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Scale-free statistics of coordinated neuronal activity, suggesting a universal
operating mechanism across spatio-temporal scales, have been proposed as a
necessary condition of healthy resting-state brain activity. Recent studies have
focused on anesthetic agents to induce distinct neural states in which con-
sciousness is altered to understand the importance of critical dynamics.
However, variation in experimental techniques, species, and anesthetics, have
made comparisons across studies difficult. Here we conduct a survey of several
common anesthetics (isoflurane, pentobarbital, ketamine) at multiple dosa-
ges, using calcium wide-field optical imaging of the mouse cortex. We show
that while low-dose anesthesia largely preserves scale-free statistics, surgical
plane anesthesia induces multiple dynamical modes, most of which do not
maintain critical avalanche dynamics. Our findings indicate multiple pathways

away from default critical dynamics associated with quiet wakefulness, not
only reflecting differences between these common anesthetics but also
showing significant variations in individual responses. This is suggestive of a
non-trivial relationship between criticality and the underlying state of the

subject.

The critical brain hypothesis has been proposed as a theoretical fra-
mework with which to study multi-scale neuronal dynamics'*. Pro-
ponents suggest that a self-organized critical state, situated between
high and low entropy operating regimes, imbues the brain with com-
putational advantages that are necessary for normal brain function®”.
Renormalization group theory suggests that the existence of such a
critical state—or potentially critical region®*~would imply collective
neuronal dynamics are independent of superficial complexities and
differences across scales and species’, and could instead be under-
stood by a handful of relevant parameters such as excitation-inhibition
balance'®". This would be in line with recent efforts to re-frame neural
dynamics as occurring on low-dimensional manifolds'**, but would
additionally suggest that such a dimensionality reduction could be
made across spatial and temporal scales. The critical hypothesis has
been, at least initially, motivated by the observation that clusters of
neuronal firings organize in a scale-free manner, which would be a

prerequisite for criticality'*". However, it is also understood that sig-
natures of criticality are not unique to resting-state brain function, as
evidenced by the fact that in vitro neuronal cultures and tissues also
exhibit scale-free neuronal firings*.

To better understand the role critical dynamics play in brain
function, researchers have utilized anesthesia as a method of phar-
macological manipulation of the critical state” . Generally speaking,
the goal of any such experiment is to relate deviations from homeo-
static equilibrium to changes in the critical state. Despite divergent
pharmacological properties between various anesthetics, the outcome
is often qualitatively similar—various levels of artificially reduced
responsiveness?’. While these studies offer key insights into brain cri-
ticality, such as either loss of criticality"%, or a reduced domain over
which criticality can be established”, comparisons between experi-
ments are difficult to make as many of these studies use different
anesthetics. For example, isoflurane and ketamine, both common

"Complexity Science Group, Department of Physics and Astronomy, University of Calgary, Calgary, Alberta T2N 1N4, Canada. 2Department of Psychiatry,
University of Calgary, Calgary, AB T2N 1N4, Canada. 3Hotchkiss Brain Institute, University of Calgary, Calgary, AB T2N 4N1, Canada. “Mathison Centre for
Mental Health Research and Education, Calgary, AB, Canada. .~ e-mail: dcuric@ucalgary.ca

Nature Communications | (2024)15:7025


http://orcid.org/0000-0002-2623-7271
http://orcid.org/0000-0002-2623-7271
http://orcid.org/0000-0002-2623-7271
http://orcid.org/0000-0002-2623-7271
http://orcid.org/0000-0002-2623-7271
http://orcid.org/0000-0002-8425-3958
http://orcid.org/0000-0002-8425-3958
http://orcid.org/0000-0002-8425-3958
http://orcid.org/0000-0002-8425-3958
http://orcid.org/0000-0002-8425-3958
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51399-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51399-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51399-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-51399-2&domain=pdf
mailto:dcuric@ucalgary.ca

Article

https://doi.org/10.1038/s41467-024-51399-2

choices for anesthetic, have been observed to induce radically differ-
ent brain dynamics - the former enhances beta frequencies, while the
latter enhances delta frequencies™.

Despite mechanistic and physiological differences, anesthetics
achieve a loss of sensation and awareness. Whether these involve a
common path away from a critical state is not known. This leaves a
fundamental question unanswered—what are the possible paths away
from the critical state? Sub or super-criticality, or potential changes in
the universality class? Because individual studies often focus on one
drug (or other method)'*"®* to alter the critical state, it is not clear that
all of these different paths are available, or that the observed devia-
tions do not simply reflect details of the experiment (species, in vivo
versus in vitro, recording technique, etc.) in some way. Here, we use
avalanche analysis to identify deviations from critical states induced by
several anesthetic agents at both low-dose and surgical planes of
anesthesia. We use mesoscale cortical calcium imaging in mouse, in
which a large expanse of dorsal neocortex is simultaneously sampled
with high spatiotemporal fidelity. Specifically, we examine the barbi-
turate pentobarbital, that is selective to GABA-A receptors®, the dis-
sociative anesthetic ketamine that acts preferentially on NMDA
receptors®, and the volatile anesthetic isoflurane, that acts on both
GABA-A receptors and NMDA receptors**?. We found surgical-plane
doses of isoflurane and ketamine can induce changes from scale-free
statistics in quiet wakefulness, while low doses did not. Conversely,
pentobarbital-induced changes appear dose-independent. We also
observed multiple distinct calcium dynamics for a surgical plane level
of anesthesia. In particular, surgical plane levels of isoflurane and
ketamine typically induced large system-sized bursts and wave-like
dynamics, respectively, while a small number of recordings displaying
critical avalanche statistics could still be observed, despite the same
loss-of-responsiveness state, suggestive of non-universal responses
across individuals.

