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Abstract

Background—->Prior work on the action of volatile anesthetics has focused at either the
molecular level, or bulk neuronal measurement such as EEG or fMRI. There is a distinct gulf in
resolution at the level of cellular signaling within neuronal systems. We hypothesize that
anesthesia is caused by induced dyssynchrony in cellular signaling, rather than suppression of
individual neuron activity.
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Methods—Employing confocal microscopy and C. elegans expressing the calcium-sensitive
fluorophore GCaMP6s in specific command neurons, we measure neuronal activity non-invasively
and in parallel within the behavioral circuit controlling forward and reverse crawling. We compare
neuronal dynamics and coordination in a total of 31 animals under atmospheres of 0%, 4% and 8%
isoflurane.

Results—When not anesthetized, the interneurons controlling forward or reverse crawling
occupy two possible states, with the activity of the “reversal” neurons AVA, AVD, AVE and RIM
strongly inter-correlated, and the “forward” neuron AVB anti-correlated. With exposure to 4%vol
isoflurane and onset of physical quiescence, neuron activity wanders rapidly and erratically
through indeterminate states. Neuron dynamics shift toward higher frequencies and neuron pair
correlations within the system are reduced. At 8%vol isoflurane physical quiescence continues as
neuronal signals show diminished amplitude with little correlation between neurons.

Neuronal activity was further studied using statistical tools from information theory to quantify the
type of disruption caused by isoflurane. Neuronal signals become noisier and more disordered, as
measured by an increase in the randomness of their activity (Shannon entropy). The coordination
of the system - measured by whether or not information exhibited in one neuron is also exhibited
in other neurons (multi-information) - decreases significantly at 4%vol isoflurane (p = 0.00015)
and 8%vol isoflurane (p= 0.0028).

Conclusions—The onset of anesthesia corresponds with high-frequency randomization of
individual neuron activity coupled with induced dyssynchrony and loss of coordination between
neurons that disrupts functional signaling.

Introduction

\olatile anesthetics produce all characteristics of general anesthesia including
unconsciousness, amnesia, analgesia and muscle relaxation. In this physiological state, the
experience, memory and physical response to excruciating pain are lost. However, it is not
understood how this state is produced within intact neuronal systems such that sensory
awareness is ablated while essential physiology is preserved. To date, research has
proceeded along essentially two tracks: either gross measurement of neuronal activity in
entire regions of the brain using fMRI and EEG (which are fundamentally limited by
resolution), or analysis at the molecular level looking for specific targets for volatile
anesthetics. Thus a critical gap exists in our knowledge regarding the scale on which the
effects of volatile anesthetics are analyzed. As stated by Hudson in this journal —there is a
commanding need to “seek bridges between systems- and cellular-level models” of
anesthesial. Here multi-neuronal imaging is employed within the simple and highly
characterized nervous system of C. elegansto address these fundamental questions.

The hermaphrodite C. elegans (Figure 1) nervous system consists of exactly 302 neurons?.
Decades of research have defined numerous neuronal circuits within this system that control
behaviors ranging from simple body movement to memory and complex search
strategies3. C. elegans is established as a model system in anesthesiology®, displaying
distinct stages of gross behavior under anesthesia similar to humans’. In particular C.
elegans’amenable genetics have facilitated the study of anesthetic action at the molecular
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level, identifying genetic mutations that alter anesthetic susceptibility8. Finally, C. elegans is
a powerful system for /in vivo neuronal imaging in which transgenically expressed
fluorescent calcium indicators, such as GCaMP, optically report individual neuron activity.
This technique permits imaging in real-time, /n vivo, and at resolutions capable of
simultaneously capturing the activity of individual neurons within entire populations of
complex interconnected neuronal networks®-11. Through this real-time measurement of
individual neuron activity, we seek to understand how subtle modifications in discrete
neuronal dynamics lead to gross but reversible functional defects at the level of the overall
nervous system that result in analgesia and physical quiescence.

