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EDITOR’S PERSPECTIVE
What We Already Know about This Topic

Experimental and human electrophysiologic data suggest that the
anesthetic state results from a breakdown in effective communica-
tion between neurons in the central nervous system

System-wide measurements of neuronal activity with single cell
resolution under anesthesia have not been previously reported

What This Article Tells Us That Is New

distinct stages of behavior under progressively deeper lev-
els of anesthesia.! C. elegans has also been used to identify
genetic mutations that alter mammalian susceptibility to
anesthetics,® demonstrating the evolutionarily conserved
nature of the response to volatile anesthetics. In previous
work,* we established C. elegans as a model for imaging neu-
ronal function at the level of multiple, individual neurons
under anesthesia. Five command interneurons that control

In vivo imaging of neuronal network activity with single cell resolu-
tion in Caenorhabditis elegans reveals that although neurons dis-
play highly correlated activity in awake animals, this system-wide
organization in neuronal activity is lost under isoflurane anesthesia
These observations at the single cell level in a complex neuronal
network confirm previous electrophysiologic works suggesting
functional disintegration of neuronal circuitry as a mechanism of
anesthetic-induced unconsciousness

laenorhabditis elegans is well established as an animal
model for the study of volatile anesthetics, displaying

movement behavior in worms within a stereotyped neural
circuit were imaged with single-cell resolution using con-

ABSTRACT

Background: A comprehensive understanding of how anesthetics facilitate
a reversible collapse of system-wide neuronal function requires measurement
of neuronal activity with single-cell resolution. Multineuron recording was
performed in Caenorhabditis elegans to measure neuronal activity at varying
depths of anesthesia. The authors hypothesized that anesthesia is character-
ized by dyssynchrony between neurons resulting in a collapse of organized
system states.

Methods: Using light-sheet microscopy and transgenic expression of the
calcium-sensitive fluorophore GCaMP6s, a majority of neurons (n = 120) in 9
the C. elegans head were simultaneously imaged in vivo and neuronal activity §
was measured. Neural activity and system-wide dynamics were compared in &
10 animals, progressively dosed at 0%, 4%, and 8% isoflurane. System-wide =
neuronal activity was analyzed using principal component analysis.

Results: Unanesthetized animals display distinct global neuronal states that
are reflected in a high degree of correlation (R = 0.196 + 0.070) betwee
neurons and low-frequency, large-amplitude neuronal dynamics. At 4% iso-
flurane, the average correlation between neurons is significantly diminished
(R=0.026 + 0.010; P < 0.0001 vs. unanesthetized) and neuron dynam-
ics shift toward higher frequencies but with smaller dynamic range. At 8% =
isoflurane, interneuronal correlations indicate that neuronal activity remains %
uncoordinated (R = 0.053 = 0.029; P < 0.0001 vs. unanesthetized) with %
high-frequency dynamics that are even further restricted. Principal compo-
nent analysis of unanesthetized neuronal activity reveals distinct structure =
corresponding to known behavioral states. At 4% and 8% isoflurane this?‘?L
structure is lost and replaced with randomized dynamics, as quantified by the =
percentage of total ensemble variance captured by the first three principal =
components. In unanesthetized worms, this captured variance is high (88.9 +
5.4%), reflecting a highly organized system, falling significantly at 4% and 8%
isoflurane (57.9 + 11.2%, P < 0.0001 vs. unanesthetized, and 76.0 + 7.9%, o
P < 0.001 vs. unanesthetized, respectively) and corresponding to increased S
randomization and collapse of system-wide organization.
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Conclusions: Anesthesia with isoflurane in C. elegans corresponds to §
o

high-frequency randomization of individual neuron activity, loss of coordina- &

tion between neurons, and a collapse of system-wide functional organization.

(AnesTHEsIoLogY 2020; 133:133-44)
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focal microscopy to investigate the effects of isoflurane on
their functional, interrelated activity. Induced dyssynchrony
between the neurons in this network was found to be a
hallmark of the state of anesthesia, rather than suppression
of neuronal activity itself. It was also possible to quantify
this state directly using neuron-to-neuron correlations and
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entropic measures such as mutual information® to identify
breakdown in the ordered behavior of this subcircuit. These
results nevertheless left open the question of whether these
observed effects would be conserved throughout the entire
nervous system. To address this question requires fast volu-
metric imaging.

A novel volumetric optical technique, light sheet micros-
copy, now allows activity to be imaged across the majority
of neurons in the animal’s head with single-cell resolution
while maintaining an appropriate speed to capture neuro-
nal dynamics. In the present work, light sheet microscopy
is used to investigate patterns of activity in 120 individ-
ual neurons simultaneously at progressively deeper levels
of isoflurane anesthesia. Specifically, the isoflurane-induced
dyssynchrony that was previously observed within a sim-
ple five-neuron subcircuit is found to also hold true when
considering the behavior of the majority of the neurons
in the head region of C. elegans, and a similar progression
in neuronal dynamics from synchrony to dyssynchrony to
suppression occurs with deepening anesthetic.