Results

Scale-free avalanches in quiet wakefulness

A necessary feature of critical dynamics is scale-free statistics” in the
form of

pS) xS, @®

where S is the spatiotemporal size of clustered activity (in this case,
calcium transients), also known as an avalanche, and 7 is the critical
exponent. To define calcium-transience avalanches across the field of
view, we first binarized the processed Thyl-jRGECOla calcium
fluorescence signal (here on out referred to as “the calcium signal”)
using a per-pixel threshold of ¢ standard deviations above the mean
(see also methods for further details). We utilize jJRGECO as this sensor
has a favorable combination of brightness (high SNR) and decay time?®,
and (as with other red-shifted calcium biosensors) reduced hemody-
namics contamination. An example of the mean binarized signal (¢ =1)
across the duration of a single recording is shown in Fig. 1a. Above
threshold, or “active”, pixels are clustered into avalanches.

Cortical dynamics have long-range functional connectivity
extending beyond a single pixel. As such, clustering schemes based
only on the nearest neighboring pixels may break up causally related
avalanches. To account for this we define a radius of direct influence, r.
Two active pixels within a distance r, and one time frame of one
another, are clustered within the same avalanche (Fig. 1b)*. Pre-
existing avalanches crossing this boundary are “merged”, and both are
(retroactively) relabeled to be the same avalanche. The radius r is
estimated from the first zero crossing of the partial correlation func-
tion (PCF, see also methods), occurring at r*=8+2 (Fig. 1c). Once
clustered, the normalized avalanche size (S) is a unit-less value defined
as the total number of active pixels participating in the avalanche

(repeat activation included), divided by the number of cortical pixels
per hemisphere (0(10)).

Probability densities were estimated via logarithmic binning of
avalanche sizes for all quiet wakefulness (QW) recordings (N =12). For
¢ =1, the avalanche rate across recordings was 13 + 6 avalanches/sec-
ond, and a total of 7(2) x 10* avalanches/recording. QW avalanche size
distributions followed scale-free statistics with an estimated mean
exponent, averaged across recordings, 7=1.2(1), and a typical dynamic
range of A=S, .. /Sin=O(10%). Figure 1d presents the avalanche size
distribution across multiple thresholds obtained by concatenating
across all recordings, which is representative of individual record-
ings (see S1).

We also analyzed surrogate distributions generated by random
shuffling of pixels in space, and random cyclic permutations of pixel
signals in time'>°. The former, shown as the dashed curve in Fig. 1d,
preserves the tail (due to finite size effects) but changes the head of the
distribution. The latter consistently generated never-ending, system-
sized avalanches, with smaller events being almost entirely non-
existent (not shown for figure clarity). This analysis suggests both
spatial-temporal correlations are important aspects of the avalanche
distribution p(S).

In addition to avalanche sizes, we analyzed avalanche durations, 7,
defined as the number of seconds (or frames) that an avalanche took to
occur. Their range of values is much smaller than that of avalanche
sizes, covering only about two orders of magnitude. Nevertheless,
their distributions, p(T), also followed power-law statistics typically
over one order of magnitude with an exponent a=1.7(2) (more on
durations in S2). If criticality holds, @ and 7 uniquely determine the
relation between the average avalanche duration for a given size, (T)
(8), and S™. Specifically, (T )(S) = & with

V= —1i- ya,T). 2

y can be directly estimated via robust linear fit to (T )(S) (see S2), and
compared to y(a, 1), which is calculated from the above equation. The
independent equivalency of y and y(a, 1) can be considered a test for
criticality®. We found that in ten out of twelve recordings, the
equivalence between y and y(a, 1) held within statistical uncertainties
of one o. Of the two recordings where the scaling relation only held
within three o, we found that it was because the size exponent T was
very close to 1, where the scaling relation given by Eq. (2) becomes
problematic and systematic uncertainties are large. Averaged over the
twelve recordings we found y=0.31(4), and y(a, 7)=0.34(9). The
exponents mentioned above, as well as those obtained in the following
sections, are all summarized in Table 1.

Avalanche statistics in the presence of anesthetics

Low-dose anesthesia. Next, we analyzed low-dose anesthesia
recordings corresponding to isoflurane 1% (N=6), ketamine 10 mg/kg
(N=8), and pentobarbital 12.5 mg/kg (N=6). Examples of the cortex-
wide average calcium trace in a window of 20 s is shown in Fig. 2a for
each anesthetic and QW. Figure 2b shows no significant changes to the
PCF in any case. At ¢ =1, avalanche size distributions follow a power-
law distribution (Fig. 2c). The average exponents for isoflurane and
ketamine were estimated to be 7=1.24(4) and 7=1.08(7), respectively.
Pentobarbital recordings had alower average exponent (7=1.0(1)), and
in three recordings 7<1. For all three anesthetics, the fitting domain
was reduced to A=O(10%).

