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Abstract

Background: Neurocognitive investigations suggest that conscious sensory perception depends
on recurrent neuronal interactions among sensory, parietal and frontal cortical regions, which are
suppressed by general anesthetics. The purpose of this work was to investigate if local interactions
in sensory cortex are also altered by anesthetics. We hypothesized that desflurane would reduce
recurrent neuronal interactions in cortical layer-specific manner consistent with the anatomical
disposition of feedforward and feedback pathways.

Methods: Single-unit neuronal activity was measured in freely moving adult male rats (268 units,
10 animals) using microelectrode arrays chronically implanted in primary and secondary visual
cortex. Layer-specific directional interactions were estimated by mutual information and transfer
entropy of multineuron spike patterns within and between cortical layers 3 and 5. The effect of
incrementally increasing and decreasing steady-state concentrations of desflurane (0% to 8% to
0%) was tested for statistically significant quadratic trend across the successive anesthetic states.

Results: Desflurane produced robust, state-dependent reduction (p=0.001) of neuronal
interactions between primary and secondary visual areas and between layers 3 and 5 as indicated
by mutual information (37% and 41% decrease at 8% desflurane from wakeful baseline at
0.52+0.51(SD) and 0.53+0.51(SD) bits, respectively) and transfer entropy (77% and 78% decrease
at 8% desflurane from wakeful baseline at 1.86+1.56(SD) bits and 1.87+1.67(SD) bits,
respectively). In addition, a preferential suppression of feedback between secondary and primary
visual cortex was suggested by the reduction of directional index of transfer entropy overall
(p=0.001; 89% decrease at 8% desflurane from 0.11+0.18(SD) bits at baseline) and specifically, in
layer 5 (p=0.001; 108% decrease at 8% desflurane from 0.12+0.19(SD) bits at baseline).

Conclusions: Desflurane anesthesia reduces neuronal interactions in visual cortex with a
preferential effect on feedback. The findings suggest that neuronal disconnection occurs locally,
among hierarchical sensory regions, which may contribute to global functional disconnection
underlying anesthetic-induced unconsciousness.
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Summary Statement:

Desflurane disrupts cortical layer-specific neuronal interactions with preferential effect on visual
cortical feedback suggesting that neuronal connectivity changes in local circuits may contribute to
large-scale cortical functional disintegration as a mechanism of anesthetic-induced
unconsciousness.

INTRODUCTION

Pharmacological state manipulation is a rational approach to investigate the neuronal basis
of human and animal consciousness. How general anesthetics alter neuronal activity in the
central nervous system has been a target of scientific investigations for decades!~5.

Former investigations in humans and primates suggested that conscious perception depends
on recurrent neuronal interactions along the hierarchy of early sensory to parietal-frontal
cortical regions’2. Specifically, sensory stimuli reach awareness only if their feedforward
processing along hierarchical regions of the cortex is reciprocated by corresponding top-
down messages from higher centers. Consistent with this view, preclinical and clinical
studies using various methodologies confirmed that pharmacologically diverse anesthetic
agents interfere with corticocortical recurrent activity®19-12, Specifically, most studies
suggest that anesthetics exert a preferential reduction of anterioposterior or frontoparietal
directional connectivity upon the onset of unconsciousness?-15, notwithstanding a few
exceptions possibly due to methodological differences®:17.

Nevertheless, the necessity of prefrontal cortex for consciousness has also been debated!8:19,
Thus, it is also unclear if anesthetic-induced unconsciousness is causally related to the
observed disruption of long-range connectivity or to a local disconnection within a posterior
site such as the “posterior cortical hot zone”20 although conscious report of visual stimuli
does seem to require the involvement of frontal cortex®.

How do sensory cortical regions participate in the anesthetic disruption of recurrent
connectivity? Recent investigations in cortical slice preparations suggest that anesthetics
preferentially decrease feedback from higher- to lower-order sensory cortex®. On the other
hand, experiments using electrocorticographic measurements find decreased feedforward vs.
feedback effect in the visual cortex of monkeys!’. However, this has not been tested by a
direct measurement of neuronal interactions in the intact animal.