In contrast to electroencephalography (EEG), which
represents the synchronized fluctuations of many neurons
on average, panneuronal imaging allows the activity of indi-
vidual neurons to be measured, including their absolute state
of activation. Consequently, under deep anesthesia, neurons
can be identified whose activity pattern would appear as
isoelectric on EEG that are not off but instead appear stuck
at some intermediate level and are unable to change state
further. At moderate levels of anesthesia, high-frequency
activity is present as individual neurons appear to become
qualitatively jittery and disordered, as if there is no longer
a mutually consistent state into which the neuronal system
can settle. This particular high-frequency activity is only
apparent when the activity of individual neurons can be
seen; this signal is lost when neurons are averaged together.
In taking this deeper look inside the neuronal state under
anesthesia in C. elegans, new statistical descriptors must be
developed to characterize the changes that occur. Given
the hypothesis that anesthesia results from a breakdown in
interneuron communication, we look for tractable statis-
tical hallmarks of a loss of organization or structure in the
gross activity of hundreds of individual neurons.

Materials and Methods

Strains

C. elegans strains were cultivated at 20°C following standard
procedures (on Nematode Growth Media agar seeded with
Escherichia coli OP50 as a food source). All imaging exper-
iments were performed on young adult hermaphrodites,
using the transgenic strain QW1217 (zfIs124[Prgef-1::G-
CaMP6s][; otls355[Prab-3::NLS::tagRFP|) expressing pan-
neuronal GCaMP6s and nuclear-localized Red Fluorescent
Protein (RFP) in all neurons in the worm (gift of M. Alkema,
University of Massachusetts, Worcester, Massachusetts;
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fig. 1A). Under the terms of the Animal Welfare Act and the
Health Research Extension Act, research involving the use
of the invertebrate C. elegans is exempt from International
Animal Care and Use Committee review.

Imaging Preparation

C. elegans were prepared for imaging following a protocol
for encapsulation within a permeable hydrogel.® Worms
were dipped for 1 to 2min in 5mM tetramisole to immo-
bilize them, then placed into 3 pl of a solution of 13.3%
polyethylene glycol diacrylate (Advanced BioMatrix, USA)
with 0.1% Irgacure (Sigma-Aldrich, USA) on a glass cover-
slip between two spacers 200 pm in height. A glass slide was
placed atop the spacers, and the assemblage was exposed
to ultraviolet light, hardening the hydrogel into a flexible
and permeable disk and encapsulating the alive worm. This
hydrogel disk was secured to a fresh glass slide with low vis-
cosity cyanoacrylate ester (Permabond, USA), and mounted
within a 50-mm Petri dish with vacuum grease. The Petri
dish was immediately filled with 50ml of 1X S-Basal solu-
tion (100mM NaCl, 50 mM KPO, bufter, 5 pg/ml choles-
terol) and 5mM tetramisole.

Light Sheet Imaging

Each worm was imaged using a Dual Inverted Selective
(Applied  Scientific
Instrumentation, USA). Imaging was performed with a
water-immersed 0.8 NA 40X objective (Nikon, USA) for
5min, with illumination interleaved between a 488-nm
laser at 5 mW power to excite GCaMP6s in the green and
a 561nm laser at 5-mW power to excite NLS::tagRFP
in the red (Vortran Laser Technology, USA). Volumetric
stacks (41 slices, voxel size 0.1625 pm X 0.1625 pm X 1
pm) in two colors were obtained at two volumes/second

Plane Mlumination microscope

for 5min, producing 49,200 images per session. C. elegans
neurons typically display slow transient changes in activity
rather than rapid action potentials.”® A volume acquisition
rate of two volumes per second was sufficient to capture
neuron dynamics while limiting photobleaching of the flu-
orescent markers. Imaging sessions were performed at 0%,
4%, and 8% isoflurane at + = 30 min, 150 min, and 270 min,
respectively, from the beginning of the imaging experi-
ment. To change isoflurane levels, the existing 1X S-Basal
solution was removed from the Petri dish by suction and
replaced with an equal volume of fresh buffer containing
5mM tetramisole and instilled liquid isoflurane (13 pl and
26 pl to begin equilibration to 4% isoflurane and 8% iso-
flurane, respectively). The Petri dish was then covered and
allowed, over the course of the intervening time between
imaging sessions, to come to equilibration with an atmo-
sphere of either 4% or 8% isoflurane as maintained with
a syringe pump (Harvard Apparatus, USA) and an infra-
red spectrometer (Ohmeda 5250 RGM, GE Healthcare,
USA) at a controlled temperature of 20°C as previously
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Fig. 1. Multineuron imaging and tracking in the head region of panneuronally labeled Caenorhabditis elegans (QW1217) over time. Images
are of three-dimensional volumetric data rendered in two dimensions by Maximum Intensity Projection along the z axis. (4) Image of C. ele-
gans head region via light sheet imaging. (B) As in (A), but nuclei tracked for automated signal extraction are displayed. Nuclei are tracked in
all three dimensions, but shown here in two-dimensional projection. (Cthrough H) Select frames from a single imaging trial, showing variation

in GCaMP6s fluorescence (green), which reports neuronal activity.

