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BACKGROUND: Neurophysiologic complexity has been shown to decrease during states charac-
terized by a depressed level of consciousness, such as sleep or anesthesia. Conversely, neuro-
physiologic complexity is increased during exposure to serotonergic psychedelics or subanesthetic 
doses of dissociative anesthetics. However, the neurochemical substrates underlying changes in 
neurophysiologic complexity are poorly characterized. Cortical acetylcholine appears to relate to 
cortical activation and changes in states of consciousness, but the relationship between cortical 
acetylcholine and complexity has not been formally studied. We addressed this gap by analyz-
ing simultaneous changes in cortical acetylcholine (prefrontal and parietal) and neurophysiologic 
complexity before, during, and after subanesthetic ketamine (10 mg/kg/h) or 50% nitrous oxide.
METHODS: Under isoflurane anesthesia, adult Sprague Dawley rats (n = 24, 12 male and 12 
female) were implanted with stainless-steel electrodes across the cortex to record monopolar 
electroencephalogram (0.5–175 Hz; 30 channels) and guide canulae in prefrontal and parietal 
cortices for local microdialysis quantification of acetylcholine levels. One subgroup of these rats 
was instrumented with a chronic catheter in jugular vein for ketamine infusion (n = 12, 6 male 
and 6 female). The electroencephalographic data were analyzed to determine subanesthetic 
ketamine or nitrous oxide–induced changes in Lempel-Ziv complexity and directed frontoparietal 
connectivity. Changes in complexity and connectivity were analyzed for correlation with concur-
rent changes in prefrontal and parietal acetylcholine.
RESULTS: Subanesthetic ketamine produced sustained increases in normalized Lempel-Ziv complexity 
(0.5–175 Hz; P < .001) and high gamma frontoparietal connectivity (125–175 Hz; P < .001). This was 
accompanied by progressive increases in prefrontal (104%; P < .001) and parietal (159%; P < .001)  
acetylcholine levels that peaked after 50 minutes of infusion. Nitrous oxide induction produced a 
transient increase in complexity (P < .05) and high gamma connectivity (P < .001), which was accom-
panied by increases (P < .001) in prefrontal (56%) and parietal (43%) acetylcholine levels. In contrast, 
the final 50 minutes of nitrous oxide administration were characterized by a decrease in prefrontal 
(38%; P < .001) and parietal (45%; P < .001) acetylcholine levels, reduced complexity (P < .001), and 
comparatively weaker frontoparietal high gamma connectivity (P < .001). Cortical acetylcholine and 
complexity were correlated with both subanesthetic ketamine (prefrontal: cluster-weighted marginal 
correlation [CW r] [144] = 0.42, P < .001; parietal: CW r[144] = 0.42, P < .001) and nitrous oxide 
(prefrontal: CW r[156] = 0.46, P < .001; parietal: CW r[156] = 0.56, P < .001) cohorts.
CONCLUSIONS: These data bridge changes in cortical acetylcholine with concurrent changes in 
neurophysiologic complexity, frontoparietal connectivity, and the level of consciousness.  (Anesth 
Analg 2022;134:1126–39)

KEY POINTS
•	 Question: What is the relationship between neurophysiologic complexity and cortical acetylcholine?
•	 Findings: Subanesthetic ketamine- and nitrous oxide–induced changes in cortical acetylcholine 

correlated with concurrent changes in neurophysiologic complexity, connectivity, and behavior.
•	 Meaning: The relationship between cortical acetylcholine and neurophysiologic complexity 

prompts further investigation of subcortical cholinergic nuclei in the modulation of cortical 
neurophysiologic complexity.
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GLOSSARY
ACh = acetylcholine; ARRIVE = Animal Research: Reporting of In Vivo Experiments; CW r = cluster-
weighted marginal correlation; EEG = electroencephalogram; GABAergic = gamma aminobutyric 
acid; K = subanesthetic ketamine infusion; K = subanesthetic ketamine infusion; LZs = Lempel-Ziv 
complexity; LZsN = normalized Lempel-Ziv complexity; NI = nitrous induction; NMDA = N-methyl-
d-aspartate; NS = nitrous sedation; NSTE = normalized symbolic transfer entropy; PK = postket-
amine; PN = post-nitrous oxide recovery; SD = standard deviation; W = wake

Although the precise neural correlates of con-
sciousness are still a matter of active debate,1,2 
there is evidence that cortical neurophysiologic 

complexity relates to the level of consciousness.3,4 
Neurophysiologic complexity has been shown to be 
depressed during unconscious states such as slow-wave 
sleep, coma, and anesthesia.5–10 Conversely, psychoac-
tive drugs, such as classical serotonergic psychedelics 
or dissociative N-methyl-d-aspartate (NMDA) antago-
nists are known to enhance complexity with several 
studies establishing an association between changes in 
complexity, cortical connectivity, and reports of altera-
tions to conscious contents.9,11–13 Although cortical 
complexity has been characterized across a broad spec-
trum of brain states, there is limited understanding of 
the relationship between measures of complexity and 
underlying neurochemical processes within the cortex.

