ilk

ES f
 
is in units of 10log10(μV2), 611 

averaged (in the log scale) over the 10 repetitions of the flicker configuration (see Visual stimuli, 612 

Figure 4a). ( )ilk

ES f was calculated over the 2.3s trial period using the multi-taper method 613 

(mtspectrumc.m, http://chronux.org/, (Mitra and Bokil, 2007)) with three tapers, giving a half 614 

bandwidth of ~0.87Hz (Mitra and Pesaran, 1999), which is sufficiently fine for our claims in this 615 

paper.  We denote spontaneous power at frequency f in channel i and isoflurane k% as ( )ik

SS f  with 616 

subscript S meaning spontaneous. ( )ik

SS f  is the power averaged across four 2.3s long segments 617 

before the start of visual flicker presentation in units of 10log10(μV2) (Figure 4a). 618 

  619 

When presenting results for k=0% (air), we corrected for baseline levels by subtracting the 620 

spontaneous power from SSVEP power 621 

 
0 0( ) ( ) ( )il il i

EB E SS f S f S f    (1.1) 622 
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(subscript B for baseline correction). ( )il

EBS f   is reported in units of dB, emphasizing that the 623 

subtraction is performed after conversion to the log scale. 624 

 625 

We use the symbols f1 and f2 to refer to the tag or twice the tag frequency respectively. The 626 

frequencies corresponding to f1 and f2 are flicker configuration dependent (e.g., when the flicker 627 

configuration was [13 13], f1=13Hz and f2=26Hz). We refer to power at frequency fn as the average 628 

power from -0.5 to +0.5 around the frequency of interest 629 

 
0.5

0.5

1
( ) ( )

n

n

filk ilk

E n Ef
S f S f

N




    (1.2) 630 

where N=4 is the number of frequency bins over which the sum is evaluated.  The baseline corrected 631 

SSVEP power ( )il

EB nS f  was obtained by substitution of ( )il

EBS f  for ( )ilk

ES f  in equation (1.2).  632 

 633 

When reporting SSVEP power for ipsilateral and contralateral flicker configurations, we separately 634 

averaged over the flicker configurations for each grouping and the corresponding tags (see Grouping 635 

flicker configurations as ipsilateral or contralateral, Figure 3a). For example, 1( )ik Ipsi

ES f refers to the 636 

average power at f1 across the 6 flicker configurations where the flicker was presented ipsilateral to 637 

probe insertion site (13 Hz for [13 off], [13 13] and [13 17] and 17Hz for [17 off], [17 17] and [17 13]).  638 

The baseline corrected SSVEP power ( )ik Ipsi

EB nS f   was obtained by substituting ( )il

EBS f  for ( )ilk

ES f639 

and repeating the derivation.  640 

 641 

The effect of k% isoflurane on SSVEP power is denoted by the symbol Δ and obtained by subtracting 642 

respective values in 0% (air) isoflurane 643 

 

0

0

( ) ( ) ( )

( ) ( ) ( )

ilk ilk il

E E E

ik ik i

S S S

S f S f S f

S f S f S f

  

  
  (1.3) 644 

When reporting the effect on power at the tagged frequency (f=f1 or f2) we averaged the power 645 

around the tagged frequency as in equation (1.2). To obtain the average for ipsilateral/contralateral 646 
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flicker configurations ( /

1/2( )ik Ipsi Contra

ES f ), we repeated the derivation above with 1/2( )ilk

ES f647 

substituted for 1/2( )ilk

ES f .  648 

 649 

Analyzing coherence 650 

We analyzed coherence between channel pairs using the function coherencyc.m in the Chronux 651 

toolbox (Mitra and Bokil, 2007) with five tapers, giving a half bandwidth of 1.40Hz (Mitra and 652 

Pesaran, 1999), which is sufficient for our claims. Our notation and terminology for coherence 653 

parallel those used for reporting power, as described below. 654 

 655 

SSVEP coherence for channel pair (i,j), flicker configuration l and isoflurane concentration k%, 656 

( )ijlk

EC f  is calculated for the SSVEPs over the 2.3s trials and averaged over the 10 repetitions of the 657 

flicker configuration. As spontaneous coherence ( )ijlk

SC f we report coherence averaged across four 658 

2.3s long segments before the start of visual flicker presentation (Figure 4a).  659 