described.* Ten worms were imaged in this fashion which,
based on previous experience* and the known profound
effects of volatile anesthetics, was expected to be sufficient
to yield statistically significant results. Control experiments
were also performed in a total of five worms, in which
specimens were immobilized and imaged over an identical
time schedule, but without the application of any isoflurane.
These controls are necessary to separate the effect of anes-
thetic exposure from any effects attributable to prolonged
encapsulation and imaging.

Pharmacology

Previously,* 3% isoflurane was identified in nonimmobilized
specimens as the concentration at which approximately
50% of worms no longer responded to sharp touch, and this
concentration is therefore analogous to a minimum alveolar
concentration (MAC) level for a surgical plane of anesthesia
in C. elegans. Four percent isoflurane then represents 1.33
MAC, a moderate depth of anesthesia sufficient that all of
the imaged specimens can be expected to be consistently
anesthetized. Eight percent isoflurane represents 2.66 MAC,
a deep level of anesthesia.

To assay whether the action of isoflurane is representative
of the broader class of highly fluorinated ethers, imaging was
repeated with sevoflurane in three specimens. In accordance
with the Meyer—Overton hypothesis, sevoflurane concen-
trations were calculated by scaling according to MAC equi-
potencies between isoflurane and sevoflurane established in
humans.” Imaging was performed at sevoflurane concen-
trations of 0%, 6.6%, and 13.2%. Equilibration to 6.6% and
13.2% was facilitated by instilling 8.5 pl and 17 pl; of liquid
sevoflurane, using temperature-adjusted aqueous partition
coefficients.'” Sevoflurane is a more challenging agent to
handle for experimental purposes than isoflurane. Its lower
potency requires concentrations close to the upper limits
of measurement of clinical infrared spectrometers, and its
lower aqueous solubility (though desirable for clinical care)
results in a less stable experimental preparation as a result of
increased off-gassing.

Statistical Methods

Statistical Methods for Neuron Tracking and Extraction of
Activity. Approximately 250 Gb of storage was required to
hold the total of 147,600 images that were acquired for

Anesthesiology 2020; 133:133-44

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

135

20z UdIe €1 uo 1senb Aq ypd'G2000-0'00200202/€SS Y L S/EE L/ LIEE LiPpd-aloiue/ABojoISaYISBUER/WOD IBYDIBA|IS ZESE//:dRY WOI) papeojumod



136

PERIOPERATIVE MEDICINE

each worm. For each 250 Gb volumetric time-series data-
set, the nuclei were localized in the red channel via the
nuclear expression of Red Fluorescent Protein. The local-
ization and tracking of neuronal nuclei follows the over-
all structure of the method described in Nguyen et al.,"
with modifications suitable for C. elegans specimens whose
gross movement has been restricted by encapsulation, and
in whom the imaging field is restricted to the head only,
rather than the entire body. Using the red channel data, a set
of implicit axes was created with the origin at the centroid
of the data, aligned orthogonally using the second-order
moments of the data. Such axes automatically move and
turn to compensate for translation or rotation of the head
of the worm, stabilizing the tracking. Centerpoints of each
nucleus were identified by convolving the red channel data
with a Laplacian-of-Gaussian function,'? picking out nuclei
by identifying bright spheres of a critical radius" such that
120 neurons in the head were tracked (fig. 1B). Neurons
were numbered in the direction of nose to tail, which
reflects a general progression of function in the C. elegans
head from sensory neurons to interneurons to motor neu-
rons. Matching of neurons from one timestep to another
was performed using the Kuhn—Munkres Assignment algo-
rithm," always selecting the match that best minimizes the
total squared distance between neuron positions. The iden-
tified locations of the nuclei were error-corrected using
smoothing and consensus based on the location of the sur-
rounding neurons.'" Ultimately, a single complete chain of
locations was established for each of 120 initially identified
nuclei from the beginning to the end of each 600-volume
image session (fig. 1, C—H). Nuclei were matched across
imaging sessions (i.e., from 0% to 4% isoflurane, and from
4% to 8% isoflurane) by a similar technique, by finding
the best match from any volume in the first session to
any volume in the subsequent session. This matching was
performed in a massively paralle] computation over many
hours (Massachusetts Green High Performance Computing
Center, USA). Tracking and extraction algorithms were
written in Python, with inner-loop optimization in C.
After the three-dimensional locations of the nuclei of
the neurons were established at each time step, their activity
was extracted by averaging the somatic GCaMP signal in
the green channel in a corona around the nucleus. On rare
occasions, a nucleus of one of the tracked neurons would
temporarily exit the imaging volume because of motion
of the worm. Brief episodes of missing activity data were
recovered by cubic interpolation between the activities
recorded immediately before and after such events. Such
reconstructions were extremely rare, accounting for only
0.0012% of the total data acquired.
Statistical Methods for Analysis of Activity. All statistical anal-
yses were performed using custom Matras (Mathworks,
USA) scripts as described.
Intensity Traces. Intensity traces (fig. 2A) were created by
plotting normalized GCaMP fluorescence for each neuron,
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normalized against the average intensity over all measure-
ments (i.e., all neurons and frames) in the 0% isoflurane ses-
sion for that worm.The fluorophores fluoresce exuberantly
on first illumination; the first 30s of recorded activity are
therefore discarded so that this period does not overwhelm
the subsequent analysis.