The cortex receives topographically specific cholin-
ergic projections from the basal forebrain.14 Cortical 
acetylcholine levels are high during states associ-
ated with high complexity and the presence of phe-
nomenological content, such as wakefulness, rapid 
eye movement sleep, or after the administration of 
serotonergic psychedelics or subanesthetic levels of 
glutamatergic dissociatives.15–19 Conversely, cortical 
acetylcholine is suppressed during states of low com-
plexity and reduced conscious content, such as slow-
wave sleep or anesthesia.15,20,21

Despite a biologically plausible relationship that 
might be inferred from past investigations, there has 
been no study that has characterized—through con-
current measurements—the relationship between neu-
rophysiologic complexity and cortical acetylcholine. 
Studies characterizing neurophysiologic complexity 
have often relied on temporospatial analysis of high-
density electroencephalographic recordings in human 
subjects‚ but have not measured concurrent neuro-
chemical changes. On the other hand, studies using 
animal models typically allow neurochemical analysis 
but have used sparse electroencephalographic record-
ings that prevent the application of temporospatial 
analyses used in human studies. To address this gap, 
we developed a novel approach to record high-den-
sity (30 channels) intracranial electroencephalogram 
(EEG) in rats while simultaneously measuring acetyl-
choline levels in prefrontal and parietal cortices. We 
then leveraged the NMDA antagonists ketamine and 

nitrous oxide as pharmacological tools, due to their 
unique dose-dependent anesthetic and psychedelic 
properties. Changes in acetylcholine concentration 
in prefrontal and parietal cortices were compared 
with Lempel-Ziv complexity (LZs)22 before, during, 
and after administration of subanesthetic ketamine 
or 50% nitrous oxide. To further characterize cortical 
dynamics, we computed normalized symbolic trans-
fer entropy (NSTE), an information theoretic measure 
to estimate directed connectivity,21,23,24 within gamma 
bandwidths between frontal and parietal cortices. We 
report that changes in cortical acetylcholine levels 
during subanesthetic ketamine or 50% nitrous oxide 
exposure correlate with changes in neurophysiologic 
complexity and high gamma connectivity.

METHODS
Rats
The study was approved by the Institutional Animal 
Care and Use Committee (University of Michigan) 
and was performed in accordance with the Guide for 
the Care and Use of Laboratory Animals (8th Edition, 
The National Academies Press), as well as ARRIVE 
(Animal Research: Reporting of In Vivo Experiments) 
guidelines. Adult male and female Sprague Dawley 
rats (n = 24, 12 male:12 female, 300–350 g, Charles 
River Laboratories) were used. The rats were housed 
in a temperature- and light-controlled facility  
(12 hours light: 12 hours dark cycle, lights on at 8:00 am)  
with ad libitum access to food and water.

Surgical Procedures
The surgical procedures have been described in our 
recent studies21,24,25 and are provided in detail in 
the supplemental methods (Supplemental Digital 
Content http://links.lww.com/AA/D757). In brief, 
under surgical isoflurane anesthesia, rats were 
implanted with stainless-steel screw electrodes to 
record high-density EEG from across the cortex 
(Supplemental Digital Content, Figure 1, http://
links.lww.com/AA/D757) and microdialysis guide 
tubes aimed at prefrontal cortex (prelimbic region) 
and parietal cortex (somatosensory barrel field 
region). In a subset of rats (n = 12, 6 male and 6 
female), an indwelling catheter was surgically posi-
tioned into the jugular vein to allow for intravenous 
infusion of ketamine.

http://links.lww.com/AA/D757
http://links.lww.com/AA/D757
http://links.lww.com/AA/D757
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Experimental Design
Schematics depicting the design for ketamine and 
nitrous oxide experiments are illustrated in Figure 1A 
and B, respectively. The experiments were conducted 
after at least 10 days of postsurgical recovery. Equal 
sized cohorts of rats (n = 12, 6 male and 6 female) were 
used for ketamine and nitrous oxide experiments. 
EEG data were recorded continuously throughout the 
experiment, while microdialysis samples were col-
lected in 12.5-minute epochs. The EEG was recorded, 
and dialysis samples were collected for 50 minutes 
(4 microdialysis epochs) during freely moving base-
line wake condition. The EEG was monitored in real 
time by the experimenter, and gentle tapping on the 
recording chamber was used to maintain a constant 
state of wakefulness. Following baseline recording, 
rats were either connected to an intravenous catheter 
line to allow for sustained infusion of ketamine at 10 
mg/kg/h or were sealed in an airtight chamber to 
allow for delivery of a mixture of 50% nitrous oxide 
and 50% oxygen into the recording chamber (12 L/
min). The EEG and dialysis samples were then col-
lected for a period of 62.5 minutes (5 microdialysis 
epochs) during administration of subanesthetic ket-
amine or nitrous oxide. Ketamine infusion or nitrous 
oxide exposure was then stopped, and data were 
collected for another 62.5 minutes (5 microdialysis 
epochs) during the postdrug recovery period. At the 
conclusion of data collection, the sites of microdialy-
sis were histologically verified (Supplemental Digital 
Content, Figure 2, http://links.lww.com/AA/D757).

EEG Data Acquisition and Quantification of 
Cortical Acetylcholine Levels
Monopolar EEG signals, referenced to an electrode 
over the nasal sinus, were acquired (0.1–500 Hz; 1-kHz 
sampling rate) from across the cortex. Prefrontal and 
parietal microdialysis samples were analyzed with 
high-performance liquid chromatography and elec-
trochemical detection for quantification of acetylcho-
line levels. The detailed methodology is provided 
in the supplemental methods (Supplemental Digital 
Content, http://links.lww.com/AA/D757).

LZs was used to approximate temporospatial EEG 
complexity. LZs is a method of symbolic-sequence 
analysis that assesses the algorithmic complexity (ie, 
diversity and compressibility) of finite sequences such 
as EEG time series.22 LZs analysis was conducted as 
outlined in previous studies from our laboratory9,10,24 
and others.7,8,12,13 To control for any potential bias in 
the resultant LZs values due to the frequency content 
of the EEG signal, we normalized LZs by the average 
of n = 50 surrogate datasets in which the spectral pro-
file were identical to the original signal, but the phase-
information was maximally randomized.7–10,12,24 This 
excludes the possibility that changes in complexity 

reflected in the normalized metric of LZs (LZsN) are 
attributable only to the spectral contents of the signal.