To determine if directional communication in local circuits is suppressed by anesthesia /n
vivo, we investigated neuronal interactions between primary and secondary visual cortex
(V1 and V2, respectively) in a chronically instrumented freely moving rat model. We
hypothesized that desflurane would reduce recurrent neuronal interactions especially in the
feedback direction. To test our hypothesis, we took advantage of the known layer-specific
anatomical segregation of corticocortical feedforward and feedback pathways?!. From the
simultaneous extracellular recordings of single-unit activity in different depths of two
cortical regions, we then calculated mutual information and transfer entropy (primary
outcome variables) as measures of layer-specific neuronal interactions between V1 and V2.
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MATERIALS AND METHODS

Animals and Experimental procedures
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The study was approved by the Institutional Animal Care and Use Committee in accordance
with the Guide for the Care and Use of Laboratory Animals of the Governing Board of the
National Research Council (National Academy Press, Washington, D.C., 2011).

Ten adult male Sprague-Dawley rats of 260-330 g weight (mean age 9 weeks, Charles River
Breeding Labs) were housed in a reverse light-dark cycle room for 5-7 days prior to surgical
implantation, and remained there for the duration of the experiment. Food and water access
was ad libitum. The surgical procedures were previously described in detail?2. In this work,
a custom-designed electrode array consisting of 32 microwires (wire diameter: 33 um,
electrode spacing: 250 um, row separation: 375 um, tip angle: 45°; Tucker-Davis
Technologies, Alachua, FL) was chronically implanted in the visual cortex of each rat.
Neighboring, microwires within each array had two alternating lengths in order to record
from both supragranular and infragranular cortical layers, targeting layer 3 and layer 5; from
here on, designated as L3 and L5, respectively. The array was positioned so that 16 of the
microwires were in primary visual cortex (V1) and 16 were in secondary visual cortex (V2).
In V1, the shanks resided in a cortical area representing the lateral superior quadrant of the
left visual field. The representations in V2 mirror image those of V1, thus they should
correspond to those in V1. As a result, 8 electrodes targeted each of the subregions
designated as VV1L3, V1L5, V2L 3, and VV2L5. The center of the microwire array was —6mm
anterioposterior and 3mm lateral from Bregma?2. In a subset of animals, the penetration
depth of the microwires was histologically verified. The microwire array and its positioning
are illustrated in Figure 1A.

One to eight days after surgery, usually around the middle of the day, the animal was placed
in a closed, ventilated anesthesia chamber for continuous recording of extracellular
potentials in dark environment. The experimental protocol consisted of consecutively
increasing and decreasing desflurane levels at 0%, 2%, 4%, 6%, 8%, 6% 4%, 2%, 0%
inhaled concentration (balance 30% O5) for 30 minutes at level. The first 15 minutes was
used for equilibration and the second 15 minutes for recording. Although it was not tested in
this study, prior experiments in the same species revealed loss and return of the righting
reflex between 4% and 6% desflurane and absent nociceptive response at 8%
desfluranel0:24.25 Anesthetic concentration in the holding chamber was continuously
monitored (POET 1Q2 monitor; Criticare Systems, Inc., Waukesha, WI). Core body
temperature was maintained at 37°C by subfloor radiant heat. Extracellular potentials were
recorded with the Cerebus system (Blackrock Microsystems, Salt Lake City, UT) with 250-
7500 Hz analog band-pass filter and 30 kHz sampling rate. Animals were euthanized with
CO3, inhalation followed by pneumothorax.

Data analysis and Statistics

Extracellular spikes were isolated into single units using the clustering software SpyKING
CIRCUS?6. This efficient, template-based method allows simultaneous clustering of units
recorded on all channels. When animals were tested on more than one day, the experiment
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yielding more units was used for further analysis. We classified neurons based on their spike
waveform and autocorrelogram. Single units with relatively small half-peak width, short
trough-to-peak duration, and high overall autocorrelogram were identified as putative fast-
spiking interneurons. Neurons with the opposite waveform properties and either bursty or
regular spiking pattern were identified as putative excitatory neurons. Overall, 37/268 (14%)
units were classified as interneurons. Because of the relatively small sample size, all neurons
were included in further calculations.