Activity Distributions. Activity distributions (fig. 2B) were
generated as probability histograms of all normalized fluo-
rescence measurements (as above) pooled across all worms,
neurons, and frames at each level of isoflurane exposure.
Power Spectral Density. The mean power spectral den-
sity across all worms was calculated for each level of iso-
flurane exposure. The time differential of the normalized
fluorescence measurements (as above) was obtained using
total-variation regularization,' and the power spectral den-
sity was calculated by Fourier transformation for each neu-
ron. To mitigate systematic differences between worms in
the expression levels of fluorescent markers, the total signal
power was normalized for each worm. The mean power
spectral density for each level of isoflurane was then pro-
duced by averaging over all worms and neurons (fig. 2C).
Cumulative power spectral densities were calculated from
these mean power spectral densities. Bulk power spectral
density measurements for each worm were produced by
averaging the fluorescence measurements of all neurons
within that worm.

Neuron Activity Correlations. Neuron—neuron correlations
were taken between the time differential of signals for
each neuron—neuron pair (fig. 3A), as in Awal ef al.* Mean
correlations were calculated by averaging the correlation
for all neuron—neuron pairs for each worm at each level
of isoflurane exposure, then averaging across all worms.
Pearson correlation distributions (fig. 3B) were generated
from probability histograms of all correlation measurements
pooled across all worms at that level of isoflurane exposure.
Mean correlation values were taken from these distribu-
tions and statistical tests assessed by a one-way ANOVA,
followed by paired two-tailed ¢ tests. Tukey adjustment for
multiple comparisons was applied to assess significance
between groups.

Principal Component Analysis. Principal component analysis
was performed on the normalized fluorescence measure-
ments (normalized to the mean intensity of the 0% iso-
flurane session, as above) for all 120 neurons in all worms.
Principal component analysis plots (fig. 4A) were generated
by plotting the value of the first three principal compo-
nents on Cartesian axes over time. The color of the prin-
cipal component analysis trace reports the intensity of the
AVA neuron using the same color scheme as figure 2A. AVA
is the standard name of one of the more readily-identifiable
neurons in C. elegans based on anatomic location and activ-
ity. AVA is a command interneuron which governs locomo-
tion reversal. It performs something broadly analogous to
a cerebellar function: When AVA is activated, downstream
neuronal activity is modulated such that the worm moves

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.
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Fig. 2. Neuronal activity distributions and spectral analysis. (4) Intensity trace of fluorescence activity of all 120 tracked neurons in an individ-
ual Caenorhabditis elegans at 0% (leff), 4% (middle), and 8% (right) isoflurane. The color scale covers 0% to 75% of the dynamic range of the
normalized intensities to remove rare high-level activations and render lower-level activity in a more discernable fashion. The time range covers
30 to 300s, to exclude exuberant fluorescence caused by initial illumination. (B) Distribution of all fluorescence measurements pooled across
all neurons and worms at each level of isoflurane exposure. (€) Mean cumulative power spectral densities of neuron fluorescence signals at
each level of isoflurane exposure. Cumulative power spectral densities for bulk fluorescence measurements in dashed lines. The 95% spectral
edge shown is shown with a dotted gray line. (Insef) Mean power spectral density of neuron fluorescence signals at each level of isoflurane.
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Fig. 3. Neuronal correlations. (4) Correlation of fluorescence signals for each neuron—neuron pair from the intensity traces in figure 2A at 0%
(left), 4% (middle), and 8% (righf) isoflurane. The color scale is red when a correlation exists, blue when anticorrelated, and white when no cor-
relation is found. The leading diagonal is red because each neuron is correlated to itself by definition. (B) Distributions of all correlation values
measured at each level of isoflurane. (/nset) Mean correlation values at each level of isoflurane. Sample variability reported as SD. (***P < 0.0001).

backwards. In the unanesthetized worm, the activation state
of AVA reliably discriminates the neurologically intended
direction of movement,'® even if the worm itself is phys-
ically immobilized or pharmacologically paralyzed.”” The
AVA neuron was manually identified in the 0% isoflurane
session by morphology and activity, and in following ses-
sions by morphology and spatial consistency; its activity val-
ues were extracted from the larger dataset.