Frontoparietal Directed Connectivity: Normalized 
Symbolic Transfer Entropy Analysis
We used NSTE to assess the directed connectivity 
between frontal and parietal cortices. The analysis 
methods have been described in our previous stud-
ies21,23,24 and are provided in the supplemental meth-
ods (Supplemental Digital Content, http://links.lww.
com/AA/D757). We focused on changes in directed 
connectivity between ipsilateral frontal and parietal 
channels and in 3 gamma bandwidths (low gamma 
[25–55 Hz], mid gamma [85–125 Hz], and high gamma 
[125–175 Hz]) because previous work from our labo-
ratory has demonstrated directed frontoparietal con-
nectivity in high gamma bands to be a correlate of 
wakefulness.21

Statistical Analyses
All statistical analyses were performed using the R 
software26 in consultation with the Consulting for 
Statistics, Computing, and Analytics Research Core at 
the University of Michigan.

Our primary outcome measures were changes in cor-
tical acetylcholine, LZs, and frontoparietal connectiv-
ity. No a priori power analysis for sample size selection 
was performed. The sample size was informed by our 
previously published similar studies19,21,24,25 in which 
cortical acetylcholine, directed connectivity, or com-
plexity were analyzed using identical analytic meth-
odologies and in which we found that sample sizes of 
≤11 were sufficient in detecting significant differences 
in these outcome measures across experimental condi-
tions. The first ketamine infusion epoch was excluded 
from EEG and neurochemical analyses due to the  
time required for the drug to traverse dead space in the  
catheter and reach blood circulation. For the rest of 
the epochs in ketamine experiments, a within-subject 
design was utilized in which each rat contributed 4 
wake datapoints, 4 ketamine infusion datapoints, and 4 
postketamine datapoints for each measure. As opposed 
to intravenous administration of ketamine, which 
required 5 to 7 minutes to traverse the catheter, nitrous 
oxide exposure was quick, and the recording chamber 
was filled within 1 minute of the start of nitrous oxide 
delivery. However, the rats showed an acute response 
to nitrous oxide, which was primarily limited to the 
first 12.5 minutes of nitrous oxide delivery and differed 
from the subsequent 50 minutes of exposure. Therefore, 
we analyzed the first epoch (12.5 minutes) of nitrous 
oxide exposure separately as “nitrous induction” (NI), 
while the rest of the 4 epochs (50 minutes) were cat-
egorized as nitrous “sedation” (NS) and analyzed as 
a separate block. For nitrous oxide experiments, we 
implemented a within-subject design in which each rat 

http://links.lww.com/AA/D757
http://links.lww.com/AA/D757
http://links.lww.com/AA/D757
http://links.lww.com/AA/D757
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contributed 4 wake datapoints, 1 nitrous oxide induc-
tion datapoint, 4 nitrous oxide sedation datapoints, 
and 4 post-nitrous oxide datapoints for each EEG mea-
sure and acetylcholine analysis. The statistical analyses 
for ketamine experiments were run on 5-minute seg-
ments of noise-free EEG from each 12.5-minute epoch, 
while for nitrous oxide experiments, 2-minute seg-
ments of noise-free EEG were selected. The choice to 
use shorter EEG epochs for nitrous oxide experiments 
was due to the prevalence of noise in the EEG signal 
driven by sporadic chewing or “bruxing” behavior. To 
exclude mixed states, the first postketamine and first 

post-nitrous oxide epochs were excluded from our 
analyses. Thus, each rat in the ketamine experiments 
contributed 12 EEG and microdialysis datapoints to 
the statistical analysis, while each rat in the nitrous 
experiments contributed to 13 data points. A linear 
mixed model was utilized in which “Drug State” was 
treated as a fixed factor. We also included “Subject Sex” 
as a fixed factor to account for any influences of sex 
on drug response. “Subject” was treated as a random 
intercept in the model to account for intersubject vari-
ability. An alpha threshold of P < .05 was selected, and 
Tukey post hoc test was used to correct for multiple 

Figure 1. Schematics illustrating the experimental setup and timeline for ketamine (A) and nitrous oxide (B) experiments. The EEG data and 
microdialysis samples from prefrontal and parietal cortices were collected simultaneously and continuously, but the microdialysis samples 
were collected in 12.5-min bins. Each colored box represents 1 microdialysis epoch. Samples were collected during freely moving baseline 
W condition, continuous K at 10 mg/kg/h, or PK recovery period. The data collection was performed similarly for the nitrous oxide  cohort, 
with epochs corresponding to the W state, 50% NI, 50% NS, and PN recovery period. EEG indicates electroencephalogram; K, subanesthetic 
ketamine infusion; NI, nitrous induction; NS, nitrous sedation; PK, postketamine; PN, post-nitrous oxide; W, wake.
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pairwise comparisons (paired t test) between states. 
The same data analysis plan was followed to quantify 
the changes in spectral power. The methodology for 
power spectral analysis and the results are reported in 
Supplemental Digital Content, Figure 3, http://links.
lww.com/AA/D757. To assess correlations among 
cortical complexity, connectivity, and acetylcholine 
levels, we used a Pearson correlation-based method, 
optimized for analysis of clustered repeated-measures 
data.27 The data are provided as box and whisker plots 
with median, interquartile range, minimum and maxi-
mum values, and the individual data points for each 
subject superimposed on the plots. The mean, standard 
deviation, and F statistics for statistical comparisons 
are provided in Supplemental Digital Content, Tables 
1–6, http://links.lww.com/AA/D757.

RESULTS
Subanesthetic Ketamine Infusion Produced a 
Sustained Increase in Acetylcholine Levels in 
Prefrontal and Parietal Cortices
Intravenous infusion of subanesthetic ketamine 
resulted in a consistent increase in acetylcholine lev-
els relative to wake state in both prefrontal (104%; 
t[130] = 12.49; P < .001; Figure 2A) and parietal (159%; 
t[130] = 13.72; P < .001; Figure 2B) cortices, lasting all 4 
epochs and reaching maximum levels in the final 12.5 
minutes of infusion. During subanesthetic ketamine 
infusion, rats displayed stereotypic head bobbing and 
circling behavior, interrupted by periodic bouts of 
ataxia. As compared to the wake state, acetylcholine 
levels in both prefrontal and parietal cortices remained 
elevated during postketamine recovery period (21%, 
prefrontal: t[130] = 3.54, P < .01, Figure 2A; parietal: 
23%, t[130] = 2.546, P = .03, Figure 2B), with cortical 
acetylcholine progressively declining 12.5 minutes 
after the cessation of the ketamine infusion. The ace-
tylcholine levels during the postketamine recovery 
period were significantly lower than that during 
subanesthetic ketamine infusion (prefrontal: −26%, 
t[130] = –8.95, P < .001, Figure  2A; −41%, parietal: 
t[130] = –11.17, P < .001, Figure 2B).