After clustering, a binary representation of the recorded spike trains was obtained by binning
the spike times at 10ms increments. This time bin was used to account for the time delay
associated with polysynaptic interaction of neurons between V1 and V227, It also conforms
to the average dendritic integration time of principal neurons?®. As illustrated in Figure 1B,
the binned spike train consisted of zeros (no spike present within 10ms bin) and ones (one or
more spike present within 10 ms bin). Each distinct arrangement of zeros and ones in a set
of coincident time bins represents the momentary activity pattern of the recorded neuron
population.

To quantify neuronal interaction between select cortical regions, we first used mutual
information, MI. For example, to quantify the interaction between region x and region y, we
first calculated unnormalized mutual information (uMl),

uMIx’y= HX)+ HY)—-H(X.,Y)

where Xand Yare the possible coincident spike patterns in region x and region y;,
respectively, and H(X) is the Shannon information entropy

H(X) = —p(X) Z log(p(X))

calculated from the probability distribution p(.X) of coincident binary spike patterns in a
region x. H(X; Y) is the joint entropy of Xand Y. As calculated, A is a configuration
entropy of the coincident spike patterns. It measures the uncertainty, and thereby the
potential information content, of neuronal spike patterns of the units sampled in each region
over time. Mutual information then measures the symbolic information associated with the
interaction of the sampled neuron populations between two regions. These calculations were
done independently for each animal in each anesthetic condition.

In order to avoid bias by experiments due to different overall unit count and entropy, all
mutual information data were normalized to their mean from the nine consecutive anesthetic
conditions jwithin each experiment:

)]
MI(j) _ uMIx’ y
YT 0
Xj=1uMI;’y

(Normalizing to the mean was chosen because it does not bias the data at any particular
condition, e.g., at awake baseline.) In order to estimate directional interactions, we
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calculated transfer entropy, TE2®. For two regions xand TE,»xcan be written as a
difference of conditional Shannon entropies:

TEy  x=H(X; 41| X)) - H(X; 411 X1.Yy).

where X;and Xz, are the possible coincident spike patterns of region xat time tfand #1,
respectively; and Y;and Y}, are the same in the other region. TE,, .  is the reduced amount
of uncertainty in future of X'by knowing the past of Y given past of X Thus, TE,., »
measures the statistical influence of region ) on region xand TE .., measures the reverse.
The two quantities are not necessarily equal.

To compare with mutual information, we calculated the sum of transfer entropies, TEq in the
forward and reverse directions, which also gives a symmetric measure. As with mutual
information, we normalized each value to the experiment mean:

where jis an index of the anesthetic condition from induction to emergence.

Finally, to assess the asymmetry of transfer entropy, we calculated the directionality index:

o, T

y—=x

59 e L

The pairs of cortical regions for which mutual information, transfer entropy sum and were
calculated are graphically shown in Figure 1C. Regions with less than four active units were
omitted from the analysis; as a result, 6/40 (15%) regions were excluded. Because of the
applied normalization across the anesthetic conditions, all reported measures are
dimensionless.

Statistical testing of the effect of desflurane on mutual information, transfer entropy and
directionality index was performed using two-factor ANOVA (general linear method) with
the 9 consecutive anesthetic states as fixed level and the rat as random level factor variables
followed by testing for statistically significant quadratic trend as a function of state. Because
8 tests were performed for each of 3 outcome variables yielding a total of 24 tests, using
Bonferroni correction, significance was accepted at p=0.002 level. No statistical power
calculation was conducted prior to the study. There were no outliers noted or rejected.
Randomization methods and blinding was not used. Calculations were performed using
Matlab version 2018b (MathWorks Inc., Natick, MA) and NCSS (NCSS, LLC, Kaysville,
UT). All data are reported as mean and standard deviation unless indicated otherwise.
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From all experiments, the relative number of units with a minimum of one spike/s activity
per all recording sites was close to 70 percent. At a few contact sites, more than one unit
could be isolated but this was generally rare; thus, most units were from different recording
sites. The number of units found in different subregions of V1 and V2 varied from
experiment to experiment but on average, they were similar in the major regions, i.e., V1,
V2, L3 and L5. Obviously, the subregions containing fewer recording sites yielded
proportionally fewer units. Table 1 summarizes the number of active units in each rat and
region. Figure 1D illustrates the time course of average spike rate from all units in V1 and
V2 in one experiment as an example.