Percentage variance was calculated as the percentage of
the total variance in the data that was captured by the first
three principal components. Percentage variance was calcu-
lated for each worm at each trial, then averaged across worms
and assessed by a one-way ANOVA, followed by paired two-
tailed ¢ tests. Tukey adjustment for multiple comparisons was
applied to assess significance between groups.

Results
Neuronal Imaging

A dual inverted selective plane illumination microscope was
used to generate three-dimensional volumetric time-lapse

Anesthesiology 2020; 133:133-44

images of the head-region of C. elegans panneuronally
expressing two fluorophores: a nuclear-localized Red
Fluorescent Protein (red), and a cytoplasmically-expressed
calcium sensor, GCaMP6s (green; fig. 1A). For each movie,
computer-automated image analysis identified the red nuclei
of 120 neurons, tracked them over time, and extracted the
surrounding GCaMP fluorescent signal (fig. 1B). GCaMP
is widely used as an optical metric of neuronal activation
because it reports the elevated cytoplasmic calcium in
response to neuronal activity."® By measuring the average
green GCaMP fluorescence intensity surrounding a given
nucleus, that neuron’s activity can be extracted. Figure 1 (C—
H) illustrates this, showing individual frames between which
the fluorescence of individual neurons can be observed to
change. Each worm (n = 10 worms) was imaged at progres-
sively deeper levels of exposure to isoflurane equilibrated to
0%, 4%, and 8% vol/vol respectively, capturing the activity
of all of the head ganglia (fig. 1A) which include the major-
ity of all C. elegans interneurons. The images shown in fig-
ure 1 are two-dimensional representations of the underlying
volumetric dataset, with pixel intensities assigned using the

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

Awal et al.

20z UdIe €1 uo 1senb Aq ypd'G2000-0'00200202/€SS Y L S/EE L/ LIEE LiPpd-aloiue/ABojoISaYISBUER/WOD IBYDIBA|IS ZESE//:dRY WOI) papeojumod



Awal et al.

A 0% isoflurane

Component 3
Component 3

Mean Percentage of Variance Captured
by 3 Principal Componentss (%)

4% isoflurane

Collapse of Global Neuronal State under Isoflurane

8% isoflurane

Component 3

Fig. 4. System-wide activity states. (4) Three-dimensional plots of the first three principal components calculated from the 120 individual
neuron signals shown in figure 2A at 0% (left), 4% (middle), and 8% (righf). Principal component analysis traces are colored by the fluores-
cence intensity of the neuron AVA, with the same color scale as in figure 2A. (B) Mean percentage of total variance captured by the first three
principal components for all neurons and for all worms at each level of isoflurane. Sample variability reported as SD. (*P < 0.01; **P < 0.001;

***P <0.00001).

Maximum Intensity Projection ray-casting algorithm'’ as
is commonly performed for positron emission tomography

and single photon emission computed tomography images.

Figure 2A displays the activity of 120 neurons from a single
animal over the course of the three sessions at 0%, 4%, and
8% 1soflurane.

At 0% isoflurane, the worm displays its characteristic
and innate neural activity in which the nervous system
transitions between global activity states corresponding to
different gross behavioral activities.'”**** These behavioral
state transitions can be observed as the coordinated shifts
in activity of large number of neurons over long (e.g., up to
35s) time intervals (fig. 2A, leff). At 4% isoflurane, worms
no longer respond to stimuli nor exhibit functional loco-
motive behavior.** Although substantial individual neu-
ronal dynamics persist at this dosage, ordered activation
across many neurons is diminished (fig. 2A, middle). At 8%

isoflurane, the GCaMP signals cease to fluctuate and the
neurons appear to maintain a low, although not necessarily
zero, level of fluorescence (fig. 2A, right).

Qualitatively, it is clear that high doses of isoflurane do
profoundly suppress neuronal dynamics. However, as noted
previously,* this profound suppression is not seen at 4%
isoflurane, even though response to stimulus and locomo-
tive behavior are already lost at this level. Instead, it is the
coordination between large numbers of neurons, obvious
in worms at 0% isoflurane, which is lost with the onset of
anesthesia.

These observations are reflected in the activity distribu-
tion across trials. For each level of exposure to isoflurane,
all GCaMP fluorescence intensity measurements across
all worms and neurons were pooled and plotted (fig. 2B).
Worms at 0% isoflurane (fig. 2B, blue) have activity distribu-
tions that extend across the entire dynamic range from zero

Anesthesiology 2020; 133:133-44
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fluorescence to very high GCaMP fluorescence. At 4% iso-
flurane (fig. 2B, yellow), measurements at higher levels of flu-
orescence are dramatically decreased whereas measurements
of middle and lower levels of fluorescence increase. At 8%
isoflurane (fig. 2B, red), the distribution is further restricted
to lower, but notably nonzero, fluorescence.