In this study, the effect of isoflurane on the interneuron circuit in C. elegans that controls its
reversal behavior is analyzed. Well-characterized, mutually antagonistic command
interneurons control a behavioral switch between continual forward movement and
spontaneous or stimulus-evoked reversal events®12 (Figure 1D). Sensory neurons project
onto these interneurons to elicit appropriate behavioral responses (e.g. reversal in response
to anterior touch). The system resembles a binary flip-flop circuit in which the cross-
inhibitory neuron groups force the system into one of two states: forward or backward
crawling!2. By optically measuring the activity of multiple neurons within this well-
understood circuit at varying levels of anesthesia, the effect on the system’s function can be
directly measured. Specifically, the hypothesis is tested that anesthesia is caused by induced
dyssynchrony between neurons, rather than a suppression of individual neuron activity. This
dyssynchrony is reflected in increased neuronal activity and decreased coordination between
neurons that impairs the circuit’s capacity to assume distinct behavioral states.

C. elegans strains were cultivated at 20°C following standard procedures (on NGM agar
seeded with Escherichia coli OP50 as a food source). All imaging experiments were
performed on young adult hermaphrodites (Figure 1A), using the transgenic strains QW1217
(zf1s124[Prgef-1::GCaMPE6s]; otls355[Prab-3::NLS..:tagRFP]) expressing pan-neuronal
GCaMP and nuclear-localized RFP in all neurons in the worm (Figure 1B), and QW1574
(Mite-1(ce314), zfis146[nmr-1::NLSwCherry..SL2::GCaMPé6s,
lim-4(-3328--2174).:.NLSwCherry::SL2.:GCaMPEs,
lgc-55(-120-773)::NLSWCherry..SL2::GCaMP6s, npr-9..NLSwCherry..SL2::GCaMP6s]
#18.9 (from zfex696)), expressing GCaMP-6s and nuclear-localized RFP in the circuit
neurons (Figure 1C). The wild isolate N2 and the transgenic strain CX2610 (ky/s30
[9/r-1.:GFP + lin-15(+)]), expressing GFP under the g/r-1 promoter, were obtained from the
Caenorhabditis Genetics Center (CGC, University of Minnesota).

Behavioral Assays

The behavioral experiments were performed in an experimental chamber containing an
atmosphere of isoflurane in humid air. Liquid isoflurane was instilled into the chamber via a
Harvard Apparatus syringe pump (Holliston, MA) and allowed to vaporize in a controlled
environment at 20°C. The atmosphere in the chamber was continuously sampled for
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isoflurane with an Ohmeda 5250 RGM Anesthesia Monitor (GE Healthcare, Madison, WI).
The concentration of isoflurane in the atmosphere within the chamber was titrated by
varying the rate of instillation at the syringe pump.

The motion of the worms while crawling on the surface of an agar Petri dish was tracked
with a CCD camera, with images at a rate of 2 fps. The resulting movies were analyzed
using MATLAB (The Mathworks, Natick, MA) to calculate the average speed and incidence
of reversals for each tracked worm (Figure 2). Reversals were induced by the application of
a vibration stimulus to the Petri dish actuated via a small motor attached to the chamber and
control using Labview (National Instruments Corporation, Austin, TX). The duration of the
vibration was tuned to 0.05 seconds, which induced reversals in 80% of worms in a control
population. Vibration stimuli were separated by more than 10 minutes to avoid habituation
to the stimulus.

Confocal Imaging

8% agarose was melted and pressed into small thin pads against glass slides. The slides were
placed into the above-described experimental chamber and exposed to isoflurane for 1 hour
at either 4%vol or 8%uvol in humid air. A single worm was then placed onto each agarose
pad in the chamber, and exposed for 3 hours to either 4% or 8% isoflurane, at room
temperature (climate controlled, 20°C). In turn, each slide was removed and sealed promptly
with a glass slip and wax. This preparation is stable for at least 1 hour; imaging was
performed within 7 minutes of mounting the worms in each case, well before the possibility
of recovery from exposure to the isoflurane.