 660 

Baseline corrected SSVEP coherence is used when presenting results in 0% (air) isoflurane and 661 

defined as 662 

 
0 0( ) ( ) ( )ijl ijl ij

EB E SC f C f C f    (2.1) 663 

As for power, we refer to coherence at frequency fn ( ( ), ( )ijl ijl

EB n E nC f C f ) as the average coherence 664 

from -0.5 to +0.5 around the tagged frequency.  665 

 666 

We calculated SSVEP and spontaneous coherence between all channel pairs, resulting in 91 667 

(14*13/2) unique values at every frequency. To summarize these data in a concise way, we grouped 668 

channel pairs into periphery (channels 1-6) and center (channels 9-14) (Figure1b). We report 669 

periphery (P), center-periphery (CP), and center (C) coherence as averaged across all pairs of the 670 

electrodes within periphery, between center and periphery, and within center respectively;  671 
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   

   

   

6 5
Plk ijlk

E E

1 1

6 14
CPlk ijlk

E E

1 9

14 13
Clk ijlk

E E

1 9

1
C C  

15

1
C C

36

1
C C

15

n n

j i i

n n

j i

n n

j i i

f f

f f

f f

  

 

  













  (2.2) 672 

where the superscripts P, C and CP replace the channel pair superscript. The upper and lower limits 673 

of the sums reflect the grouping into peripheral (1-6) and center (9-14) channels and take into 674 

account that coherence is invariant with respect to channel order(Cij=Cji), while excluding coherence 675 

between a channel and itself (Cii=1). Our results were not sensitive to the exact grouping, such that 676 

other schemes, for example periphery = channels 2-5, center = channels 10-13, gave similar results. 677 

We obtained the analogous quantities for baseline corrected SSVEP coherence at fn, ( )Pl

EB nC f , 678 

( )CPl

EB nC f  and ( )Cl

EB nC f   by substitution of ( )ijl

EB nC f  for ( )ijlk

E nC f in equations (2.2). 679 

 680 

Paralleling the power analysis, we report SSVEP coherence for ipsilateral and contralateral 681 

configurations at f1 and f2 (e.g.  Plk Ipsi

E 1C f  refers to the average coherence at f1 across 6 flicker 682 

conditions where the flicker was presented ipsilateral to probe insertion site, Figure 3a).  The 683 

baseline corrected SSVEP coherence (e.g.  Plk Ipsi

EB 1C f ) and the effect of k% isoflurane (e.g.684 

 Plk Ipsi

E 1C f ) were defined similarly to the analogous quantities for power (e.g.  ilk Ipsi

EB 1S f and 685 

 ik I i

E 1

psS f ). 686 

 687 

Modeling the SSVEPs  688 

We modelled the SSVEPs as the sum of two separate linear responses corresponding to the On and 689 

Off pathways (Figure 5a). The input (depicted as a square wave) is differentiated to extract points of 690 

luminance increments and decrements before splitting into two streams corresponding to the On 691 
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and Off pathways. The responses of the On and Off pathways are summed to give the modelled 692 

SSVEP. Mathematically, the model’s output is given by 693 

    on on off offv t h u h u      (3.1) 694 

where  v t is the output voltage, onh and offh are the impulse responses of the On and Off pathways 695 

respectively and  denotes convolution in the time domain. uon and uoff  are the half-wave rectified 696 

inputs to the On and Off pathways such that uon(t)=1 and uoff(t)=1 signify an increase and decrease in 697 

luminance at time t respectively. Note that beyond the rectification nonlinearity the model is a linear 698 

multiple input/single output model (Bendat and Piersol, 2000). Our model assumes that the effect of 699 

isoflurane on the SSVEPs can be explained by changes to the impulse responses onh and offh alone. 700 