Per recording, avalanche durations had an average exponent of
a=15(2) for isoflurane, a =1.9(3) for ketamine, and a =1.7(2) for pen-
tobarbital. The scaling relation given by Eq. (2) held for all testable (i.e.,
7>1) isoflurane and pentobarbital recordings within two g, while it
held in five out of seven ketamine recordings. For the other two
recordings, T was very close to 1 where systematic uncertainties can
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become very large as mentioned above. The aforementioned expo-
nents are shown in Table 1.

We also calculated the Kolmogorov-Smirnov distance (Dgs) of
avalanches on a per-recording basis against the concatenated QW
statistics as a binning-independent measure of (dis)similarity (Fig. 2d)
(see methods). Per-recording QW recordings were tested for con-
sistency and had a mean value of 0.07(4). Isoflurane exhibited similar
behavior ({Dgs)=0.09(3)), whereas ketamine recordings showed lar-
ger deviations ((Ds)=0.15(5)), which is consistent with what is
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Fig. 1| Avalanche analysis of quiet wakefulness controls (QW). a The average
number of activations for a single QW recording is illustrated (¢ =1). The midline
overlying the sagittal sinus is removed to prevent cross-hemisphere merging. b An
example of activity clustering is illustrated. Any active site within both one frame
and a neighborhood of radius r of the active reference pixel (Ref.), such as the red
pixel but not the yellow one, is clustered to the same avalanche as Ref. ¢ The mean
partial correlation function averaged over all awake recordings (N=12) is shown,
with shaded area denoting standard deviation. The zero crossing (') defines the
neighborhood used to classify avalanches. d Avalanche size distributions for var-
ious thresholds ¢ are shown (in units of standard deviations), with the space
shuffled surrogate distribution and the dot-dashed line representing 7. Source data
are provided as a Source data file.

observed in Fig. 2c. Pentobarbital recordings had a KS distance of
{Dgs) =0.2(1), but also showed higher variability.

To test statistical significance, we performed a two-sample Wil-
coxon rank-sum test (rank-sum, MATLAB) with Bonferroni-Holm
correction between both avalanche size exponents and Dys values of
QW and all low-dose cases. Specifically, for the critical exponents 7, we
found that all low-dose cases were not statistically different from QW
at the 95% significance level. The rank-sum test between the distribu-
tions of Dys values suggested that only the low-dose pentobarbital is
statistically different (p = 0.002).

Surgical plane anesthesia: predominant dynamics. Examples of the
total calcium activity under surgical plane anesthesia levels are shown
in Fig. 3a. Isoflurane and ketamine each produced two distinct dyna-
mical modes. Isoflurane 2% predominantly produced smallscale fluc-
tuations interrupted by aperiodic cortex-wide bursts (7 recordings out
of N=10 total), whereas ketamine 100 mg/kg was typically (6 out of
N=7) associated with wave-like activity. In these cases, which we call
the “predominant” case, the changes in calcium dynamics can be
clearly differentiated from QW by way of phase-space representations
obtained by Hilbert transform (S3). The other recordings, which could
not be differentiated from QW, are discussed in the next section.

As Fig. 3a shows, Pentobarbital 80 mg/kg (N=4) produced more
qualitatively regular dynamics, though not to the same extent as
ketamine. Figure 3b shows the mean PCF, averaged across recordings.
We found that isoflurane heavily reduced the PCF while ketamine and
pentobarbital appeared to produce a minor suppression of the PCF,
but more statistics would be needed to make a definitive claim. Fig-
ure 3¢ shows the avalanche size distributions. The wave-like dynamics
under ketamine produce a characteristic size which manifest as a large
peak near S =1, indicating excessive cortex-wide avalanches consistent
with wave-like dynamics. Conversely, isoflurane produced a reduction
in large avalanche sizes. We also tested increasing the neighborhood
radius to r=14 for the isoflurane analysis due to the elongated PCF
in 3b, but found no significant differences. Interestingly, the higher
dose of pentobarbital (80 mg/kg) produced a similar result to the
lower dose (12.5 mg/kg)—a shift in the exponent to 7 = 1.0(1), and a
duration exponent of a =1.8(5). A two-sample Wilcoxon rank-sum test
with Bonferroni-Holm correction between QW and pentobarbital for T
indicated that the estimated critical exponents were statistically dif-
ferent (p = 0.004). The scaling relation (Eq. (2)) held within two o in two
of the three testable recordings. Finally, Fig. 3d shows the per-
recording KS distance relative to QW. Relative to the low-dose anes-
thetics, surgical plane levels of ketamine and isoflurane both showed
substantially increased deviations away from QW ({Dgs)=0.4(1) for