Nitrous Oxide Exposure Produced State-
Dependent Effects on Acetylcholine Levels in 
Prefrontal and Parietal Cortices
Nitrous oxide exposure resulted in state-dependent 
effects on acetylcholine in prefrontal and parietal cor-
tices that depended on the depth of sedation, which 
increased with the duration of exposure. During the 
first 12.5 minutes of nitrous oxide exposure, hereafter 
referred to as NI, rats showed active behavior such 
as grooming, stereotypic head bobbing, and unco-
ordinated locomotion. Acetylcholine levels in both 
prefrontal and parietal cortices were significantly ele-
vated relative to wake (prefrontal: 56%, t[141] = 7.97,  

P < .001, Figure  2C; parietal: 43%, t[141] = 7.39,  
P < .001, Figure  2D). The following 50 minutes of 
nitrous oxide exposure, hereafter referred to as NS, 
were marked by periodically quiescent behavior 
interrupted by active and purposeful behaviors such 
as slow locomotion, grooming, or pica-like consump-
tion of bedding. The requirement to have a sealed 
recording chamber precluded any behavioral manip-
ulation to assess the level of sedation. However, 
despite relatively quiescent behavior, rats clearly 
retained righting reflex throughout nitrous oxide 
treatment, displayed sporadic spontaneous behavior, 
and were easily aroused by tapping on the wall of 
recording chamber. This was accompanied by a pro-
gressive decline in prefrontal (38%, t[141] = −5.01,  
P < .001; Figure 2C) and parietal (45%, t[141] = −7.07, 
P < .001; Figure  2D) acetylcholine, relative to wake 
state. Cortical acetylcholine showed a rapid return 
to prenitrous levels during postnitrous recovery 
and did not statistically differ from the wake state 
(prefrontal: t[141] = 1.86, P = .2, Figure 2C; parietal: 
t[141] = 0.01, P = 1, Figure 2D).

Subanesthetic Ketamine Infusion–Induced 
Persistent Increase in Temporospatial EEG 
Complexity
To assess the effect of subanesthetic ketamine infu-
sion on temporospatial EEG complexity indepen-
dent of the power spectrum, LZsN was computed for 
EEG epochs before, during, and after ketamine infu-
sion. As compared to baseline wake state, LZsN was 
significantly higher during subanesthetic ketamine 
(t[130] = 9.77, P < .001; Figure 3A). During postket-
amine recovery period, LZsN values decreased rela-
tive to ketamine infusion (t[130] = −8.89, P < .001; 
Figure  3A), returning to values that did not sig-
nificantly differ from the wake state (t[130] = 0.88, 
P = .7; Figure  3A). A topographic plot illustrating 
the degree of change in LZsN during subanesthetic 
ketamine relative to wake in each EEG channel (as 
calculated by the t statistic) is depicted in Figure 3B, 
with regions colored red representing the areas with 
the greatest magnitude of change in LZsN. EEG chan-
nels located within the frontal, posterior parietal, 
and occipital cortex showed the most statistically 
significant changes in LZsN during subanesthetic 
ketamine infusion, as compared to the wake state 
(Figure 3B).

Nitrous Oxide Exposure Caused State-Dependent 
Changes in Temporospatial EEG Complexity
Mirroring its effects on cortical acetylcholine, nitrous 
oxide exposure produced changes in EEG complex-
ity that largely depended on the duration of expo-
sure. The LZsN during the first 12.5 minutes of nitrous 
oxide exposure (ie, the induction phase) was found 

http://links.lww.com/AA/D757
http://links.lww.com/AA/D757
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to be significantly higher than that observed during 
baseline wake state (t[141] = 2.64, P = .04; Figure 3C). 
However, in the following 50 minutes of nitrous oxide 
exposure, the animals showed behavioral signs of 
sedation (ie, reduced movement, slow stereotypic 
head bobbing, and sporadic grooming) accompa-
nied with progressive decline in LZsN values, which 
were significantly lower than that observed during 
both wakefulness (t[141] = −7.34, P < .001; Figure 3C) 

and the nitrous oxide induction phase (t[141] = −7.28,  
P < .001; Figure 3C). During the postnitrous recovery 
period, LZsN values returned to levels that were signifi-
cantly greater than nitrous oxide sedation (t[141] = 7.8,  
P < .001; Figure  3C) but did not significantly dif-
fer from levels observed during baseline wake state 
(t[141] = 0.45, P = 1; Figure 3C). Figure 3D and E illus-
trates topographic maps of the t statistic represent-
ing changes in LZsN relative to wake during nitrous 