 701 

We note that the nonlinearity is cancelled if the impulse response of the On pathway is identical and 702 

opposite to the impulse response of the Off pathway (Regan and Regan, 1988). Subbing on offh h   703 

into equation (3.1) and using      on offu t u t u t  , we obtain 704 

       onv t h u t     (3.2) 705 

Because  u t  is simply the (linearly) differentiated input (      1u t u t u t    ), equation (3.2) 706 

shows that the model reduces to a single linear operation of the (linearly differentiated) input when707 

on offh h  . 708 

 709 

The model’s frequency response is given by 710 

            on on off offV f H f U f H f U f     711 

where the convolution in equation (3.1) is replaced by multiplication and capital letters represent 712 

the Fourier transforms of their respective variables. The power spectrum of the model’s response is 713 

given by 714 
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                 * * * *
2on on off off on offV f V f V f V f V f V f Re V f V f     (3.3) 715 

where we used         on on onV f H f U f  and         off off offV f H f U f  for the responses of 716 

the On and Off pathways to their respective inputs. * represents conjugation and Re() denotes 717 

taking the real part. 718 

 719 

We note two things about equation (3.3). Firstly, the response at frequency f is only a function of the 720 

responses of the On and Off pathways at frequency f; there is no contribution from other 721 

frequencies. In the context of our experiments, this means that the model’s prediction of SSVEP 722 

power at f1 and f2 depends only on the stimulus, and the properties of the transfer functions 723 

(  /on offH f ) at f1 and f2. 724 

 725 

Secondly, the model’s prediction for SSVEP power depends on the SSVEP power of the On 726 

(    
*
)on onV f V f  and Off pathways (    

*
)off offV f V f , but also on the cross spectrum between 727 

the responses (     *
2 on offRe V f V f ).  728 

 729 

The On and Off impulse responses at each channel i and isoflurane concentration k /  ik

on offh were 730 

estimated by averaging the LFP over 20 on-off cycles of the [1 1] flicker configuration, which we 731 

presented to three flies (see Visual stimuli)(Figure 5b). Because the input is a square wave, the half-732 

wave rectification effectively transforms the input into two pulse-trains (Figure 5a). We then used 733 

the estimated impulse responses at each channel and isoflurane concentration together with 734 

equation (3.1) to predict SSVEPs for the [13 13] and [17 17] flicker configurations by setting the input 735 

to a 50% duty-cycle square wave with periods (1/13Hz) and (1/17Hz) respectively. By computing the 736 

Fourier transform of the modelled SSVEPs at each channel i, the two flicker configurations l ([13 13] 737 

and [17 17]) and isoflurane concentration k, we obtained the model’s prediction for SSVEP power 738 
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 ilk

EŜ f . The model’s prediction for the effect of k% isoflurane  ilk

EΔŜ f is obtained by substituting 739 

 ilk

EŜ f  for the measured SSVEP power (  ilk

ES f ) in equation (1.3). The quantities  ilk

E
ˆΔS nf  and 740 

 ilk

EŜ nf  were obtained by averaging from -0.5 to +0.5 around the frequency of interest. Note that 741 

the model does not have any degrees of freedom for fitting, once the impulse responses are 742 

determined by the simple averaging of the data over 20 on-off cycles of the [1 1] flicker 743 

configuration. Nothing further is estimated or fit from the data.  744 

 745 

Evaluating the SSVEP model 746 

To investigate the relationship between the model and data we performed linear regression 747 

between the model-predicted and observed effect of isoflurane on SSVEP power  748 

   ilk ilk

E 1/2 E 1/2ΔS ΔŜf b f c        749 

b and c were estimated in R (https://www.r-project.org/, R Core Development Team, 2015) using the 750 

lm function. We report the Pearson’s correlation coefficient ⍴ between the model’s prediction and 751 

the observed data and 95% confidence intervals on the slope (b) and intersect (c) obtained by the 752 

confint function. Note that a perfect fit between model and data is given by ⍴ = 1 and the line (b=1, 753 

c=0). 754 

 755 

We performed the regression over three flies (3), all channels (1-14), two flicker configurations ([13 756 

13] and [17 17]) and both f1 and f2, giving 168 paired data points in total. We used the highest 757 

concentration of isoflurane (represented as H in superscript of [delta SH
E in Figure 5g]) presented to 758 

each fly, k=0.6% for two flies and k=0.45% for one fly (see Isoflurane delivery).  759 