Neuronal imaging was performed using the QW1574 strain expressing GCaMP-6s and
nuclear-localized RFP in select interneurons. A Zeiss 700 confocal with a 40x oil objective
(Carl Zeiss Microscopy, Peabody, MA) was used to image each worm for up to 10 minutes,
with interleaved illumination with a 488 nm laser at 1% power to image GCaMP-6s in the
green and a 555 nm laser at 2% power to image NLSwCherry in the red. Image sequences
were acquired at 2 fps, using Nyquist-optimal resolution and a 2 Airy Unit pinhole (depth of
field 1.8 um). The environment was maintained at 20°C during imaging. This procedure was
repeated for each slide. At least nine different worms were imaged at each condition. The
intensity of GCaMP6s fluorescence varies with cytosolic calcium concentration giving a
well-established optical readout of neuronal activity!3. C. elegans neurons typically display
slow transient changes in activity and do not produce rapid action potentials41®, Thus a
frame rate of 2fps sufficiently captured interneuron dynamics while limiting photo-bleaching
to allow for extended imaging, ~10 min. Green Fluorescent Protein (GFP) is a fluorophore
similar to CGaMP-6 but calcium insensitive. Animals expressing GFP in the neurons of
interest were therefore employed in control experiments to ascertain the degree of baseline
noise in the imaging technique.

Image Analysis

Neurons were identified using the nucleus-specific red fluorescent tag, NLSwCherry, and the
known anatomical location in the worm head. Motion compensation for any residual activity
in the worm was achieved by manual identification of each neuron of interest in each image
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frame. The GCaMP signal for calcium fluorescence in the soma of each identified neuron
was then captured over the entire time course of imaging (5-10 min). Fluorescence intensity,
F(t), for each frame was measured as the average pixel value across the region of interest
(i.e. the cell soma) minus the average pixel value in a background region selected close to,
but not encompassing, any fluorescent neurons. The example calcium traces are given in
Figure 3, displayed as AF/F, where F is calculated as the average fluorescence value across
the entire trial and AF = F-F,. Normalized traces (normalized to the mean value of the
largest 5% of data points in that trace) were used to generate the associated activity
histograms by binning all normalized intensity values for each neuron across all worms at
that condition. The number of movies analyzed for each condition is stated in Table 1A. One
movie was not analyzed for neuronal function because significant physical drift precluded
analysis and was not included in the reported 7. We report AVA, AVD, AVE and RIM for all
worms and in our statistical analysis (correlations, power spectrum and entropies), so that
the neurons used are consistent for analysis under all conditions. The continuous
identification of AVB under anesthesia is made challenging by relatively weak expression of
the NLSwCherry RFP nuclear marker under the Igc-55 promoter in the QW1574 worm.
Thus the archetypal response of AVB is displayed for the awake worm alone, Figure 3A, 4A,
but not included in further analysis.

Subsequent analysis in Figures 4, 5 employed the time-differential of neuron traces
(calculated using total-variation regularization!®). This technique most effectively reports
neuron co-activation (i.e. simultaneous activation or de-activation of independent neuron
traces), as well as the signal dynamics most similar to EEG recordings (see below). Specific
neuron-neuron correlations, displayed in the correlation heatmaps in Figure 4A-C, were
calculated between the time-differential traces of those neurons for each worm and then
averaged across all worms at that condition for that neuron pair. To measure average
correlation under each condition, Figure 4D, all correlation measurements at each condition
were pooled across all neuron pairs to give an average absolute correlation value from which
statistical comparisons could be made (one-way ANOVA, with pairwise comparisons tested
using a Tukey adjustment).

The fluorescence traces were further analyzed by deriving the power spectra of the time-
differential of neuron dynamics to produce a representation of activity that is analogous to
an EEG spectrogram in higher animals. EEGs effectively measure the bulk time-differential
of neuron activity given that the local electrical field potential is proportional to the current
flow at the sourcel” for a given distance and volume conductance. The optical brightness of
the GCaMP signal is therefore differentiated with respect to time in order to estimate an
equivalent signal to the EEG. The power spectrum of each neuron was first calculated
separately and then averaged across all neurons at that condition. Figure 5, insert shows the
cumulative power spectrum calculated from the average power spectrum by plotting the
normalized power above the indicated frequency.