Table 1| Estimated critical exponents averaged across recordings belonging to the different conditions, with the number of

recordings in brackets

Condition (n) T o Y v(a, T) SR A AIC ogn

QW (12) 1.2(1) 1.7(2) 0.31(4) 0.34(9) 10/12 -28.99 214 3.41
1s0. 1% (6) 1.24(4) 1.5(2) 0.41(4) 0.51(2) 6/6 0.34 1.79 2.02
1s0.2 % (7) — — — — — — — —
A.L.1s0. 2 % (3) 1.17(4) 1.5(1) 0.37(3) 0.33(6) 3/3 -1.15 1.54 2.30
Ket. 10 mg/kg (8) 1.08(7) 1.9(3) 0.28(5) 0.10(8) 5/7 -24.44 -2.08 2.10
Ket. 100 mg/kg (6) — — — — — _ _ _
A.L. Ket. 100 mg/kg (1) 1.05(2) 1.8(3) 0.27(3) 0.06(2) oNn N/A 1.35 N/A
Pen. 12.5 mg/kg (6) 1.0(1) 1.7(2) 0.28(5) 0.31(6) 3/3 -2.04 0.49 2.26
Pen. 80 mg/kg (4) 1.04(8) 1.8(5) 0.25(5) 0.1(1) 2/3 1.29 1.96 2.08

Cases in which no scale-free statistics were observed have been left blank. Uncertainties for the exponents represent one standard deviation except in the case of awake-like (A.L.) ketamine, where
the 95th percentile of MLE was used as there was only one recording. y(q, 1) is presented as the average over all recordings for which the scaling relation in Eq. (2) was testable (i.e., T>1). SR is the
fraction of recordings for which the scaling relation in Eq. (2) was satisfied within two g, likewise relative to the number of recordings for which the scaling relation was testable. AAIC is presented as
the tenth, median, and 90th percentiles (from left to right). Uncertainties for AL ketamine 100 mg/kg could not be established as there was only one such documented case.
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Fig. 2 | Avalanche analysis of low-dose anesthetic recordings. a Examples of (z-
scored) traces of the total calcium activity. b The mean estimated PCF for isoflurane
1% (N = 6), ketamine 10 mg/kg (N =8), and pentobarbital 12.5 mg/kg (N = 6) with
quiet wakefulness (QW) for reference. The vertical line shows the first zero crossing
for QW. The shaded area for QW denotes uncertainty standard deviation (omitted
from others for clarity). c Avalanche size statistics along with QW for reference. The
dot-dashed reference line is the QW reference. d KS distance between individual
recordings, against the concatenated QW distribution. Axis limits expanded to
allow for direct comparison with surgical plane anesthesia in Fig. 3. Source data are
provided as a Source data file.

isoflurane and (Dgs) = 0.6(2) for ketamine). Conversely, pentobarbital
was consistent with sub-anesthetic results in Fig. 2d ({(Dgs) = 0.2(1)).

Surgical plane anesthesia: awake-like dynamics. Interestingly, we
also observed dynamics under ketamine (1 out of 7) and isoflurane (3
out of 10) resembling QW (see S3 and Fig. S6a), despite the surgical
plane of anesthesia (S4). We will refer to these as awake-like (AL). AL
recordings exhibited statistics different from other in-group record-
ings. For example, the avalanche rate of the AL ketamine recording was
15 Hz (consistent with QW), as opposed to 4 +1Hz for the other keta-
mine recordings. In both AL ketamine and isoflurane, both the PCF and
avalanche statistics resembled QW (Fig. Séb, c). The estimated expo-
nents were also consistent with QW; r=1.17(4) for isoflurane, and
7=1.05(5) for ketamine (uncertainty here is from MLE as there is only
one recording), and had comparable dynamical ranges (A=©(10%)). AL
recordings also had the lowest KS distance of surgical plane anesthesia
recordings (Fig. 3d), emphasizing the similarity with QW further.
Moreover, in all awake-like isoflurane recordings, the scaling relation
(Eq. (2)) held within two o, while it was not in the single ketamine
recording because 1 was very close to unity. Note that no meaningful
statistical comparison between QW and AL could be performed due to
the low sample size of AL.

Spatial analysis

Here we study avalanche initiation/nucleation sites across the cortical
surface (see spatial analysis in methods). In all cases, avalanches are
preferentially initiated in key locations, as seen in Fig. 4, but are sen-
sitive to pharmacological manipulation. Three regions generated the
most avalanches in QW—the primary Somatosensory (SSp) area, par-
ticularly areas associated with both the mouth and nose, the
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Fig. 3 | Avalanche analysis of predominant dynamics for surgical plane anes-
thesia. a Examples of (z-scored) traces of the total calcium activity. b The mean
estimated PCF for the isoflurane 2% (N =7), ketamine 100 mg/kg (N = 6) and pen-
tobarbital 80 mg/kg (N = 4) with quiet wakefulness (QW) for reference. The vertical
line shows the first zero crossing for QW. The shaded area for QW denotes
uncertainty standard deviation (omitted from others for clarity). ¢ Avalanche sta-
tistics along with QW for reference. The dot-dashed reference line is the QW
reference. d KS distance between individual recordings, against the concatenated
QW distribution. Awake-like recordings (indicated by diamonds) are included for
comparison. Source data are provided as a Source data file.

retrosplenial (RSP) area, and the secondary somatomotor (MOs) area.
The Gini coefficient, G, is also calculated as a measure of focalization®:

n
G=0r%) Y Ix; - xjl, 3)
7

where Xx; is the value of the ith pixel, and X is the average across all
pixels. G = 0 indicates a perfectly uniform distribution of activity, while
G=1 indicates entirely localized. For QW, we found G=0.437. We
organize our observations on a per-drug basis.