 760 

SNR-based estimation of coherence 761 

To investigate the relationship between evoked power and coherence we assumed a linear 762 

framework in which the SSVEPs for each channel pair are related through a linear transfer function 763 
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in the presence of noise (Figure 6b). This framework is conceptually related to the SSVEP model but 764 

completely independent in its implementation and evaluation.  765 

 766 

In this framework, the SSVEP at channel i, given by vi(t) passes through the linear transfer function 767 

Hij(f) to give the SSVEP at channel j, vj(t). Independent noise enters at each channel separately (ni(t) 768 

and nj(t)) to give the recorded responses yi(t) and yj(t). Under these assumptions, squared coherence 769 

between channel pairs has an analytical description (for the detailed derivation, see (Bendat and 770 

Piersol, 2000) for example);  771 

 

 
 

 
 

   
   2

1
1

i j i j

N N N N

i j i jij
V V V V

S f S f S f S f

S f S f S f S fC f
        772 

where ,  ,  i j i

N N VS S S and j

VS  are the power spectrums of ni, nj, vi and vj, respectively. If we define the 773 

Signal to Noise Ratios (SNRs) 
 

 
 

1
i

N

i i

V

S f

SNR f S f
  and 

 
 
 

1
j

N

j j

V

S f

SNR f S f
   then 774 

 

   
   2

11
1

i j

i jij

SNR f SNR f

SNR f SNR fC f

 
     (4.1) 775 

Thus, in this simplified setting coherence is totally determined by the SNRs at the respective 776 

channels.  777 

 778 

To evaluate the SNR-based coherence estimate we quantified the SNR at each channel and used 779 

equation (4.1) to obtain the model’s prediction of SSVEP coherence. First, we recalculated  ilk

ES f  780 

using the same number of tapers used for the coherence analysis (i.e., 5 tapers, see Local Field 781 

Potential Analysis). We then fitted power law noise to the observed SSVEP power  ilk

ES f  782 

 
ilk

ilk

N ilk
S f

f 


      (4.2) 783 

where we excluded f values from -1.4 to +1.4Hz around f1 and f2 for each flicker configuration (1.4Hz 784 

corresponds to the half-bandwidth for the coherence measurement, see Local Field Potential 785 
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analysis). The purpose of the fit is to estimate the level of neural activity that is not directly tagged 786 

by visual flickers. Following the convention in the SSVEP literature (Norcia et al., 2015), we 787 

considered the non-tagged activity representing the level of noise (e.g., n(t) or SN(f)). The parameters 788 

ilk̂  and ilk̂  were estimated by linear regression in the log-log scale in the range 1-50Hz and used 789 

to define the noise spectrum. 790 

 791 

We define the SNR at frequency f as the observed SSVEP power at f divided by the interpolated noise 792 

spectrum at f  793 

 
 
 

ilk

E

ilk

N

S
SNR

S

ilk f
f

f
      (4.3) 794 

An example of the estimated noise spectrums and resulting SNRs for two exemplar channels is 795 

shown in Figure 6c-d. Figure 6e shows the resulting coherence estimate. 796 

 797 

The predicted effect of k% isoflurane on coherence for channel pair (i,j) is obtained by subtracting 798 

the predicted coherence in 0% (air) isoflurane from the predicted coherence in k% isoflurane 799 

ijlk ijlk ijl0

E E E
ˆ ˆ ˆΔC C C        800 

For the further analyses, we grouped the electrode pairs into the periphery, center and center-801 

periphery and for ipsilateral and contralateral flicker configurations separately as described before 802 

(presented in Figure 6f).  803 

 804 

To provide an overall measure of fit for the SNR-based estimation of coherence we calculated the 805 

Mean Square Error (MSE) between the model’s prediction and the observed effect of 0.6% 806 

isoflurane on SSVEP coherence in each fly, across all channel pairs (91), flicker configurations (8) and 807 

f1 and f2  808 

    
8 14 13 2 2

ijl0.6 ijl0.6

E E

1 1 1 1

1
M E Δ ΔCˆS C m m

l j i i m

f f
N     

     (4.4) 809 
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where N is the total number of terms in the sum, N=91*8*2=1456 (for each of thirteen flies). 810 

 811 

Separating the contribution of “noise” and “signal” to the SNR-based estimation of coherence  812 