Figure 2. Subanesthetic ketamine and nitrous oxide administration produced differential effects on cortical acetylcholine levels. Subanesthetic 
ketamine infusion produced sustained increase in prefrontal (A) and parietal (B) acetylcholine levels. During postketamine recovery, cortical ace-
tylcholine levels remained elevated compared to wakefulness, though this effect was largely driven by the first 2 postketamine epochs (A and B). 
In contrast, 50% nitrous oxide  treatment transiently increased prefrontal and parietal acetylcholine levels during the first 12.5 min of exposure 
(nitrous induction), followed by a progressive decline in acetylcholine during nitrous oxide sedation phase (C and D). Cortical acetylcholine levels 
during post-nitrous oxide  recovery did not significantly differ from those observed during baseline wake state (C and D). A linear mixed model with 
a random intercept for each rat was used for statistical comparisons. Post hoc pairwise tests between states were performed with single-step 
correction for multiple comparisons via Tukey test. The box plots show the median (horizontal bar) and interquartile range for averaged data over 
all 12 subjects at each epoch. The whiskers represent the minimum and maximum values within each epoch. The data for each subject are dis-
played by colored dots, with each color corresponding to a single subject across all epochs. *Significant compared to wake. #Significant compared 
to subanesthetic ketamine infusion or nitrous oxide induction. §Significant compared to nitrous oxide sedation. The statistical comparisons are 
shown at P < .05. The exact P values are provided in the text in the Results section. The mean, SD, and F statistics for statistical comparisons 
are provided in Supplemental Digital Content, Tables 1 and 2, http://links.lww.com/AA/D757. ACh indicates acetylcholine; K, subanesthetic ket-
amine infusion; NI, nitrous induction; NS, nitrous sedation; PK, postketamine recovery; PN, post-nitrous oxide; SD, standard deviation; W, wake.

http://links.lww.com/AA/D757
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oxide treatment within each EEG channel, with red 
regions representing channels with the most signifi-
cant increases in LZsN and the darkest blue regions 
representing the most significant decreases in LZsN. 
Nitrous oxide induction caused a broad increase in 
neurophysiologic complexity across the EEG mon-
tage, with channels within the temporal, parietal, 
and occipital regions showing the most significant 
increases in LZsN, as compared to the wake state 
(Figure  3D). In contrast, nitrous oxide sedation in 
the following 50 minutes caused global suppression 
of LZsN relative to the wake state, with significant 
decreases in EEG complexity spanning the entirety of 
the cortex (Figure 3E).

Prefrontal and Parietal Acetylcholine Levels 
Correlate With the Changes in Cortical 
Complexity
To assess the correlation between changes in prefron-
tal and parietal acetylcholine levels and temporospa-
tial EEG complexity, the cluster-weighted marginal 
correlation (CW r) was computed for both ketamine 
and nitrous oxide groups. Prefrontal and parietal ace-
tylcholine levels for each microdialysis epoch were 
compared with the concomitant changes in LZsN mea-
sured across all 144 individual datapoints in ketamine 
experiments or all 156 datapoints in nitrous oxide 
experiments, with data dependencies based on indi-
vidual rats factored into the analysis. Acetylcholine 

Figure 3. Changes in temporospatial EEG complexity during subanesthetic ketamine infusion and nitrous oxide exposure mirror concomitant 
changes in cortical acetylcholine levels. LZsN was significantly increased during subanesthetic ketamine infusion, returning to wake levels 
after the infusion was stopped (A). Changes in LZsN during subanesthetic ketamine infusion were also quantified at the level of single chan-
nels (black dots in the topographic plots), demonstrating that the most pronounced changes in temporal complexity, relative to wake, occurred 
in frontal, posterior parietal, and occipital channel clusters (B). LZsN significantly increased during the first 12.5 min of nitrous oxide exposure 
(induction phase) as compared to baseline wake state (C). During the subsequent nitrous oxide sedation phase, the LZsN declined to levels 
significantly lower than that observed during baseline wake. LZsN returned to levels comparable to baseline wakefulness during post-nitrous 
oxide recovery (C). The most significant increases in temporal complexity during nitrous oxide induction, as compared to baseline wake state, 
were located in frontotemporal, parietal, and occipital regions (D). Nitrous oxide sedation was characterized by a significant decrease in 
temporal complexity across the entire cortical surface (E). A linear mixed model with a random intercept for each rat was used for statistical 
comparisons. Post hoc pairwise tests between states were performed with single-step correction for multiple comparisons via Tukey test. 
The box plots show the median (horizontal bar) and interquartile range for averaged data over all 12 subjects at each epoch. The whiskers 
represent the minimum and maximum values within each epoch. The data for each subject are displayed by colored dots, with each color 
corresponding to a single subject across all epochs. *Significant compared to wake. #Significant compared to subanesthetic ketamine infu-
sion or nitrous oxide induction. §Significant compared to nitrous oxide sedation. The statistical comparisons are shown at P < .05. The exact  
P values are provided in the text in the Results section. The mean, standard deviation, and F statistics for statistical comparisons are provided 
in Supplemental Digital Content, Tables 3 and 4, http://links.lww.com/AA/D757. EEG indicates electroencephalogram; K, subanesthetic 
ketamine infusion; LZsN, normalized Lempel-Ziv complexity; NS, nitrous sedation; PK, postketamine recovery; PN, post-nitrous oxide; W, wake.

http://links.lww.com/AA/D757
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levels in the prefrontal and parietal cortices showed 
significant positive correlations with LZsN both in 
the ketamine group (prefrontal: CW r[144] = 0.42,  
P < .001, Figure  4A; parietal: CW r[144] = 0.49,  
P < .001, Figure 4B) and the nitrous oxide group (pre-
frontal: CW r[156] = 0.46, P < .001, Figure 4C; parietal: 
CW r[156] = 0.56, P < .001, Figure 4D).