Pentobarbital. Spatial maps of for both 12.5 mg/kg and 80 mg/kg
pentobarbital resembled QW. However, the heavier doses also showed
recruitment of additional sub-regions, which is reflected in G initially
decreasing (relative to QW) under low doses, but then increasing in
high doses. Along with the mouth and nose sub-regions, we also
observe increased activation in upper, lower, and truck areas of the
SSp, as well as greater coverage of the MOs.

Isoflurane. Isoflurane 1% was associated with SSp avalanche initiation
similar to QW, but reduced initiation in RSP and MOs. At a surgical
plane of anesthesia (2% isoflurane), we observed initiations confined to
the hind-limb region of SSp, and a reduction of initiations in facial SSp
regions. Spatial maps of AL recordings resembled those of isoflurane
1% (see S3A). Interestingly, despite low-dose baring the most resem-
blance to QW in terms of avalanches, all isoflurane-associated maps are
overall more homogeneous, which is reflected by the Gini coefficient.

Ketamine. Ketamine 10 mg/kg recordings displayed activations in the
SSp. A suppression of activation in the RSC and MOs was also
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Fig. 4 | The average avalanche initiation maps for each case. Color bars indicate
the number of times a pixel was classified as an initiation site, averaged over all in-
group maps, weighted by the number of observed avalanches with the Gini coef-
ficient G indicated. Awake-like recordings were kept separate as per the previous

analysis. The somatomotor (MOs), somatosensory (SSp), and retrosplenial (RSP)
areas are also labeled as regions of interest for reference in the first panel. The panel
for quiet wakefulness has the Allen Institute atlas outlined for reference.

observed, though not as drastic as in the isoflurane case. Ketamine
100 mg/kg recordings exhibited wave-like dynamics, predominately
initiating in the MOs, the result of which leads to the highest observed
G among all cases. The single AL recording did not show significant
activation in the MOs and instead resembled the 10 mg/kg ketamine
map (see S3A).

Discussion

Here we used multiple anesthetics at different doses to pharmacolo-
gically manipulate the critical state and examine whether or not mul-
tiple pathways from the critical state exist. We first established that
avalanches during QW were indeed best described by power-law sta-
tistics. While the avalanche size statistics we observed followed a slope
different from the often-cited 7=1.5 mean-field directed percolation
exponent (e.g., refs. 117,18, among others), non-mean-field critical
exponents are not uncommon in the literature (e.g., ref. 33 details
them extensively). The value of 7=1.2 for QW indicates that, in our
case, the underlying network structure of the cortex is quite distinct
from an all-to-all coupling, consistent with our analysis of the partial
correlation function. In fact, these smaller values of T are closer to what
is expected for a branching process on a two-dimensional lattice,
namely 7=1.26. Note that a more local coupling at the mesoscale
resolution at which we observe the dynamics of the cortex does not
necessarily contradict the observations with different imaging mod-
alities at smaller scales with very limited fields of view (see, for
example, ref. 33), for which an all-to-all coupling e.g., a mean-field
branching process could be more appropriate. Moreover, recent
efforts have been devoted to understanding how critical exponents
may be changed by experimental artifacts such as sub-sampling®®**,
and demonstrations that sub-sampling can change the observed
exponents, despite the underlying universality class®. While our ana-
lysis could be sensitive to temporal sub-sampling due to the relatively
slow response of calcium (when compared against voltage-sensitive
dyes used in ref. 17), this would affect each recording equally and so a
comparison between the cases would remain meaningful.

Previous work regarding the effect of sub-anesthetic ketamine has
shown the drug acts on interneurons®° with a global effect on cortical
glutamate signaling”. The dis-inhibition of inhibitory interneurons®
may result in greater neuronal activity and, therefore, calcium

transients. Avalanche size and duration statistics were similar to QW,
and the scaling relation typically held indicative of criticality. This
implies that first-order avalanche statistics are not particularly sensi-
tive to sub-anesthetic ketamine. Surgical-plane doses of ketamine are
markedly different, however. Large, regular, calcium waves originating
at the somatomotor area establish a characteristic scale and destroy
scale-free statistics.

Sub-anesthetic isoflurane produced no significant changes in the
avalanche statistics relative to control (same exponent, similar fitting
ranges, scaling relation satisfied). Isoflurane 1% is commonly used for
functional mapping experiments involving evoked responses to sti-
muli, such as retinotopic mapping®, the barrel cortex*’, or simulta-
neous areas across the cortex'. We speculate the resemblance of
isoflurane 1% to QW is related to this - the maintained critical dynamics
allow for an evoked activity that corresponds to functional areas of the
cortex to be preserved.

Surgical plane levels of isoflurane produced widespread small
fluctuations, in line with those reported in ref. 42. These manifested as
a reduced amount of large avalanches. Interestingly, the authors of
ref. 42 studied functional connectivity in the mouse cortex, and
reported that surgical depth isoflurane disrupted typical functional
connectivity patterns, while ketamine-xylazine (100, 5 mg/kg) did not.
This is consistent with what is observed in the corresponding PCF,
which under ketamine is largely the same as in QW, but is significantly
broader under isoflurane.