The SNR-based estimation of coherence is completely determined by the SNR (equation (4.1)), which 813 

in turn is a function of the estimated noise levels from non-tagged frequency as well as the observed 814 

SSVEP power at the tagged frequency (equation (4.3)). To isolate the contribution of the noise and 815 

SSVEP power to the coherence estimate, we defined two additional variants of SNR. In the first, 816 

SNRFN, (subscript FN for fixed noise) we fixed the noise spectrum to that fitted in 0% (air) isoflurane 817 

ilk

E
FN il0

N

S
SNR

S

ilk        818 

 thereby removing the influence of isoflurane on noise levels. In the second, SNRFE (subscript FE for 819 

fixed SSVEP power) we fixed the SSVEP power to that observed in 0% (air) isoflurane  820 

il0

E
FE ilk

N

S
SNR

S

ilk        821 

thereby removing the influence of isoflurane on SSVEP power. FNSNR ilk  and FESNR  ilk are used 822 

together with equation (4.1) to obtain two additional estimates of coherence (
ijlk

FNĈ  and 
ijlk

FEĈ ), the 823 

effects of k% isoflurane  (
ijlk

FNĈ  and 
ijlk

FEĈ ), as well as the grouped coherence over electrode pairs 824 

and flicker configurations as described before (  Pk Ipsi / Contra

FN/FE 1/2Ĉ f ,  CPk Ipsi / Contra

FN/FE 1/2Ĉ f and825 

 Pk Ipsi / Contra

FN/FE 1/2Ĉ f , presented in Figure 6g-h). Paired t-tests between the MSEs (equation (4.4), 826 

obtained for each fly separately) between the observed effects of isoflurane on coherence and those 827 

predicted by each SNR variant were used for assessing statistical significance.  828 

 829 

 830 
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Statistical analysis  831 

We used R (https://www.r-project.org/, R Core Development Team, 2015) and lme4 (Bates et al., 832 

2015) to perform linear mixed effect analysis of the data. Throughout, the response variable is either 833 

power  ilk

E 1/2S f  or coherence  ijlk

E 1/2C f  with four factors, isoflurane, channel location, harmonic, 834 

and fly. 835 

 836 

As to the factors flicker configuration and response frequency, only a subset of all combinations are 837 

relevant for our claims. Specifically, when the flicker configuration was [13 13], [13 off] or [off 13] we 838 

analyzed power at f1=13Hz and f2=26Hz. When the flicker configuration was [17 17], [17 off] or [off 839 

17] we analyzed power at f1=17Hz and f2=34Hz. When the flicker configuration was [13 17] or [17 13] 840 

we analyzed power at f1=13Hz, 17Hz, f2=26Hz and 34Hz. Thus, replacing the response frequency 841 

factor, we included the factor flicker location (categorical, 2 level), that corresponds to the division 842 

into ipsi- and contralateral flicker configurations (see Figure 3a and Grouping flicker configurations 843 

as ipsilateral and contralateral).  844 

 845 

Among those factors, we focused on the crucial isoflurane specific effects by including interactions 846 

between isoflurane and flicker location, isoflurane and harmonic and isoflurane and channel location, 847 

as well as the triple interaction between isoflurane, channel location and harmonic. In addition, our 848 

results in 0% (air) isoflurane imply harmonic dependent effects for flicker location and channel 849 

location so we included interactions between flicker location and harmonic, and channel location 850 

and harmonic. We included random intercepts for all fixed factors to account for possible correlation 851 

between the levels of each factor.  852 

 853 

To test for the effect of a given factor or interaction we performed likelihood ratio tests between the 854 

full model described above and a reduced model without the factor or interaction in question (Bates 855 
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et al., 2015). When applicable, we adjusted p-values using the false discovery rate (FDR, (Yekutieli 856 

and Benjamini, 1999))  857 
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Figure 1. Experimental procedure and paradigm. a) Experimental setup. Flies were dorsally fixed to 1000 

a tungsten rod and placed on an air-supported ball where they could freely walk. Flickering stimuli at 1001 