Spectral Analysis

Drawing on classical statistical hallmarks of anesthesia in
humans,* a power spectral analysis of the fluorescence
signals measured from individual neurons was performed.
Figure 2C shows the cumulative average power spectrum
of all neurons (across all worms) at each level of isoflurane.
The corresponding mean power spectral densities for each
condition are displayed in the inset. Both 4% isoflurane
(fig. 2C, yellow) and 8% isoflurane (fig. 2C, red) are shifted
toward higher frequencies compared with that of worms at
0% isoflurane. These shifts can be quantified by measuring
the 95% spectral edge frequency, defined as the frequency
below which 95% of the total signal power resides. As illus-
trated in figure 2C (dotted gray line), the 95% spectral edge
is 0.23 Hz, 0.38 Hz, and 0.32 Hz for 0%, 4%, and 8% iso-
flurane, respectively. This shift in power spectral densities
toward higher frequencies summarizes the changes in neu-
ronal dynamics noted above (fig. 2A), in which large num-
bers of neurons that display extended periods of activation
and deactivation at 0% isoflurane transition to randomized
and rapid dynamics under anesthesia.

Averaging the fluorescence signals of all 120 neurons
tracked in an individual worm serves as a measure of bulk
neuronal activity for that animal. Such bulk measurements
are conceptually similar to those of EEG measurements in
humans, in which measurements of neuronal activity are
made over ensembles of many thousands to millions of
neurons in particular locations in the brain. The cumula-
tive power spectral densities of these bulk measurements
(fig. 2C, dashed lines) are shifted toward lower frequencies,
with 95% spectral edges of 0.08 Hz, 0.10 Hz, and 0.09 Hz
at 0%, 4%, and 8% isoflurane, respectively. These bulk mea-
surements therefore fail to capture the shift toward high-fre-
quency dynamics under anesthesia that is clearly apparent
in measurements made with single neuron resolution.
Neuronal Correlation. The degree of coordination within the
nervous system can be estimated by calculating the activ-
ity correlations between neuron pairs. Figure 3A shows the
correlation between fluorescence signals in all neuron—neu-
ron pairs for each level of isoflurane for the intensity data
displayed in figure 2A. Globally, there is a clear decrease in
neuron—neuron correlation (i.e., whiter) at 4% isoflurane
compared with 0% isoflurane. At 8% isoflurane, GCaMP
signals display marked reductions in fluctuation and hence
correlations increase to some degree owing to stasis.

At 0% isoflurane, the distribution of correlations is
skewed toward positive correlation, whereas the distribu-
tions at 4% and 8% are more symmetrically distributed
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around zero (i.e., no correlation; fig. 3B). This observation
is quantified by calculating the mean correlation between
all neuron pairs and across all animals at each level of iso-
flurane (fig. 3B, insef). The mean interneuronal correlation
is high at 0% isoflurane (R = 0.196 * 0.070 relative units),
but drops significantly at 4% and 8% isoflurane (R = 0.026
+ 0.010 relative units and R = 0.053 * 0.029 relative units,
respectively; P < 0.0001).The observed drop in correlation
between neurons is reflective of a general breakdown in
coordinated signaling between neurons during anesthesia.

Principal Component Analysis

The system-wide neuronal activity in the ganglia of the
worm head can be analyzed using principal component
analysis.'?! Principal component analysis efficiently reduces
large dimensional data sets to fewer principal components
while retaining most of the dynamic information. The
independent activity of 120 neurons can be easily reduced
and visualized on Cartesian axes by plotting the first three
principal components. Figure 4A shows the principal com-
ponent analysis representation of the intensity activity data
shown in figure 2A. At 0% isoflurane (fig. 4A, left), there is
a clear oscillation in system activity that effectively traces
a loop in the principal component analysis state space. To
compare the principal component analysis state space with
the gross behavioral state of the system, the principal com-
ponent analysis activity trace is colored by the fluorescence
intensity measured from the interneuron AVA over time.
AVA is a key command interneuron whose activity strictly
corresponds to the direction of the worm’s crawling state.”
When AVA activity is high (i.e., high GCaMP fluorescence
and red principal component analysis trace color), the ani-
mal is attempting to reverse and when AVA activity is low
(i.e.,low fluorescence and blue and green principal compo-
nent analysis trace color), the animal is attempting to crawl
forward.

As shown in figure 4A, AVA activity and therefore the
gross behavior state clearly correspond with position in the
principal component analysis state space at 0% isoflurane.
At 4% isoflurane, in contrast, the regular oscillations within
principal component analysis state space collapse. The activ-
ity trace dynamics become randomized but do not fall to a
specific point. These results indicate that neuronal activity
remains but that the overall structure and regularity of the
system dynamics are lost. Moreover, AVA fluorescence (as
represented by trace color) no longer corresponds to par-
ticular locations in the principal component analysis state
space, further indicating disruption of well-defined neuro-
nal states. At 8% isoflurane, the principal component anal-
ysis space collapses further, as neuronal dynamics decrease
overall.