Statistics and Analysis by Information Theory

The behavior of a network can be analyzed in terms of its information-theoretic propertiesé.
The cornerstone of this technique is to analyze the behavior of the network in terms of its
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Shannon entropy. Larger Shannon entropy indicates a noisier, or more randomized, system
with less organized information content. This approach is similar to the analysis of the
human EEG under anesthesia by directed information transferl®, The state of each neuron is
quantized into four quartiles (i.e. full-off, intermediate-off, intermediate-on, and full-on),
and the associated information entropy is calculated using the formula:

k
HW = Y plog—= (Eq1)

i=1

where p(x) is the probability of the neuron x being in each of the kA= 4 possible quantized
states. For example, if the neuron AVA were to behave purely randomly, then each p{AVA)
would be equal to 0.25. Therefore the entropy H(AVA) would be 4 x 0.25 x log»(1/0.25) = 2
bits, which is the maximum obtainable value. Increasingly organized behavior will
progressively reduce the entropy below 2. In addition to considering the behavior of the
neurons individually, the joint entropy of their behavior can also be measured as
H(AVA,AVD,AVE RIM) by considering the probability of each of the 44 = 256 joint states
of activation that may occur (in general, if 7neurons are allowed to have & states, there are
k" joint states and therefore & should be kept as small as is practicable). Joint entropy
measures the degree to which the neurons represent distinct information. In this example, if
all 4 neurons were to behave entirely randomly and independently, the joint entropy would
be 8 bits. If only 1 neuron behaves randomly and the other 3 neurons replicate its state
exactly, then the joint entropy would be only 2 bits.

The strength of the interactions within the neuronal network can be assessed using the multi-
information M9, which is the difference between the sum of the individual entropies and
their joint entropy:

For a system in which neurons behave entirely at random and independently, the sum of the
individual entropies and their joint entropy cancel out, leaving an M of 0. As the
coordination between neurons increases, their joint entropy decreases, and so M increases. A
peak in the multi-information, M., is achieved when the network acts in a purely
mechanistic and coordinated manner such that the behavior of each neuron can be predicted
perfectly from one individual neuron at one time point as if by clockwork. Here the number
of distinct states of the system drops and the joint entropy reduces to just that of the maximal
single neuronal entropy, max H(x). The peak multi-information M,y is then defined as:

Mo = (}f H(xj)) - max () (€03
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The multi-information A within the neuronal network can now be expressed more
intuitively as a percentage of Myax, SO that 0% represents no coordination between neurons
and 100% represents a perfectly mechanical interaction as defined above. The assumptions
underlying the use of parametric statistics were considered and that the use of mean (SD),
ANOVA, and t-tests are appropriate.

Behavioral Analysis

Figure 2 illustrates the gross physical behavior of C. elegans under exposure to increasing
levels of isoflurane. These results are comparable to those of previous studies’. Figure 2A
shows the average crawling speed of the worm with increasing levels of exposure to an
isoflurane-containing atmosphere. Under control conditions (i.e. 0% isoflurane), C. elegans
crawl in linear or gently curving tracks interrupted by short reversals or brief periods of large
angle turning. Exposure to isoflurane produces an agitated coiling behavior in which rapid
and irregular changes in direction become apparent and overall speed of the animal
decreases, Figure 2B. Qualitatively, this onset of undirected and purposeless movement is
evocative of a second-stage response to volatile anesthetic agents. Further increases in the
level of isoflurane produce further slowing in overall motion and eventual quiescence.