While surgical-plane isoflurane and ketamine produced appar-
ently sub- or super-critical deviations from homeostatic criticality,
certain features inconsistent with this categorization deserve high-
lighting. In the case of ketamine, large regular wave patterns are not
well described by the first-order statistics of traditional avalanche
analysis®. Likewise, isoflurane featured widespread fluctuations that
might be indicative of a sub-critical state, were it not for frequent
(though irregular) system-sized bursts that are incompatible with a
sub-critical state. This requires that additional higher-order statistics
are included to fully categorize dynamics away from the homeostatic
critical state and suggests a breakdown of universality.

We also observed recordings with calcium transients resembling
QW recordings under surgical-plane levels of isoflurane (3 in 10) and
ketamine (1 in 7). Distributions of avalanches from these “awake-like”
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Fig. 5 | Heartbeat analysis for each case. a Continuous physiological monitoring:
Examples of extracted heart rate from the raw calcium recordings as a function of
time for quiet wakefulness (QW) and the various drugs considered for different
dosages. b The average heart rate for each recording, across each drug case, and
the QW control. Error bars correspond to one standard deviation of the heart rate

o™

across the individual recording, which quantifies the variability of the heart rate and
indicates stationary behavior over the duration of the recordings. Hollow circles in
isoflurane 2% and ketamine 100 mg/kg denote the awake-like cases. Source data are
provided as a Source data file.

(AL) recordings very closely resembled QW and were stationary over
our observation period. While the critical state is not a sufficient
condition for consciousness’, the observation of both critical and non-
critical statistics producing a common loss-of-responsiveness state
with similar and robust physiological parameters (see Fig. 5 and S4) is
surprising and, to our knowledge, previously unobserved. This could
be indicative of significant natural variability between animals.

Unlike surgical plane levels of isoflurane and ketamine, which
produced non-critical dynamics (aside from AL recordings), pento-
barbital produced potentially scale-free distributions with smaller
exponents 7, indicating an increased propensity for larger avalanches.
This increase is consistent with the work conducted in ref. 17, but
differs in that the avalanche distributions shown in the aforemen-
tioned work are clearly super-critical. Given the reduced fitting range
in our analysis, and the observation of size exponents less than 1
(though 7>1 can not be ruled out at the two o levels) in three of six
recordings, a super-critical state should not be ruled out, but it is also
not as pronounced as in ref. 17, despite the same dosage (80 mg/kg).
One key experimental difference between the two analyses is our use
of calcium indicators instead of genetically encoded voltage indica-
tors. The differences in the time scales involved (e.g., calcium response
and decay is typically slower than voltage*’) could be a contributing
factor to the differences we observe, though a direct study comparing
avalanche statistics with both modalities has not been performed to
our knowledge.

Interestingly, both pentobarbital 12.5 and 80 mg/kg produced
similar PCFs, avalanche distributions, and spatial initiation maps,
where the latter are similar to QW. The fact that both high and low
doses resulted in similar avalanche statistics is very different from what
is observed in ketamine and isoflurane. This suggests a saturation
effect as opposed to a monotonic dose-dependant effect, and may

reveal an abrupt, discrete transition between QW dynamics and
another state made accessible by even low doses of pentobarbital,
which potentially maintains critical dynamics but belongs to a separate
universality class.

Regarding measures of criticality, QW, all low-dose anesthetics,
high-dose pentobarbital, and awake-like isoflurane, consistently satis-
fied the scaling relation (Eq. (2)) for all testable cases (i.e., 7>1), sug-
gesting criticality. It is surprising that critical statistics can be observed
despite anesthetics altering excitation/inhibition (E/I) balance'. One
possibility is that anesthetics induce spatially heterogeneous changes
in E/I balance, where compensatory effects maintain global criticality,
but local analysis may reveal deviations. Preliminary findings using an
E/I balance estimation method** support this idea in general (see S5),
but further validation is needed. Although surgical plane anesthesia
generally disrupts criticality, the occasional presence of criticality in
individual recordings suggests that animal variability might play a role.
Therefore, the impact of anesthetics on criticality is more nuanced
than a binary classification of “critical” or “non-critical” states.

In summary, we observe, in the same experimental setups, mul-
tiple transitions away from the homeostatic critical state observed
during QW. This addresses a fundamental knowledge gap—whether
different previous studies showing changes in avalanche statistics due
to anesthetics truly reflect underlying state changes, or simply reflect
trivial differences between experimental setups. The existence of
multiple pathways and behaviors suggests a non-trivial relationship
between neuronal avalanches and loss-of-awareness states.

Methods

Animals
Adult male and female C57BL/6)-Tg (Thyl4jRGECO1a)GP8.58Dkim/J
mice (8-12 weeks old) were studied. The jJRGECOla sensor is a
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genetically encoded red-shifted calcium sensor. Animals were group-
housed on a 12:12 light cycle with ad libitum access to food and water.
All procedures were approved by the University of Calgary Animal Care
Committee (ACC) in accordance with the ethical standards set forth by
the Canadian Council on Animal Care (CCAC).