Effects of Subanesthetic Ketamine on 
Frontoparietal Connectivity in Gamma 
Bandwidths
NSTE was computed across low (25–55 Hz), mid  
(85–125 Hz), and high gamma (125–175 Hz) band-
widths between ipsilateral frontal and parietal chan-
nels as an estimate of directed feedback (frontal to 
parietal) and feedforward (parietal to frontal) con-
nectivities. Subanesthetic ketamine suppressed low 
and mid gamma frontoparietal connectivities in both 
feedback (low: t[130] = −6.89, P < .001, Figure 5A; mid: 
t[130] = −15.12, P < .001, Figure 5C) and feedforward 
directions (low: t[130] = −8.20, P < .001, Figure 5B; mid: 
t[130] = −14.90, P < .001, Figure 5D). Conversely, high 
gamma frontoparietal connectivity was significantly 
increased during subanesthetic ketamine in both feed-
back (t[130] = 17.59, P < .001; Figure 5E) and feedfor-
ward (t[130] = 17.24, P < .001; Figure 5F) directions. As 
compared to wake state, postketamine recovery was 
characterized by reduced frontoparietal connectivity 
in the mid gamma band (feedback: t[130] = −10.54,  
P < .001, Figure  5C; feedforward: t[130] = −12.79,  
P < .001, Figure 5D), while the low and high gamma 
connectivities returned to levels that did not signifi-
cantly differ from that observed during the baseline 
wake state. In the low gamma band, feedback and 
feedforward connectivities were elevated relative 
to subanesthetic ketamine (feedback: t[130] = 3.85,  
P < .001, Figure 5A; feedforward: t[130] = 6.24, P < .001,  
Figure  5B). High gamma connectivity during post-
ketamine recovery remained attenuated as com-
pared to subanesthetic ketamine (feedback: t[130] =  
−18.02, P < .001, Figure  5E; feedforward: t[130] = 
−17.89, P < .001, Figure 5F). The correlations between 
frontoparietal connectivity in gamma bandwidths 
and acetylcholine levels in prefrontal and parietal cor-
tices are reported in Supplemental Digital Content,  
Table 7, http://links.lww.com/AA/D757.

Effects of Nitrous Oxide Exposure on 
Frontoparietal Connectivity in Gamma 
Bandwidths
Nitrous oxide exposure produced no significant effect 
on low gamma frontoparietal connectivity in the 
first 12.5-minute induction period (feedback: t[141] 
= 0.44, P = 1, Figure  6A; feedforward: t[141] = 1,  
P = .7, Figure  6B). However, the following 50 min-
utes of nitrous oxide sedation significantly increased 

low gamma frontoparietal connectivity in both feed-
forward and feedback directions, as compared to the 
wake state (feedback: t[141] = 6.41, P < .001, Figure 6A; 
feedforward: t[141] = 6.84, P < .001, Figure  6B). As 
compared to nitrous oxide sedation, the postnitrous 
recovery was characterized by significant attenua-
tion of both feedback and feedforward low gamma 
frontoparietal connectivities (feedback: t[141] = −6.18,  
P < .001, Figure 6A; feedforward: t[141] = 3.33, P = .005,  
Figure 6B), with no significant difference as compared 
to the baseline wake levels (low gamma feedback: 
t[141] = 0.24, P = 1, Figure 6A; low gamma feedfor-
ward: t[141] = 0.5, P = .9, Figure 6B).

In the mid gamma bandwidth, nitrous oxide  
induction was characterized by increase in bidirec-
tional frontoparietal connectivity (feedback: t[141] = 
6.43, P < .001, Figure 6C; feedforward: t[141] = 6.09, 
P < .001, Figure  6D). During NS, mid gamma con-
nectivity did not significantly differ from wake but 
was significantly lower than NI (feedback: t[141] = 
−7.15, P < .001, Figure 6C; feedforward: t[141] = −7.72,  
P < .001, Figure 6D). As compared to the wake state, 
the postnitrous period was characterized by a signifi-
cant attenuation of mid gamma feedback connectiv-
ity (t[141] = −2.69, P = .04, Figure  6C), while there 
was no significant effect on feedforward connectivity  
(t[141] = −2.50, P = .06, Figure 6D).

High gamma frontoparietal connectivity during 
nitrous oxide  induction increased in feedback 
(t[141] = 3.90, P < .001, Figure 6E) and feedforward 
(t[141] = 4.52, P < .001, Figure 6F) directions. During 
nitrous oxide sedation, high gamma connectivity 
returned to the baseline wake state but was significantly 
attenuated as compared to that observed during nitrous 
oxide  induction (feedback: t[141] = −4.19, P < .001,  
Figure  6E; feedforward: t[141] = −4.02, P < .001, 
Figure  6F). Frontoparietal connectivity during post-
nitrous oxide recovery wakefulness did not statistically 
differ from the baseline wake state (feedback: t[141] 
= −0.35, P = 1, Figure 6E; feedforward: t[141] = −0.24,  
P = 1, Figure  6F) and was significantly attenuated 
when compared with nitrous oxide induction (feed-
back: t[141] = −4.126, P < .001, Figure 6E; feedforward: 
t[141] = −4.673, P < .001, Figure  6F). Correlations 
between frontoparietal connectivity in gamma band-
widths and acetylcholine levels in prefrontal and 
parietal cortices are reported in Supplemental Digital 
Content, Table 8, http://links.lww.com/AA/D757.

DISCUSSION
The principal findings in our study demonstrate that 
changes in temporospatial EEG complexity during 
subanesthetic ketamine or 50% nitrous oxide  expo-
sure correlate with concomitant changes in pre-
frontal and parietal acetylcholine levels. Of note, 
the changes observed in EEG complexity showed 

http://links.lww.com/AA/D757
http://links.lww.com/AA/D757
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distinct drug-dependent temporal and spatial pro-
files. Subanesthetic ketamine produced increases 
in signal complexity and cortical acetylcholine that 
lasted throughout the ketamine infusion (62.5 min-
utes), with the largest complexity changes occurring 
in frontal, posterior parietal, and occipital channel 
clusters. Conversely, nitrous oxide increased EEG 
complexity and cortical acetylcholine only during the 
first 12.5 minutes of nitrous administration (induc-
tion), with the largest magnitude of change in fron-
totemporal and parietal regions. The next 50 minutes 
of nitrous oxide exposure (sedation) were marked by 
periodically quiescent behavior, gradual decline in 
prefrontal and parietal acetylcholine levels, and global 

suppression of EEG complexity that was most pro-
nounced in frontal channel clusters. The topographic 
distribution of changes in EEG complexity during 
subanesthetic ketamine and nitrous oxide sedation in 
our study broadly mirrored recent magnetoencepha-
lographic and EEG data published during ketamine 
and nitrous oxide  administration in humans,12,28 sug-
gesting a comparable dynamic landscape during the 
administration of dissociative anesthetics in rodents.