The percentage of total variance in the data (e.g, the
dynamic change in the data) that can be captured by the
first three principal components serves as a general metric
for the degree of independence between measured variables
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in the system. If the distinct measurements (i.e., fluores-
cence measurement of each neuron) are highly dependent
on one another, then the state of the system can be ade-
quately summarized through only a few independent prin-
cipal components. The average variance captured by the
first three principal components across all worms at each
level of isoflurane (fig. 4B) was calculated: 88.9% =+ 5.4%
at 0% 1soflurane, falling to 57.9% £ 11.2% at 4% isoflu-
rane, and rising to 76.0% * 7.9% at 8% isoflurane. Each
of these group measurements is significantly different from
the others (0% isoflurane vs. 4% isoflurane, P < 0.0001; 0%
isoflurane vs. 8% isoflurane, P < 0.001; 4% isoflurane vs.
8% isoflurane, P = 0.001). The principal component anal-
ysis—based technique discriminates the effects of isoflurane
and is far more computationally efficient than the entropic
and Mutual Information statistical methods previously used.

Control Experiments

Control experiments performed using five worms and track-
ing 120 neurons without isoflurane exposure demonstrated
only small and nonsignificant changes in these statistical
properties, as illustrated in Supplemental Digital Content
1 (http://links.lww.com/ALN/C351). Consequently, we
conclude that the effects ascribed to isoflurane exposure
do arise from exposure to the volatile anesthetic agent
rather than the experimental process of encapsulation and
imaging.

Comparative Pharmacodynamics of Sevoflurane and
Isoflurane

Supplemental Digital Content 2 (http://links.lww.com/
ALN/C352) shows the intensity traces of the fluorescent
activity of 120 tracked neurons under exposure to sevoflu-
rane at 0%, 6.6%, and 13.2% over three trials, in the manner
of figure 2A. A similar activity pattern of structure, disor-
der, and suppression exists under increasing concentrations
of sevoflurane, as would be expected from the isoflurane
results. Principal component analysis also shows a consider-
able fall in the variance captured by the first three principal
components at 6.6% sevoflurane, as was also found at 4%
isoflurane. These similarities in the statistical action of iso-
flurane and sevoflurane on the activity of C. elegans neurons
is suggestive of a common pharmacodynamic or class effect
for the highly fluorinated ethers.

Discussion

In this study, sophisticated light sheet microscopy and vol-
umetric image analysis are used to measure the individual
activity of the majority of neurons within the C. elegans head
under progressive exposure to deeper levels of isoflurane
anesthesia. These single neuron resolution measurements
enable an analysis of system-wide dynamics under anesthe-
sia that has not yet been technically possible. Previously,*
imaging techniques restricted to a subcircuit of only five
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command interneurons were used to demonstrate that the
state of anesthesia in worms does not correspond with sup-
pressed activity in those neurons but rather to dyssynchrony
within this inherently highly organized circuit. Here, the
capacity of these imaging techniques is now expanded to
encompass the majority of neurons in the worm’ head.The
results of these panneuronal experiments are remarkably
consistent with those previous subcircuit results, implying
that the measured effects of anesthesia are generalizable
throughout the animal’s entire nervous system.

The activity of neurons in unanesthetized C. elegans has
been well studied.'®!7**2? Unanesthetized C. elegans neurons
display highly correlated activity across the nervous system,
consisting of slow transitions between system-wide activ-
ity states. These characteristics are readily observed within
the metrics of neuronal activity assessed here. The degree
of correlation between neurons is relatively high (fig. 3),
whereas the power spectral density analysis of neuron activ-
ity displays the majority of power at lower frequencies
reflecting the slow transition between activity states (fig. 2).
Likewise, the principal component analysis plots (fig. 4A,
left), which allow visualization of system-wide dynam-
ics, display an organized looping as the system oscillates
between activity states. These states, or regions of principal
component analysis space, are correlated with activity of the
key interneuron AVA that effectively reports the forward
and reverse crawling behavioral state of the animal.

At moderate levels of anesthesia (4% isoflurane), the
system-wide organization in neuron activity is lost while
dynamics of the individual neurons shift to higher frequen-
cies. The increase in system-wide dyssynchrony is evident
from the decrease in neuron—neuron correlation (fig. 3), as
well as the loss of structure and reduced percentage vari-
ance captured by the principal component analysis trace
(fig. 4A, middle). Critically, these effects are not the result
of simple suppression of neuron activity; rather, individual
neurons remain active as illustrated by the pooled neuron
fluorescence distribution in figure 2B, which narrows to
mid-range but nonzero fluorescence (i.e.,activity). Likewise,
the shift of the mean power spectral density to higher fre-
quencies at 4% isoflurane (fig. 2C) indicates increased rapid
fluctuations in individual neuronal activity as the slow tran-
sitions between system-wide neuronal states are lost. Thus,
as also found within the interneuron subcircuit,* the state of
anesthesia appears to stem from randomization of individ-
ual neuron activity leading to increased dyssynchrony and
thus loss of functional organization across the entire ner-
vous system. The fall in total percentage variance captured
in the principal component analysis is consistent with the
rise in Shannon information entropy seen in the interneu-
ron subcircuit® as the disorder increases.