To quantify neuronal interactions, we first calculated mutual information between V1 and
V2 within the L3 and L5 and in those combined, between the L3 and L5 within V1 and V2
and in the two regions combined, as well as between the crossed subregions. The group
average results of mutual information are shown in Figure 2. With the applied sequence of
stepwise increasing and decreasing desflurane concentrations, a U-shape change in mutual
information was evident as confirmed by the statistically significant quadratic trend (Table
2). The unnormalized mutual information values for V1-V2 and L3-L5 were 0.52+0.33 and
0.53+0.31 bits at 0% desflurane, which were reduced to 0.33+0.34 and 0.31+0.34 bits,
respectively, at 8% desflurane. The proportion change of mutual information from baseline
to 8% desflurane concentration was —37% for V1-V2 and —-41% for L3-L5.

In addition, upon recovery at 0% desflurane, mutual information was statistically
significantly higher than during baseline (by 66% for V1-VV2 and by 61% for L3-L5,
p=0.002, two-tailed test). The corresponding unnormalized mutual information values were
0.52+0.51 and 0.53+0.51 bits, respectively. In fact, by occasional observations, recovery was
often accompanied by a period of behavioral hyperarousal, later followed by relaxed
wakefulness or occasionally spontaneous sleep. There was no statistically significant
quadratic trend in mutual information among any of the subregions.

By definition, mutual information is a non-directional measure of the interdependence of
symbolic information from two sources. In order to assess the effect of desflurane on
directional interactions of neurons, we calculated the alternative information-theoretic
quantity, transfer entropy and its directionality index that quantifies the imbalance between
feedforward and feedback communication.

First, to compare with mutual information, we examined the sum of transfer entropies in
forward and reverse directions. Because transfer entropy sum is non-directional, it was
expected to behave similarly to mutual information. Figure 3 shows that desflurane
statistically significantly decreased transfer entropy sum for all region-pairs suggesting a
general decrease in both interregional and interlaminar interactions in visual cortex. Because
many of these effects were not seen with mutual information, transfer entropy sum appears
to be a more sensitive measure of change than mutual information. The changes from 0% to
8% desflurane were also larger with transfer entropy sum, reaching 77% for V1-V2 and 78%
for L3-L5, with subregions combined as done for mutual information. The corresponding
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unnormalized transfer entropy values were 1.86+1.56 and 1.87+1.67 bits at baseline 0%
desflurane, and 0.43+0.37 and 0.41+0.37 bits at 8% desflurane.

We then examined the effect of desflurane on the directionality index (Figure 4). As with
mutual information and transfer entropy sum, we found statistically significant quadratic
trend of the directionality index between V1 and V2 and between L3 and L5. The positive
sign of the directionality index at 0% desflurane shows that in this state V2—V1 and
L3—L5 directional effects were dominant (0.11+0.18 and 0.12+0.20 for V2—V1 and
L3—Lb5, respectively), but this dominance was reduced during anesthesia by 89% for
V2—V1 and 97% for L3—L5 at 8% desflurane to 0.01+0.04 and —0.01+0.05 for V1—V2
and L3—L5, respectively. Moreover, the reduction of directionality index in layer 5
(V2L5—V1L5) implied a larger reduction of feedback than feedforward connectivity (108%
decrease at 8% desflurane vs. 0% baseline; higher than 100% indicates a reversal in
direction), consistent with the anatomical disposition of V2—V1 feedback between the
higher-order and lower-order infragranular regions. The relatively large (97%) reduction in
overall L3—L5 directionality could not be partialled into subregions although the quadratic
trend of the directionality index for V1L3—V1L5 was close to statistical significance.
Individual mutual information, transfer entropy sum and directionality index data from each
animal for the three most relevant interactions are provided in Figure S1 as Supplemental
Digital Content.