C. elegans reversals occur spontaneously, but can also be induced by a global mechanical
stimulation, generated by physical buzzing of the Petri dish. Figure 2C illustrates the
progressive abolition of this response under exposure to increasing concentrations of
isoflurane. Sustained exposure to an isoflurane-containing atmosphere at a concentration of
4%vol produces worms that are largely quiescent and unresponsive to noxious stimuli.
These gross changes in physical behavior are maintained with deepening anesthetic levels
(>4%). Isoflurane concentrations of 8%vol are a practical limit on the deepest plane of
anesthetic exposure; the experimental animals do not reliably recover from greater exposure.

Neuronal Imaging

The operation of the command interneuron circuitry and its functional control of the forward
and reverse crawling were measured. This is accomplished through the simultaneous
fluorescent imaging of calcium sensitive G-CaMP6s expressed in a subset of neurons (AVA,
AVB, AVD, AVE, RIM, Figure 1C,D) to optically measure individual neuron activity. In
awake, freely-moving C. elegans, reversal events consist of the simultaneous activation of
AVA, AVD, AVE and suppression of AVB12, Likewise, the transition from backward to
forward movement consists of activation of AVB and suppression of AVA, AVD, AVE. RIM
acts as an interneuron between these two groups?L. Figure 3A displays an example trace of
this activity in an awake animal (0% isoflurane) over 10 minutes. The spontaneous reversal
behavior is clearly represented in the neuronal state of the system even though the animal is
physically immobilized for confocal microscopy. This behavior was consistent across the
population of imaged awake animals and reflected in the distributions of normalized
neuronal signals (Figure 3A, right). AVA, AVE and RIM activity distributions are
concentrated near the extremes of their dynamic range, i.e. they are either “ON” or “OFF”.
While AVD and AVB displayed similar behavior their activation amplitude varies more
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widely with time and thus the overall amplitude distributions are more evenly distributed
across their dynamic range.

The degree of coordination in the circuit can be quantified by measuring the correlation in
activity (i.e. simultaneous activation and suppression) between neuron pairs across all awake
animals. This is displayed in Figure 4A as a correlation heatmap with color indicating the
degree of correlation between two neuron types (red correlated, blue anti-correlated, white
no correlation). Strong positive correlation is seen between the “reversal” neurons of AVA,
AVD and AVE, as well as RIM, which are anti-correlated with the “forward” neuron, AVB,
in the awake worm. These correlations are calculated on a per-worm basis, so that a mean
correlation and standard deviation can be given for each neuron-neuron pair. The correlation
of a neuron with itself is 1.0 by definition.

The effect of exposure to increasing concentrations of isoflurane on the temporal operation
of the command interneuron circuitry was measured. Exposure to 4%vol isoflurane, at which
worms are largely immobile and unresponsive, produces neuronal dynamics in which the
neuronal network no longer settles to one of two distinct, binary outputs (Figure 3B, left).
Rather the system appears to oscillate irregularly through intermediate states. This is
reflected in the normalized activity distributions that are now evenly spread across the
neuron’s dynamic range (Figure 3B, right). Furthermore, there is a profound impairment of
the strong neuron-neuron correlations observed in awake animals (Figure 4B). By taking the
absolute correlation values across all neuron pairs for all trials at each level of isoflurane
exposure, an average correlation magnitude for that level of isoflurane can be calculated,
Figure 4D. This generalized measurement of circuit correlation drops significantly between
0% and 4% isoflurane (p < 0.0001).

In a state of deep anesthesia, a more general suppression of neuronal activity is seen. At 8%
vol isoflurane the overall amplitude of neuronal dynamics are greatly diminished (Figure 3C,
left) and the normalized amplitudes become evenly distributed across its dynamic range
(Figure 3C, right). Such measurements are similar to those obtained from control
measurements made in GFP-expressing neurons (GFP is a stable fluorophore which does not
change in fluorescent intensity due to neuronal activity). This suggests that the majority of
the neuron activity has been eliminated leaving only the baseline noise of the imaging
technique. The average correlation across neuron pairs at 8% is significantly lower than that
of awake animals (o < 0.0001, Figure 4D). The reduction in overall neuronal activity at 8%
compared to that of 4% isoflurane produces a small, but statistically significant (p = 0.0039)
increase in the mean correlation coefficient as neurons cease to fluctuate relative to each
other.