At deeper levels of anesthesia (8% isoflurane) increased
suppression of neuron dynamics is observed, accompanied
by continued loss of organized system-wide activity. This
is evident by the pooled activity distribution in figure 2B
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that illustrates a further restriction of the neuronal dynamic
range around moderately low activity levels. Likewise, the
principal component analysis plot at 8% isoflurane contin-
ues to display a lack of organized structure (fig. 4A, right).
Although neuron—neuron correlation and percentage vari-
ance represented by the principal component analysis plots
increase moderately over measurements at 4% isoflurane,
this 1s most likely attributable to the uniform suppression
of all neuronal dynamics, thereby making them more uni-
formly correlated, rather than a property of the individual
neuron activity. Importantly, during deep anesthesia, the
neurons do not appear to simply turn off but instead enter
a period of stasis in which neuronal state transitions no
longer occur. Thus, as the neuronal dynamics decrease they
appear to become increasingly constrained to fixed mod-
erate-to-low levels of activity. Anesthesia in humans is also
associated with increased phase coupling of activity across

brain regions;**%

it appears a similar effect can be observed
across the C. elegans nervous system as the activity of indi-
vidual neurons becomes locked.

In humans, measurements of anesthetic depth are
derived from EEG measurements, which constitute bulk
average electrical measurements across many thousands of
pyramidal neurons over comparatively large regions of the
brain. For an EEG signal to be detectable with a scalp elec-
trode, it must synchronize approximately 6 cm? of cortical
surface.™! It is therefore constructive to compare the mea-
surements obtained at single neuron resolution to a mean
fluorescence signal obtained by averaging a priori across the
measurements of all 120 individual neurons in each worm
(i.e., the fluorescence equivalent of an averaged bulk mea-
surement similar to that of an EEG). As seen in figure 2C
(dashed lines), these bulk fluorescence signals lack high fre-
quency dynamics in the resulting power spectrum: No
difference is seen in the cumulative power spectral density
of the bulk fluorescence measurements at 0%, 4%, and 8%
isoflurane exposure, in contrast to the large shifts observed
in the power spectrum of single neuron measurements. The
effects of isoflurane on the high-frequency dynamics of
individual neurons are effectively averaged out and cannot
be discerned by bulk measurement.

As we found previously within the small subcircuit of
command interneurons, the onset of anesthesia in C. ele-
gans corresponds to a state of increased randomization and
dyssynchrony between neurons rather than a generalized
silencing of neuronal activity. This study demonstrates these
effects across the majority of interneurons in the animal’s
nervous system and further illustrates the shortcomings of
bulk neuronal measurements for measuring such effects.
The nervous system of C. elegans is not sufficiently complex
to be able to develop the consistent patterns of rhythmic
excitation that are the hallmarks of EEG; nevertheless, C.
elegans becomes anesthetized on exposure to volatile anes-
thetics. This discrepancy highlights the difference between
the well-characterized macroscale effects of isoflurane on
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measurements such as EEG, and the microscale effects
on neuronal circuits that are still relatively unknown. The
neuronal state of isoflurane anesthesia in C. elegans appears
different from that seen in, for example, the inactivity and
reduced responsiveness of sleep (lethargus).!

Recent exciting advances in C. elegans biology include,
first, the development of an animal with unique patterns
of multiple fluorophores in each nucleus,* rather than the
single panneuronal promoter of Red Fluorescent Protein
used here. This polychromatic labeling allows neurons to be
identified automatically and explicitly, without having to
rely on anatomical geometry and known patterns of acti-
vation in the unanesthetized animal. Second, new electron
micrograph sections of C. elegans have now established the
connectome matrices for all neuron-to-neuron chemical
synapses and gap junctions in both the hermaphroditic and
male sexes.” Taken together, these advances will allow the
analysis of the effects of anesthetics on specific neuronal
types, neural circuits, and sensorimotor pathways within the
context of the entire functioning nervous system.

The imaging performed in this study was performed
at discrete concentrations of isoflurane during induction,
which leaves open a range of questions regarding how
neuronal coordination changes in response to, for exam-
ple, progressive recovery from anesthesia. Would neuronal
coordination be expected to recover in a smooth and pro-
gressive fashion, or would identifiable step changes occur?
Furthermore, even if the underlying neuronal recovery
were to occur smoothly, would step changes in particular
behavioral endpoints be seen once neuronal coordination
rises above some sufficient level? Ultimately, the application
of these powerful new multineuron imaging techniques
in C. elegans, and also in higher animals,** will generate a
comprehensive understanding of the anesthetic effects on
neuronal function and interconnectivity and bridge the gap
between our current understanding of the behavioral and
clinical effects of anesthetics and their cellular mechanisms
of action.
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