DISCUSSION

The goal of this study was to determine if a common, clinically used anesthetic, desflurane
would alter neuronal interactions locally, between hierarchical stages of early cortical
sensory processing regions in an intact animal /n vivo. From the simultaneous recording of
many neurons sampled at two depths of primary and secondary visual cortex we found both
overall and layer-specific modifications of interregional neuronal interactions by desflurane.
Specifically, changes in both mutual information and transfer entropy revealed robust,
concentration-dependent reductions of neuronal interactions between V1 and V2 and
between layer 3 and layer 5. Transfer entropy suggested a more general suppression of
neuronal interactions among all sampled regions of visual cortex. Moreover, the transfer
entropy directionality index predicted a greater reduction of V2-V1 feedback than V1-V2
feedforward, specifically within L5 during anesthesia.

The latter results are consistent with the anatomical disposition of feedback pathways that
originate mainly in higher order infragranular layers and target both lower order
supragranular and lower order infragranular layers®30. It also agrees with the frequently
observed anesthetic reduction of large-scale anterioposterior or frontoparietal directional
connectivityl0-15:31.32 Here we find that this is also true locally, within visual cortex. Layer-
specific modulations of local neuronal firing responses to visual stimulation by isoflurane
were also found in the ferret visual cortex3L. Although the magnitude of the relevant changes
of directionality index were relatively modest, one could speculate that a cumulative effect
of local feedback reductions along several hierarchical cortical areas could result in a more
robust shift in the feedback/feedforward balance in large-scale cortical connectivity.
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Two recent studies challenge the finding of preferential feedback modulation by anesthesia.
First, Sanders et al found that the primary effect of propofol on TMS-induced EEG cross-
frequency coupling was in the feedforward direction although feedback coupling in the beta
frequency band was also reduced?8. Clearly, TMS-induced EEG coupling may be different
from resting-state EEG33 or sensory-evoked local field potentiall® and local unit
correlations2°. Second, Ma et al reported that bolus injection of propofol in monkeys
increased electroencephalographic low-frequency phase-beta amplitude coupling in
frontoparietal and VV2-V1 regions such that the phase of higher order areas modulated the
band power of lower-order areas’. However, such effects of propofol may not apply to
those of volatile anesthetics. Previous studies found reduced gamma coherence and transfer
entropy934 and reduced wide-band phase synchrony3! between frontal and visual cortex
during isoflurane anesthesia. Both corticocortical coherence and frontoparietal symbolic
transfer entropy in the high gamma band were decreased during sevoflurane anesthesia32.

The fact that transfer entropy sum revealed additional, statistically significant effects of
desflurane over those predicted by mutual information suggests that transfer entropy in
general may be a more sensitive measure of neuronal interactions. Mutual information is a
probabilistic measure of shared symbolic information of two signal sources; in our case, the
binary configuration of coincident neuronal spikes in 10ms time bins consistent with the
hypothesis of population coding of neuronal information3°. A limitation of mutual
information is that it does not necessarily measure direct exchange of information between
two neuron populations; it may in part indicate the action of an independent common
synchronizing input. Under anesthesia, both synchronized spontaneous oscillations and
common synchronizing input can contribute to shared information as measured by M.
Moreover, deep levels of anesthesia are associated with burst suppression — a visible
alternation of brief high activity bursts and intervening silent periods. The bursts themselves
are highly synchronized, which counters the decrease in true neuronal interactions. Neuron
bursts develop gradually with increasing anesthetic concentration with the duration of bursts
(or UP-states) becoming shorter and the silent periods becoming longer®. Thus, in general,
mutual information reveals “functional” but not necessarily direct neuronal interaction. The
exact nature of neuronal information is also in question; therefore, the word information in
the current context should be understood somewhat metaphorically.

Transfer entropy attempts to circumvent the limitation due to common synchronizing input
by estimating the probabilistic causal influence of one signal source on another. Specifically,
transfer entropy measures the reduction of uncertainty in future values of Y by knowing the
past values of X given the past values of Y. If the spike train Y becomes more synchronized
and predictable, such as during slow oscillation or burst suppression, knowing the past of
spike train X does not reduce the uncertainty of Y (and vice versa). This leads to a decrease
in transfer entropy rather than an increase and may explain the difference in behavior
between transfer entropy and mutual information. The validity of transfer entropy as a pure
measure of causal influence has been questioned38, as it may be overly influenced by a
decrease in source entropy3’. This could also explain why more transfer entropy sum
interactions were reduced in anesthesia. Alternatives such as normalized transfer entropy
have been introduced38 but not applied here due the resulting ambiguity in interpretation.
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Regardless of these considerations, transfer entropy appears to be a superior estimator of the
direct influence of one signal on another compared to mutual information.