13Hz or 17Hz were presented through two LED screens to the left and right. Isoflurane in different 1002 

volumetric concentrations was delivered through a rubber hose. An air puff was used as a startle 1003 

stimulus to gauge the flies’ responsiveness. A 16-contact electrode-probe mounted on an electrode 1004 

holder was inserted laterally from the left. Only the electrode holder is visible at the depicted scale. 1005 

b) A close up view contralateral to insertion site showing the fly, isoflurane delivery hose and probe 1006 

base.  c) Example of spontaneous (no presentation of visual stimuli), bi-polar re-referenced data 1007 

before anesthesia (0% isoflurane) from a half brain probe recording (see Electrode probe insertion). 1008 

A standardized fly brain is shown for comparison (Paulk et al., 2015, Paulk et al., 2013). The 1009 

electrode contacts are indicated by white dots (not to scale). Channels are grouped as peripheral, 1010 

estimated to correspond to the optic lobe, and central, estimated to correspond the central brain.  1011 

 1012 
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 1014 

 1015 
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Figure 2.  Steady State Visually Evoked Potential (SSVEP) recordings before anesthesia (0% 1028 

isoflurane). a) Schema of an experiment showing the electrode inserted laterally from the left. The 1029 

left LED panel is shown flickering at 13Hz, corresponding to the [13 off] flicker configuration. b) 1030 

Exemplar mean bipolar re-referenced SSVEP, averaged over 10 trials in the [13 off] condition. The 1031 

same data from one fly is presented in c) and d) in different formats. c) Exemplar baseline corrected 1032 

SSVEP power spectrum, averaged over the same 10 trials in b (SEB(f), see Local Field Potential 1033 

analysis). The blue and the red line mark the first (f1=13Hz) and second (f2=26Hz) harmonic 1034 

respectively. d) Baseline corrected SSVEP power at f1 (blue) and f2 (red) for the 10 trials of the [13 off] 1035 

condition (SEB(f1/2)). Note narrow shaded areas represent standard deviation across 10 trials, showing 1036 

the robust and repeatable nature of the SSVEP paradigm. The grouping into peripheral and central 1037 

channels is depicted at the bottom. The channels are consistently aligned in x-axis b through to d. 1038 
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Figure 3 1048 
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Figure 3. Baseline corrected SSVEP power (SEB) and coherence (CEB) before anesthesia (0% 1050 

isoflurane). a) Grouping trials according to ipsilateral and contralateral flicker configurations. A trial 1051 

consisted of a presentation of one of the eight flicker configurations; [off 13], [off 17], [13 off], [17 1052 

off], [13 13], [13 17], [17 13] and [17 17]. Trials were classified as either ipsilateral or contralateral 1053 

according to the location of the flicker with respect to electrode insertion site (rows 1-2). Trials in 1054 

which the same flicker was presented in both sides were classified according to the flicker that was 1055 

ipsilateral to insertion (row 3). Trials in which different flickers were presented were classified as 1056 

ipsilateral at the frequency of the ipsilateral panel and contralateral at the frequency of the 1057 

contralateral panel (row 4). This way of grouping trials captured much of the variance in the 1058 

observed neural responses (see Results). b) Group average (N=13) baseline corrected SSVEP power 1059 

(SEB, see Local Field Potential Analysis) at f1 and f2 for ipsilateral and contralateral trials. The SSVEP 1060 

power was strongest in peripheral channels at f1 and attenuated towards the center of the brain. 1061 

Contralateral flickers still evoked responses, but predominantly at f1. Shaded area represents sem 1062 

across flies. c) Group average (N=13) baseline corrected SSVEP coherence (CEB) for peripheral (P), 1063 

central-peripheral (CP) and central (C) channel pairs, as per the grouping in Figure 1b and Figure 2d. 1064 

Schematics of the fly brain with superimposed examples of channel pairs from each grouping are 1065 

shown at the bottom. SSVEP coherence followed a similar trend to SSVEP power:  higher coherence 1066 

at f1 than f2 and a decrease towards the center. Contralateral flickers evoked coherence 1067 

predominantly at f1. Error bars represent sem across flies (N=13). 1068 
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Figure 4. Isoflurane anesthesia has region and harmonic dependent effects on SSVEP power. a) 1081 