Drugs

Ketamine hydrochloride (Ketalean, Bimeda-MTC, Canada) was admi-
nistered at a dose of 10 or 100 mg/kg via intraperitoneal (IP) injection
in 0.9% saline and an injection volume of 200 pl. The 100 mg/kg dose
was paired with 20 mg/kg Xylazine (Bayer, Canada). Sodium pento-
barbital (Rafter 8 Products, Canada) was similarly administered at a
dose of 12.5 or 80 mg/kg. Isoflurane (Fresenius Kabi, Canada) was
regulated with a tabletop single-animal anesthesia system with passive
scavenging (Harvard Apparatus).

Surgeries

Chronic window surgeries were performed in 7-8-week-old mice as
previously described®. Briefly, under isoflurane anesthesia, the skull
was exposed with a skin excision from 3 mm anterior to bregma to
2 mm posterior to lambda, exposing the temporalis muscles. A metal
screw was fixed to the skull with cyanoacrylate prior to embeddingitin
transparent dental cement (C&B-Metabond, Parkell). A flat 8 x 8 mm?
glass coverslip (tapered by 2 mm anteriorly) was affixed to the skull
with the same transparent dental cement. Mice recovered for 7 days
prior to any manipulations, including habituation to head-fixation or
pharmacological interventions.

Imaging protocol

Cortical calcium activity was sampled using a LabeoTech system
(Montreal, QC) employing a macroscope (Nikon 55mm lens, f/2.8
aperture) and a Quantalux 2.1 MP Monochrome sCMOS Camera
(Thorlabs). The 9.5 x 9.5 mm? field of view permits simultaneous sam-
pling of fluorescence signal across a large expanse of dorsal neocortex.
We acquired 16-bit images with 19.7 ms temporal resolution (50 Hz)
and 256 x 256-pixel resolution (26.2 px/mm). The genetically encoded
calcium sensor, jrGECOIla, was excited with a 567 nm LED (540/80
filter, Semrock) attached to an articulating arm (10-15 mW/cm?), and
fluorescence emission was filtered with a 629/56 bandpass filter
(Semrock). Illumination and frame capture was controlled using
commercial software (Labeo Technologies, Inc).

Mice were habituated to handling and head-fixation with the
embedded screw over 5 days prior to quiet wakefulness and anesthetic
acquisitions. Epochs of 22,500 frames (7.5 min, 50 Hz) were sampled.
For all experiments, the animal temperature was maintained at 37°C
with a feedback thermistor and a rectal thermometer, which the ani-
mals tolerated under both low-dose and high-dose anesthesia condi-
tions, and eyes were lubricated (Opticare, CLC Medica). For high-dose
anesthetic experiments, the surgical plane was verified with both tail
and foot pinch prior to mesoscale calcium dynamic acquisitions.
Continuous measurements of heart rate during imaging showed
minimal variability in this physiological indicator of anesthetic depth in
animals with high-dose anesthesia and greater variability in low-dose
anesthesia (see Fig. 5 and S4 for details), consistent with existing
literature**=3, For each drug, a one-sided ANOVA comparison of the
distribution of average heart rates obtained in QW, low, and high dose
recordings indicated each case to be statistically different from the
other at very high significance levels (p < 0.001, see S4 for details). An
additional three isoflurane and ketamine recordings taken for twice
the duration were used to further test the consistency of anesthetic
depth over the duration of the recordings (see S6 for details). With the
exception of isoflurane, animals were naive to the anesthetic agents
used in all experiments and were used in a single experimental
condition.

Image analysis

Image stacks were analyzed using custom-written MATLAB 2022b code
(Mathworks, MA). jRGECO1a signals were expressed as fluctuations in
fluorescence (4F/Fy) relative to each individual pixel's mean fluores-
cence over the entire recording (alternatively, using the first 1000
frames to calculate Fy did not change the results). Individual time-
varying pixel signals were filtered to 0.1-15Hz. Movement episodes
during imaging were identified as frames with outlier deviations in image
mean square error from a spatial highpass filtered median image and
removed to restrict our analyses to periods of quiet wakefulness. An
affine transformation (imwarp, MATLAB) to the Allen Institute for Brain
Science mouse brain atlas® was implemented using five anatomical
landmarks (the boundaries and midpoint where olfactory bulb meets
cortex, bregma, and the base of retrosplenial cortex), and one functional
landmark (primary sensory hind-limb region).

Avalanche analysis

Definition of avalanches. The pre-processed time-series of each pixel
was binarized using a per-pixel threshold, ¢, of one standard deviation
above the mean. The pixel is considered active for all above-threshold
frames, as opposed to a point-processing or calcium-transience
extraction approaches”*. Neither point-processing nor calcium-
transience extraction methods change our main results (S7).

As calcium signals may be spatially correlated well beyond
neighboring pixels, avalanches generated from the clustering of con-
tiguously adjacent active pixels can break up avalanches due to long-
range activation. To account for this, we allow two active pixels to
belong to the same avalanche if they satisfy both of the following
conditions: they occur both within one frame and within a given radius
of one another. This radius is estimated from the spatial partial cor-
relation function (PCF) (p(r)). The partial correlation p; ; between
pixels i and j measures direct linear interaction (unlike Pearson cor-
relation which can be indirect) by conditioning i and j on the activity of
all other pixels. The partial correlation function is the mean correlation
averaged over all pixels i, j with pairwise distance d; ; equal to r:

1
(p(f))=ITr Z Pij
L

djj=r

“@

where n, is the number of pairs of pixels at a distance r. The first zero
crossing of the QW PCF (r' = 8) pixels was chosen as the radius of the
extended region. Clustering using only nearest-neighbor pixels (e.g., as
in ref. 55), did not change our main results (S7).