In order to evaluate a graded, dose-dependent response, desflurane was administered
incrementally from wakefulness to deep anesthesia and back, ending with full emergence.
All statistically significant effects of desflurane were reversible upon termination of
anesthesia. Moreover, the values of both mutual information and transfer entropy sum after
emergence often exceeded those in wakeful baseline. The mechanism of this increase is
currently unclear but may reflect persistent post-inhibitory rebound of neuronal activity3°.
Accordingly, there was no indication of neural inertia, a phenomenon thought to delay the
recovery from anesthesia?®. This was probably due to the relatively long time course of our
experiments (270 minutes), which presumably facilitated the equilibration of state at each
anesthesia level*l.

What may be the role of anesthetic modulation of local modality-specific circuits in the
overall disruption of cortical connectivity for the loss of consciousness? It is generally
believed that under anesthesia, a generalized failure of bidirectional information flow across
the entire cortical mantle would prevent any kind of information reaching the level of
awareness, presumably equating this condition with complete loss of consciousness.
Because the anesthetic modulation of local interactions is statistically significant and
robust2442, these may in effect produce loss of conscious perception in a specific modality.
Moreover, the cumulative effect of local circuit disruptions across higher levels of the
cortical hierarchy may be amplified to the degree that coerces the generalized loss of
consciousness. Thus, our current observations using anesthesia as a model of
unconsciousness line up well with the prevailing view derived from cognitive neuroscience
investigations stating that conscious perception depends critically on recurrent
communication along the cortical hierarchy’ 8.

In addition to the analytical considerations above, technical limitations of the present study
include the relatively sparse sampling of neurons in four cortical subregions and the possible
individual variation in V1-V2 region boundaries as defined by the Paxinos atlas. In some
experiments, there were an insufficient number of neurons to estimate the entropies in all
four regions that resulted in missing data and limited the statistical power. Also, we recorded
from only two depths of cortex although specific information from all cortical layers may be
desirable. The recording sites were presumed to reside in layer 3 and layer 5, but the exact
location of the electrode positions could not be determined. In some cases, histological
verification of the electrode sites was attempted; however, this was hampered by the
presence of 32 microwires and the tissue damage their removal caused. Future work could
examine neuronal interactions among more precisely defined cortical layers and subregions
using high-density microelectrode arrays both within and beyond the visual system. The rats
were tested in dark environment during their active diurnal cycle to minimize the chance for
spontaneous sleep. Given the relatively long duration of anesthetic exposure using multiple
doses, the amount of data collected did not allow us to segment the baseline and recovery
conditions to specific behavioral states, such as exploration, quiet wakefulness, and sleep.
Therefore, these states may not be strictly equivalent to normal attentive wakefulness and
should be best designated as anestheticfree. In addition, in order to limit the duration of
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anesthetic exposure, we did not apply any visual stimuli, thus our results apply to
spontaneous ongoing neuronal activity in the visual system. Finally, all experiments were
performed on adult male rats of a single sex due to statistical considerations. Possible age
and sex differences in the results should be investigated in the future.

We conclude that desflurane disrupts global and cortical layer-specific inter-areal neuronal
interactions in rat visual cortex with a preferential effect on VV2-V1 feedback. The findings
suggest that anesthesia produces neuronal connectivity changes in local circuits, which may
cumulatively lead to large-scale cortical functional disintegration as a postulated mechanism
of anesthetic-induced unconsciousness.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