Experimental protocol. An experiment consisted of multiple blocks, each at a different concentration 1082 

of isoflurane (top black line). Each block proceeded with 1) air puffs (light blue rectangles), 2) 30s 1083 

rest, 3) 80 trials of flicker presentation, corresponding to 10 presentations for each of the eight 1084 

flicker configurations (gray rectangles), 4) 30s rest, 5) air puff, 6) isoflurane concentration change, 1085 

and 7) 180s rest for adjustment to the new isoflurane concentration. b) Isoflurane abolishes 1086 

behavioural responses. Consecutive video frames (first and second row) in response to an air puff 1087 

before any anesthesia (0%, left column) and 0.6% isoflurane exposure (right column). In 0% 1088 

isoflurane, flies respond to the air puff by moving, seen as the large difference in pixel intensity 1089 

between consecutive frames (left, third row). In 0.6% isoflurane flies do not respond to the air puff 1090 

and there are only small differences between consecutive frames. c) Quantifying behavioural 1091 

responses. Group average (N=13) Movement Index (see Movement analysis) was reduced during 1092 

exposure to 0.6% isoflurane and rebounded after isoflurane levels were reset to 0%. Error bars 1093 

represent sem across flies. d) Isoflurane reduces spontaneous brain activity (ΔSs), measured over 4 1094 

segments of 2.3s before the start of presentation of the visual stimuli. Group average (N=13) effect 1095 

of 0.6% isoflurane on spontaneous power (ΔS0.6
S, see Local Field Potential analysis). Power is 1096 

averaged across all channels. Average power for 20-30Hz and 80-90Hz is significantly reduced. Error 1097 

bars represent sem across flies. e) Isoflurane reduces SSVEP power (ΔSE) at f1 but increases power at 1098 

f2 in a concentration-dependent manner. SSVEP power at f1 =13Hz (blue) and f2=26Hz (red) for the 1099 

[13 off] flicker configuration (indicated by the schematic above), at increasing concentrations of 1100 

isoflurane. For each fly, the SSVEP is first averaged over peripheral (triangles, channel 1-6) or central 1101 

(circles, channel 9-14) channels. The channel average is further averaged across flies (N=3). Error 1102 

bars reflect sem across flies. f) Isoflurane increases SSVEP power at f2 for ipsilateral but not for 1103 

contralateral flicker configurations. Spatial profile of SSVEP power at f1 (blue) and f2 (red) for 1104 

contralateral (dark) and ipsilateral (light) flicker configurations in 0.6% isoflurane (ΔS0.6
E). SSVEP 1105 

power is averaged across ipsilateral or contralateral flicker configurations (see Figure 3a) first, then 1106 
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averaged across flies (N=13). Shaded area represent sem across flies. The SSVEP power at f1 is 1107 

reduced in central channels for all flicker configurations, indicating an effect on global neural 1108 

processing. In contrast SSVEP power at f2 is increased at the periphery, but only for ipsilateral flicker 1109 

configurations, indicating an effect on local neural processing. The peripheral and central channels 1110 

over which the average was taken in e are depicted at the bottom of f.  *** for p<0.001 and ** for 1111 

p<0.01 in c and d. 1112 
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Figure 5 1127 
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Figure 5. A minimal model explains the unexpected increase in SSVEP power at f2 due to isoflurane. 1130 

a) Modeling the SSVEPs. The input (depicted as a blue square wave) is (linearly) differentiated to 1131 

extract points of luminance increments and decrements before splitting into two streams 1132 

corresponding to the On (pink) and Off (orange) pathways. Each pathway is modeled as a linear 1133 

operation determined by the pathway’s impulse response. The responses of the two pathways are 1134 

summed to give the recorded SSVEP. b) The On and Off pathways’ impulse responses were 1135 

estimated from the response to a 1Hz flickering stimulus (blue). An example from one channel is 1136 

shown. No other parameters are fitted from the data. c) Exemplar On (pink) and Off (orange) 1137 

impulse responses obtained from the 1Hz flicker presented in both panels [1 1] in 0% isoflurane (air). 1138 

Note that the negative of the On impulse response (grey) is not identical to the Off impulse 1139 

response. d) The power spectra of the model output. When the negative of the On impulse response 1140 

is the same as the Off impulse response there is no power at f2 (gray). When the empirical On and 1141 