We have shown earlier that ketamine, in the absence 
of any behavioral arousal, can increase prefrontal ace-
tylcholine.19 A previous study quantifying the effect of 
nitrous oxide on cortical acetylcholine showed simi-
lar effects on acetylcholine as reported by us in the 

Figure 4. Relationship between cortical acetylcholine and temporospatial EEG complexity. Changes in prefrontal and parietal acetylcholine 
levels were significantly correlated with changes in temporospatial EEG complexity in the subanesthetic ketamine infusion (A and B) and 
nitrous oxide exposure (C and D) cohorts. The data for each subject are displayed by colored dots, with each color corresponding to a single 
subject across all epochs. To account for clustering of the data within each rat, we calculated the cluster-weighted marginal correlation. The 
line represents points of best fit. ACh indicates acetylcholine; CW r, cluster-weighted marginal correlation; EEG, electroencephalogram; LZsN, 
normalized Lempel-Ziv complexity.
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Figure 5. Effect of subanesthetic ketamine infusion on directed frontoparietal connectivity in gamma bandwidths. Subanesthetic ket-
amine infusion significantly decreased frontoparietal connectivity in the low gamma bandwidth (25–55 Hz) in both feedback and feedfor-
ward directions relative to baseline wake state (A and B). Frontoparietal connectivity in the mid gamma bandwidth (85–125 Hz) decreased 
in feedback and feedforward directions during subanesthetic ketamine and remained depressed relative to baseline wakefulness dur-
ing postketamine recovery (C and D). Feedback and feedforward connectivities between frontal and parietal cortices were significantly 
increased in the high gamma bandwidth (125–175 Hz) during subanesthetic ketamine treatment, returning to levels comparable to base-
line wakefulness during postketamine recovery (E and F). A linear mixed model with a random intercept for each rat was used for statisti-
cal comparisons. Post hoc pairwise tests between states were performed with single-step correction for multiple comparisons via Tukey 
test. The box plots show the median (horizontal bar) and interquartile range for averaged data over all 12 subjects at each epoch. The 
whiskers represent the minimum and maximum values within each epoch. The data for each subject are displayed by colored dots, with 
each color corresponding to a single subject across all epochs. *Significant compared to wake. #Significant compared to subanesthetic 
ketamine infusion. The statistical comparisons are shown at P < .05. The exact P values are provided in the text in the Results section. 
The mean, SD, and F statistics for statistical comparisons are provided in Supplemental Digital Content, Table 5, http://links.lww.com/
AA/D757. K indicates subanesthetic ketamine infusion; NSTE, normalized symbolic transfer entropy; PK, postketamine recovery; SD, 
standard deviation; W, wake.

http://links.lww.com/AA/D757
http://links.lww.com/AA/D757
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Figure 6. Effects of nitrous oxide exposure on directed frontoparietal connectivity in gamma bandwidths. During nitrous oxide induction, fron-
toparietal connectivity in the low gamma bandwidth (25–55 Hz) did not differ from wake (A and B). However, feedback and feedforward con-
nectivities in low gamma frequencies were significantly increased during the following 50-min nitrous oxide sedation (A and B). Frontoparietal 
connectivity in feedback and feedforward directions were increased during nitrous oxide induction in the mid gamma bandwidth (85–125 Hz) 
(C and D), whereas nitrous oxide sedation was characterized by a decrease in connectivity as compared to wakefulness. During post-nitrous 
oxide recovery period, connectivity in the feedback direction showed a modest increase relative to baseline wakefulness, while feedforward 
connectivity did not statistically differ from wake. Nitrous oxide induction transiently increased the strength of connectivity between frontal 
and parietal cortices in the high gamma bandwidth (125–175 Hz) in feedback and feedforward directions (E and F), whereas the nitrous oxide 
sedation phase was characterized by decrease in both feedback and feedforward connectivities to wake levels. Frontoparietal connectivity did 
not differ between baseline wakefulness and post-nitrous oxide recovery. A linear mixed model with a random intercept for each rat was used 
for statistical comparisons. Post hoc pairwise tests between states were performed with single-step correction for multiple comparisons via 
Tukey test. The box plots show the median (horizontal bar) and interquartile range for averaged data over all 12 subjects at each epoch. The 
whiskers represent the minimum and maximum values within each epoch. The data for each subject are displayed by colored dots, with each 
color corresponding to a single subject across all epochs. *Significant compared to wake. #Significant compared to nitrous oxide induction, 
§Significant compared to nitrous oxide sedation. The statistical comparisons are shown at P < .05. The exact P values are provided in the 
text in the Results section. The mean, SD, and F statistics for statistical comparisons are provided in Supplemental Digital Content, Table 6, 
http://links.lww.com/AA/D757. NI indicates nitrous induction; NS, nitrous sedation; NSTE, normalized symbolic transfer entropy; PN, post-
nitrous oxide; SD, standard deviation; W, wake.

http://links.lww.com/AA/D757
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current study, that is, a sharp increase after nitrous 
administration followed by a progressive decrease.20 
Cortical acetylcholine is also known to correlate with 
behavioral arousal.17 Therefore, changes in cortical 
acetylcholine can result from a direct drug effect or 
changes in level of behavioral arousal. In the current 
study, it is difficult to ascribe the increase in cortical 
acetylcholine only to drug (ketamine/nitrous oxide) 
administration or only behavioral effects; it is likely 
that changes in cortical acetylcholine are a product 
of interaction between drug and behavioral effects. 
In contrast, increase in complexity is likely due to 
increased cortical acetylcholine or EEG activation, 
rather than behavioral arousal. This conclusion is 
supported by our recent studies in which we showed 
that a pharmacologically induced increase in prefron-
tal acetylcholine in sevoflurane-anesthetized rats was 
accompanied with EEG activation and an increase in 
complexity to baseline wake levels, with or without 
concomitant behavioral arousal.24,25