Spectral and Informational Analysis

To further quantify the changes of neuronal activity under anesthesia, a power spectral
analysis of the measured fluorescence signals was performed. Such analysis follows
traditional power spectral analysis of EEG measurements in human patients22 but at the level
of single neuron activity rather than that of bulk measurements across large regions of the
brain. Figure 5 displays the average power spectrum of all neuron activity measured at each
condition as well as that of GFP controls (see methods). Most of the power in the awake
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neuronal activity (0% isoflurane, blue line) is below ~0.2 Hz, reflecting the slow dynamics
of switching between organized forward and reverse states (seen in Figure 3A). At 4%
isoflurane (black line) there is a distinct shift toward higher frequency dynamics (> 0.2 Hz)
and a relative reduction of power at lower frequencies. This shift is highlighted by the
cumulative power spectrums of 0% and 4% isoflurane plotted in the Figure 5 insert and
reflects the increase in high frequency random noise observed in the neuron traces at 4%
isoflurane (seen in Figure 3B). At deeper levels of anesthesia (8% isoflurane, red line) there
is a dramatic drop in overall power corresponding to the decrease in signal amplitude seen in
Figure 3C, generating a power spectrum similar to GFP control measurements (green line).

Information theory has proven useful in analysis of brain activity as measured by EEG19, By
discretizing the calcium traces of each neuron into quartiles, the degree of disorder in the
neuronal activity can be quantified by its Shannon entropy (see Methods). Table 1A shows
that exposure to isoflurane causes a marked increase in the entropy of each of the observed
neurons as their organized behavior is lost. Exposure to isoflurane also markedly increases
the joint entropy of the neurons H{AVA,AVD,AVE,RIM) that measures the disorder of the
system as a whole. The strength of the neuronal interactions can then be assessed by
calculating the multi-information, M, of the system (see Methods). The multi-information of
the four measured neurons is relatively high in the awake animal indicating highly structured
activity. It falls markedly on exposure to isoflurane, both in absolute terms and in proportion
to Mmax- The entropy calculations in Table 1A are based on the pooled data of the 7worms
at each level of isoflurane in order to maximize the accuracy of the sampling of the
underlying probability distributions. When M s calculated on the basis of each individual
worm as shown in Table 1B, a two-sample t-test confirms that the multi-information at 0%
isoflurane is different from the multi-information at both 4% and 8% isoflurane with
statistical significance (p = 0.00015 and p = 0.0028 respectively), but that the multi-
information at 4% and 8% isoflurane are not statistically different from each other (o=
0.093).

Discussion

The complete C. elegans neuro-connectome was established in the 1980s2. Subsequent
studies have determined the functional activity of sub-circuits controlling a range of
behaviors from basic body movement to complex avoidance and search strategies that
involve rudimentary forms of learning and memory. Anesthetic research in C. elegans has
revealed an analogous behavioral response to volatile anesthetics similar to that of higher-
order organisms, as well as numerous molecular mechanisms that alter its anesthetic
susceptibility. In particular, certain mitochondrial mutations increasing susceptibility appear
to have direct corollaries in higher organisms: gas-1 (C. elegans), Ndfus4 (mice) and Leigh
Syndrome (humans)23. Here we establish C. efegansas a uniquely simple and powerful
system for the functional imaging and study of neuronal systems under anesthesia. The
simplicity and clarity of C. elegans neuronal architecture and function, and its accessibility
for advanced multi- and pan-neuronal imaging, can serve as the missing link between the
molecular and system-wide effects of volatile anesthetics.
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The application of isoflurane has a distinct effect on both the activity of individual neurons
as well as coordination of the system. At 4%vol isoflurane, C. elegans display behavior akin
to the third stage of anesthesia with minimal spontaneous movement and no response to
external stimulation (Figure 2). This quiescence however is not due to the simple silencing
of neuronal activity as the individual command interneurons remain highly active (Figure
3B, 5). The neuronal activity is altered compared to awake animals (Figure 3A) in that they
no longer maintain distinct on/off states but show apparently random fluctuations in
amplitude. This observation is quantified by the power spectrum analysis in Figure 5. The
shift to higher frequency dynamics demonstrates that the highly organized forward-reverse
impulses, represented in the low frequency power in the innate state, are lost to high
frequency “noise” upon the application of isoflurane. In addition, the coordination between
neurons as part of the command neuron circuitry is clearly lost relative to the awake state.
The correlation heatmaps in Figure 4 show that AVA, AVD, AVE and RIM lose their strong
correlation with each other. Likewise the average degree of correlation at 4% isoflurane
drops significantly compared to awake animals, Figure 4D. Therefore, the primary cause of
this state of anesthesia is not the suppression of individual neuron activity but rather the loss
of coordination between neurons within a well-defined circuit.