Off impulse responses are used, the power spectrum has a sharp peak at f2 (black). e) Comparison 1142 

between the model output (black) and the recorded SSVEP (blue, average across 10 trials) to a [13 0] 1143 

stimulus in 0% (left) and 0.6% isoflurane (right) in the time domain. An example from one channel is 1144 

shown. f) Corresponding comparison to e in the frequency domain. Spectra of model output (left) 1145 

and recorded data (right, averaged across 10 trials of the [13 0] flicker configuration) in 0% (green) 1146 

and 0.6% (blue) show that the model correctly predicts that isoflurane increases SSVEP power at f2. 1147 

g) The SSVEP model predictions are in excellent agreement with the observed effects of isoflurane. 1148 

The model correctly predicts the reduction in power at f1 (blue) and increase in power at f2 (red), for 1149 

each of three flies (marked by a cross, square or asterisk), across all channels (14) and both flicker 1150 

configuration ([13 13] or [17 17]) (n=168, ρ=0.76). The empirical line of best fit (dashed black) closely 1151 

resembles the line of perfect fit (solid black).  1152 
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Figure 6 1155 
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Figure 6. A minimal model based on Signal to Noise Ratios (SNRs) explains the effects of isoflurane 1158 

on SSVEP coherence. a) Group average (N=13) of the observed effects of anesthesia on SSVEP 1159 

coherence (ΔCE). Isoflurane decreases SSVEP coherence at f1 (blue) and increases coherence at f2 1160 

(red). Isoflurane decreases coherence at f1 for all flicker configurations throughout the brain. 1161 

Isoflurane increases SSVEP coherence at f2 at the periphery, but only for ipsilateral flicker 1162 

configurations (light red). Schematics of the fly brain with superimposed examples of channel pairs 1163 

from each grouping are shown at the bottom. Error bars represents sem across flies. b) Linear 1164 

framework for SNR-based coherence estimates. The SSVEP in channel vi(t) is related to the SSVEP in 1165 

channel vj(t) through the transfer function H(f). Independent noise ni(t) and nj(t) enters at each 1166 

channel separately to give the recorded SSVEPs yi(t) and yj(t). Under this scheme, SSVEP coherence 1167 

has an analytic expression based on the SNR at each channel, given by equation (4.1) (see SNR-based 1168 

estimation of coherence). c-e) Estimation of SNR and coherence prediction from the data. c) Noise 1169 

levels were estimated from non-tagged frequencies at each channel, isoflurane concentration and 1170 

flicker configurations by fitting power-law noise to the SSVEP spectrum (see SNR-based estimation of 1171 

coherence). Exemplar average SSVEP spectra and power-law fits for the [13 off] flicker configuration 1172 

in 0% isoflurane for two channels, indexed by i and j, are shown. A schematic of the fly brain and 1173 

channel locations is shown at the top. d) The SNR of channels i and j, obtained by dividing the 1174 

spectrum of the SSVEP by the power-law fit in the linear scale. e) Example of SSVEP coherence 1175 

prediction for channel i and j in panel d based on the SNR through equation (4.1). f) The SNR-based 1176 

model correctly predicts the effects of isoflurane on coherence ( ĈE ). Group average (N=13) SNR-1177 

based prediction of the effects of 0.6% isoflurane. The format and color scheme is the same as in 1178 

panel a. g and h) Coherence predictions using different definitions of the SNR. g) Prediction based on 1179 

SNRs using noise levels in 0% isoflurane ( ĈFN , see SNR-based estimation of coherence). h) 1180 

Prediction based on SNR using SSVEP power levels in 0% isoflurane ( ĈFE ). i) Quality of coherence 1181 

prediction from each model. Mean Square Error (MSE) between the observed (a) and each of the 1182 
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three predictions (f-h) averaged across all flies, channels, flicker configurations and f1 and f2. This 1183 

demonstrates that the effects of isoflurane on SSVEP coherence is largely attributed to the effects of 1184 

isoflurane on SSVEP power, not on noise. Error bars represent sem across flies (N=13). *** for 1185 

p<0.001 and * for p<0.05. 1186 
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