M?crowire array and data analysis. (A) Location of the microwire array in rat visual cortex.
Eight wires target primary visual cortex monocular area (V1M) and 8 wires target secondary
visual cortex mediolateral area (V2ML). The wires have alternating lengths with wire tips
residing approximately in cortical layer 3 and layer 5. Only two rows of wires are illustrated;
the second row is shown with dotted lines. Scale above is the distance in mm from Bregma
at 3.4 mm lateral position. LPtA: lateral parietal association area. Drawing is based on
Paxinos and Watson atlas*3. (B) Spike raster plot for 20 recorded neurons in one
experiments (top) and binned binary representation of spiking (bottom). Red dots indicate at
least one spike present in each 10ms bin, green open circles indicate no spike. Each
configuration of coincident red dots across neurons represents a population activity pattern.
(C) Pairwise cortical regions (yellow and green areas) for which mutual information and
transfer entropy were calculated. (D) Time course of average spike rate from all units within
V1and V2 in one experiment. Spike rate was calculated for 10-second time bins and 10-
point Gaussian smoothing was applied. Data from consecutive anesthetic states were
concatenated, thus the time axis shows cumulative recording time, not real time. Vertical
gray lines demarcate anesthetic conditions with percent inhaled concentration of desflurane
indicated.
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Figure 2.
Effect of desflurane on mutual information between neurons recorded in primary and

secondary visual cortex (V1, V2), cortical layers 3 and 5 (L3, L5), and their subregions.
Anesthetic states 1 to 9 correspond to consecutive desflurane concentrations of 0, 2, 4, 6, 8,
6, 4, 2, 0 percent, respectively. Mutual information is in relative units, plotted as mean and
95% confidence interval. *: statistically significant quadratic trend with consecutive
anesthetic states.

Apnesthesiology. Author manuscript; available in PMC 2021 June 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hudetz et al.

, hormalized

S

Transfer Entropy sum, TE

o

EN

Page 15
V1-v2 " ViL3-vaL3 4 V1L5-V2L5
* 3 3 )
2 2
1 1
0 0
123456789 1234567829 123456789
L3-L5 2 V1L3-ViL5 4 V2L3-V2L5
K 3 - 3
2 2
1 1
1234567829 1234567829 1234567829
State
ViL3-vaLs 4 V2L3-ViL5
ES 3 *
2
1
0
123456789 1234567829
State State

Figure 3.
Robust concentration-dependent effect of desflurane on the sum of transfer entropies

calculated between primary and secondary visual cortex (V1-V2), between cortical layers 3
and 5 (L3, L5), and between various subregions. Anesthetic states 1 to 9 correspond to
consecutive desflurane concentrations of 0, 2, 4, 6, 8, 6, 4, 2, 0 percent, respectively.
Transfer entropy sum is in relative units, plotted as mean and 95% confidence interval. *:
statistically significant quadratic trend with consecutive anesthetic states.
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Effect of desflurane on the directionality index. Statistically significant change occurred in
layer 5 secondary visual to layer 5 primary visual cortex (V2L5-V1L5) implying a reduction
of feedback connectivity at higher desflurane concentration. Anesthetic states 1 to 9
correspond to consecutive desflurane concentrations of 0, 2, 4, 6, 8, 6, 4, 2, 0 percent,
respectively. Directionality index is in relative units, plotted as mean and 95% confidence
interval. *: statistically significant quadratic trend with consecutive anesthetic states.
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Number of active units in cortical regions

Table 1.

Experiment All V1 V2 L3 L5 VIL3 V25 V2L3 V25

1 23 13 10 7 16 3 10 4 6

2 19 12 7 7 12 4 8 3 4

3 27 14 13 8 19 3 11 5 8
4 7 5 12 9 8 1 4 8 4

5 27 19 8 12 15 9 10 3 5

6 31 13 18 17 14 7 6 10 8

7 3% 16 20 16 20 5 11 11 9

8 42 22 20 34 8 15 7 19 1

9 24 11 13 10 14 5 6 5 8
10 2 13 9 11 11 7 6 4 5
Mean 27 14 13 13 14 6 8 7 6
SD 8 5 5 8 4 4 2 5 2

V1: primary visual cortex, V2: secondary visual cortex. L3: cortical layer 3, L5: cortical layer 5.
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Exact p values for quadratic trend vs. desflurane

Region-pair Ml TEg DI
V1-v2 0001 0001 00017
S-D 0001 0001 00017
ViS-ViD 0273 001" 0.003
V2S-V2D 0314 0007  0.142
V1S-V2S 0333 0.009 0520
ViD-V2D 0126 001" 0.001%
V1S-V2D 0.642 0001 0528
V2S-V1D 0.507 0001* 0.120

*.
‘significant at p=0.002 level
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