At deeper levels of anesthesia, 8%vol isoflurane, the neuronal signals remain randomized
but now with diminished amplitude and a lack of distinct activation events (Figure 3C).
Likewise coordination between neurons remains minimal, similar to that at 4% isoflurane, as
shown in the correlation heat map and average correlation value (Figure 4C,D). The
spectrum analysis in Figure 5 shows a substantial decrease in signal power and a spectrum
comparable to control measurements made of neurons expressing a non-responsive GFP
fluorophore. Thus at this level the animals appear to have reached the deep plane of
anesthesia resulting in neuronal quiescence akin to an isoelectric state in human patients.

Information theory further quantifies how the state of anesthesia results in reduced neuronal
coordination within the system. Table 1A shows that exposure to isoflurane causes a marked
increase in the entropy of the observed neurons as the organized behavior of each is lost.
Exposure to isoflurane also markedly increases the joint entropy of the system as a whole
(Table 1A). The strength of the interactions within the neuronal network can then be
assessed using the multi-information M2°, measured as the difference between the individual
entropies and the joint entropy in the network. Completely independent neuronal activity
would result in an M of 0, whereas a network that is completely coordinated would have the
highest possible M. Table 1A shows that the multi-information of the four measured neurons
is relatively high in awake animals, reflecting the high degree of organization in the innate
system and then falls markedly on exposure to isoflurane. It is interesting to note that both
moderate and deep anesthesia results in comparable changes in entropy and multi-
information compared to the awake state. Moreover, these changes mimic the reduction in
neuron pair correlations measured in Figure 4 at both moderate and deep anesthesia. The
physical signs of the onset of anesthesia therefore coincide with decreased correlation
between neurons, an increase of entropy in the neuronal dynamics and loss of multi-
information (i.e. the loss of coordination) within the network. These results are consistent
with the initial hypothesis as they quantify the degree to which the system loses its innate
coordination under anesthesia.
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While the purpose of the imaging technique presented here is to measure the behavior of
multiple individual neurons under isoflurane anesthesia, it is also instructive to consider how
these findings are compatible with those from bulk recording techniques such as EEG or
fMRI. The signal from many thousands of proximate neurons in these techniques can be
expected to be additive, such that uncorrelated activations at higher frequencies would
cancel out and lead to a reductionin the higher frequencies of bulk measurement power
spectra. Thus the underlying randomization of individual neuron activity could result in the
apparent silencing or suppression of a population of neurons while individual neurons
remain active or even hyperactive, below the sensing resolution of these bulk techniques.
Regardless, these measurements illustrate that action of individual neurons and defined
neuronal systems under anesthesia can be dramatically different than what is perceived
through large bulk measurements of brain activity.