In addition to the relationship between neuro-
physiologic complexity and cortical acetylcholine, our 
study characterized changes in directed frontoparietal 
connectivity in low (25–55 Hz), mid (85–125 Hz), and 
high (125–175 Hz) gamma bandwidths. A previous 
study from our laboratory demonstrated that fronto-
parietal connectivity in high gamma bandwidth is a 
correlate of wakefulness, being reduced in conjunc-
tion with suppressed cortical levels of acetylcholine 
during general anesthesia.21 Our data extend these 
findings to dynamics characteristic of psychedelic 
states, demonstrating that periods of elevated cortical 
acetylcholine and neurophysiologic complexity dur-
ing subanesthetic ketamine or nitrous oxide induc-
tion were correlated with increased high gamma 
frontoparietal connectivity. Conversely, low gamma 
frontoparietal connectivity was reduced when corti-
cal acetylcholine levels were high and increased when 
acetylcholine levels were suppressed. Our data relat-
ing to cortical complexity and connectivity are broadly 
supportive of studies demonstrating hyperfrontality 
during classical psychedelic and dissociative drug 
administration, wherein excessive glutamatergic or 
cholinergic tone in frontal cortex accompanies aber-
rant cortical dynamics and alterations to the contents 
of consciousness.29–31

Reductions in measures of neurophysiologic com-
plexity have been demonstrated across a broad range 
of pharmacologic and nonpharmacologic models of 
unconsciousness,6–10,24,32,33 while an increase in neu-
rophysiologic complexity during psychedelic states 
has been shown to correlate with subjective inten-
sity of altered conscious contents.12,13 Our finding of 
concomitant changes in cortical acetylcholine levels, 
neurophysiologic complexity, and high gamma fron-
toparietal connectivity during elevated and depressed 

states of consciousness is consistent with the pur-
ported role of acetylcholine in supporting cortical 
activation and arousal, expanding this relationship to 
dynamic neurophysiologic signatures related to the 
level of consciousness.3–5 Heterogeneous cell popu-
lations within the basal forebrain drive acetylcho-
line release at topographically specific targets across 
the cortex,14,34 with cortical cholinergic transmission 
shaping the activity of pyramidal and GABAergic 
(gamma aminobutyric acid) interneuron populations 
implicated in cortical activation and wakefulness.35–37 
Acetylcholine release within the cortex is thought to 
create conditions that are permissive of high levels of 
neurophysiologic complexity, such as the reduction 
of slow cortical oscillations,38 thalamocortical desyn-
chronization,39 and the promotion of high-frequency 
cortical gamma oscillations.19,35,40 Thus, while further 
testing of this hypothesis is required, cortical cholin-
ergic transmission is a plausible neuromodulatory 
mechanism by which dynamics such as complexity 
can be shaped within cortical networks.

Although an increase in cortical acetylcholine lev-
els during subanesthetic ketamine and nitrous oxide 
in rats has been reported, there are key differences 
as compared to our study. First, to our knowledge, 
none of the previous studies recorded simultane-
ous changes in EEG, which in the current study 
has allowed us to bridge neurochemical events in 
the cortex with concurrent changes in neurophysi-
ological complexity and corticocortical connectiv-
ity. Second, while previous studies in rodents have 
reported changes in complexity across altered states 
of arousal,6,10,24 our use of high-density EEG allowed 
the application of temporospatial measures of com-
plexity that more readily translate to those used in 
human studies.7,8,12 Third, because of our carefully 
titrated and timed drug administration, we were able 
to clearly characterize neurochemical and neuro-
physiological changes before, during, and after drug 
administration. Of note, although there are known 
sex differences in sensitivity and response to anes-
thetics, we did not find any overt behavioral differ-
ences between male and female rats. The lack of overt 
behavioral differences could be due to the graded 
nature of subanesthetic state that encompasses a 
wide range of behaviors, unlike anesthetic induc-
tion or emergence, which have binary end points (ie, 
awake or anesthetized).

There are limitations to our study. Given the low 
temporal resolution of microdialysis, our results 
should only be interpreted as they relate to sustained 
tonic acetylcholine release. Alternative approaches 
such as cholinergic biosensors may be better suited 
to investigate phasic cholinergic dynamics as they 
relate to neurophysiologic complexity at finer scales 
such as spikes or event-related potentials. Although 
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cortical acetylcholine appears to vary with the level of 
consciousness, neurophysiologic complexity is likely 
to be governed by a complex neurochemical milieu, 
and thus, further research investigating the relation-
ship between complexity and other neurotransmit-
ter systems within the cortex is warranted. We did 
not study complexity and cortical acetylcholine at a 
higher ketamine concentration sufficient to produce 
sedation or anesthesia, which could have provided 
insightful comparisons with the changes in these out-
come measures during the sedation phase produced 
by nitrous oxide. However, in a previous study, we 
did demonstrate that neurophysiologic complexity 
is reduced during the state of anesthesia induced by 
intraperitoneal ketamine, demonstrating a relation-
ship between state and complexity.10 Interestingly, 
while subanesthetic ketamine in human volunteers 
increases neurophysiologic complexity,9,12 anesthetic 
doses of ketamine have been shown to produce an 
alternating pattern of high- and low-complexity 
states.9 Finally, our data are correlative, and thus, 
further studies establishing a causal relationship 
between cholinergic neurotransmission and com-
plexity are necessary.

In conclusion, we demonstrate that changes in 
cortical acetylcholine are correlated with measures 
of EEG complexity and frontoparietal connectivity 
in high gamma bandwidths during subanesthetic 
ketamine and nitrous oxide. These findings expand 
our understanding of the relationship between neuro-
chemical and neurophysiologic signatures purported 
to correlate with consciousness. E
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