Due to the highly symmetrical activity, we also stipulate that
avalanches cannot merge across hemispheres which is accomplished
by removing the middle portion of the FOV (see Fig. 1a). Without this,
merging between avalanches would have a spatial dependency; clus-
ters occurring near the middle of the FOV (e.g., in the RSP) would be
likely to merge across hemispheres, whereas clusters occurring at the
periphery (e.g., SSp) would not. In principle, this could be rectified by
incorporating the underlying network®®, but this introduces additional
network reconstruction complications. Given this, the avalanche size is
calculated as S =n/A™. Here n is the total number of active pixels that
participated in the avalanche, A is the total number of pixels per
hemisphere.

Analysis of avalanche statistics. The critical exponent 7 is estimated
following®’. First, maximum likelihood on avalanche sizes estimates T
using the following estimator:

-7 r
Sl—T _SI—T

max min

p(T|S)= )
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This estimation is done between sizes S, and S,,,, chosen such it is
the largest possible domain satisfying p > 0.1, when tested (one-sample
Kolmogorov-Smirnov KS test) against a theoretical power-law with
p(S) = S. The exponents across all cases that followed power-law
statistics is shown in Table 1. A potential drawback is that differences in
the fitting domain may change t. Alternatively, the fitting domain can
be fixed to that of QW, with the drawback that p > 0.1is not guaranteed.
This produced similar exponents and conclusions and is presented
separately (SI). Per-recording estimates were also found to be
consistent with the concatenated results.

To test the plausibility of the power-law, we perform alternate
hypothesis testing against the commonly used exponential, stretched-
exponential, and log-normal distributions®’. To establish uncertainty,
we utilized boot-strapping. A single trial consists of randomly choosing
half of the recordings corresponding to that condition (with replace-
ment), and then using MLE to estimate the appropriate parameters
within (S.,in,Smax)- For each bootstrapped sample, the Akaike infor-
mation criterion (AICy) is calculated;

AICy =2k — 2Ly. (6)

Here k is the number of parameters in the model and Z, is the max-
imum of the log-likelihood function of the candidate model X. We then
calculate AAIC=AICx-AIC,, where pl denotes the power-law
hypothesis®. If AAIC > 0 implies the power-law hypothesis is favored,
and the alternate hypothesis is favored if AAIC < O. This test is similar to
the log-ratio test” but penalizes the number of parameters to avoid
over-fitting. Table 1 shows the 10th, median, and 90th percentiles
values of AAIC values. In all cases, exponential and stretched-
exponentials performed significantly worse than power-law, thus only
log-normal is reported in Table 1 (for others, S8).

The two-sample KS test (two-sided, kstest2 in MATLAB) was used as
an alternative bin-independent measure of similarly, and is defined by

Dys =max,{|F(x) — G|}, @

where F and G are empirical CDFs of the two samples. For non-QW
recordings, G is the CDF of the concatenated avalanches across all QW
recordings. For QW recordings, G is the concatenated avalanches
across all QW recordings except for the specific QW recording being
tested. All Dgs values were calculated over a common domain.

Spatial analysis. To generate the spatial nucleation maps (Fig. 4) we
identify the initiating sites for each avalanche with size greater than
Smin» to avoid potential spurious signals, (no qualitative change if these
avalanches were included). Pixels active in the first frame of avalanches
constitute trivial initiating sites. To account for the merging of ava-
lanches, an active cluster at frame ¢ is classified as an initiating cluster
if, at frame t — 1, there are no active pixels within a neighborhood
determined by r* (from the PCF). Per recording, maps are generated by
counting the number of times a pixel has participated in initiating
clusters. Finally, a single map is obtained by taking the average across
all recordings, weighted by the number of initiating points in each
recording.

Functional regions of interest were identified by first taking
regions with the 10 percent highest number of activation as candi-
dates. Next, clusters comprising less than 100 pixels were discarded to
limit spurious identifications. The locations of the remaining clusters
were then compared against the Allen brain atlas parcellation®. Any
region in the atlas with less than 100 pixels were also removed (for
example, the Ventral auditory area corresponded to 10 pixels across
the two hemispheres). Initiation clusters aligned well with the atlas, but
not perfectly so. Regions with less than 10% overlap with the candidate
cluster were thus discarded, with one exception—we consistently

observed strong activation in a sub-section of the secondary (and
occasionally primary) somatomotor areas. This region is the largest
one in the Allen brain atlas, which results in the overlap criterion fail-
ing. We observed this area reliably enough we felt it appropriate to
drop the overlap criterion for this one region.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The processed avalanche data for all recordings are available at
10.5281/zen0do.12690412 (DOI)*®, as well as an example calcium
recording used to obtain the avalanches*’. Source data are provided
with this paper.

Code availability

The code generating the results in the current study are available in
the following repository:  https://github.com/davorcuricGit/
anestheticsAnalysis.git(https://doi.org/10.5281/zenodo.12690413)%.
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