This study takes the novel step to employ /in vivo fluorescent neuronal imaging to measure
the effect of isoflurane on neuronal systems with single neuron resolution, enabling a level
of analysis not previously possible. As such, it opens a new window in anesthetic research to
bridge the gap between bulk measurement of large brain regions and molecular studies of
anesthetic action. By focusing on the well-defined command interneuron circuitry in C.
elegans, the effects of anesthesia on a distinctly simple well-defined neuronal system are
measured directly. Exposure to isoflurane induces randomized, uncoordinated neuronal
activity within an inherently a well-organized circuit. In support of the original hypothesis,
the quantification of correlations between neurons (Figure 4), spectral analysis of neuronal
dynamics (Figure 5), as well as the entropy and multi-information of the neuronal signals
(Table 1A) demonstrate that randomized dyssynchrony in neuronal signaling corresponds
with the anesthetic state. Further expansion of these imaging techniques to pan-neuronal
imaging, now possible in C. elegans, as well as application in other model systems, will
prove informative in determining to what degree the effects observed here are conserved
throughout the entire nervous system and ultimately defining the anesthetic mechanism of
action on neuronal systems.
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Figure 1. Gross and functional neuroanatomy of the C. elegans model
A. C. elegans, standard bright field microscopy.

B. Confocal fluorescent image of the C. elegans head, demonstrating the expression of a
pan-neuronal calcium-sensitive green marker (GCaMP) and a red nuclear marker (RFP).
Representative of the region of interest marked in Figure 1A.

C. Neurons AVA, AVB, AVD, AVE and RIM identified under selective expression of
GCaMP in the QW1574 worm.

D. Schematic diagram of the C. elegans neuronal circuit controlling forward/backward
crawling.
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Figure 2. Disruption of C. elegans behavior under isoflurane anesthesia
A. Average crawling speed at indicated levels of isoflurane.

B. Examples of crawling tracks with and without exposure to isoflurane.
C. Touch avoidance response measured as % of animals responding (crawling reversal) to a
mechanical buzz at indicated levels of isoflurane.
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Figure 3. Functional imaging of the command interneurons AVA, AVD, AVE and RIM, showing
spontaneous activity at varying levels of anesthesia. Exampletraces of individual animalsare
displayed (left), along with a histogram (right) of the normalized neuronal signals across all
animals measured under that condition. The oppositional activity of AVB is shown in the
unanesthetized state

A. Control, unanesthetized (0%vol isoflurane)
B. At moderate levels of anesthesia (4%vol isoflurane)
C. At deep levels of anesthesia (8%vol isoflurane)
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Isoflurane concentration

Figure 4. Corréation heatmaps displaying the correlation coefficient (SD) between neurons AVA,
AVD, AVE and RIM at varying levels of anesthesia. AVB is shown only in the unanesthetized

State

A. Control, unanesthetized (0%vol isoflurane)

B. At moderate levels of anesthesia (4%vol isoflurane)

C. At deep levels of anesthesia (8%vol isoflurane)

D. The averaged absolute correlation value between neuron pairs AVA, AVD, AVE and RIM
across all worms measured at each condition. (Separable with statistical significance as

shown.)
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Figure 5. Mean power spectra of neuronal dynamics at varying levels of anesthesia
Mean power spectra were measured across all neurons imaged at 0%vol, 4%vol, 8%vol

isoflurane. In addition, measurements from animals expressing GFP in the imaged neurons
are displayed as controls. Insert: The cumulative normalized power spectra measured at
0%vol and 4%vol isoflurane.
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Table 1B

The multi-information M, when calculated on a per-worm basis, can be expressed as an average and standard
deviation at each of the levels of isoflurane anesthesia. Note that calculating entropy on a per-worm basis tends
to underestimate the joint entropy due to undersampling and hence artifactually increase the multi-information
M compared to Table 1A. Nevertheless, application of a two-sample t-test shows that both isoflurane 4% and
isoflurane 8% have a lower multi-information than isoflurane 0% with statistical significance (**). The
difference between isoflurane 4% and 8% is not significant.

Isoflurane | nworms | AverageM/Myq as% | Standard Deviation

0% 10 61.7 % 16.8
4% 12 29.0 % ** 16.1
8% 9 39.6 % ** 9.2
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