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Extended Figure 4. Fos activity mapping reveals subcortical isoflurane-activated hotspots. (a) Intact whole brains were imaged
horizontally with light sheet microscopy to acquire cellular resolution Fos+ signal then digitally resliced in the coronal plane at the indicated
AP positions. (b) Representative mean intensity projection of the raw 3.6X Fos+ signal from the isoflurane condition virtually re-sliced to
the coronal plane at the indicated AP positions. (c) Mean Fos+ density in the control condition across all samples (n=7) shown as a
heatmap. (d) Mean Fos+ density in the isoflurane condition across all samples (n=9) shown as a heatmap in the indicated AP coronal
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plane. (e) Pairwise comparison of significant Fos+ regions in control vs isoflurane condition with blue indicating higher Fos+ activity in the
isoflurane condition and red indicating higher Fos+ activity in control condition. (f) 3D mean Fos+ density heatmaps from the isoflurane
condition shown as sections in panel d. (g) Voxel-wise significance map of regions significantly regulated in the isoflurane (blue) or control
(red) conditions. (h) Representative raw Fos+ immunolabeling at the indicated regions: CeL = centrolateral amygdala; BNST = bed
nucleus of stria terminalis; PVH = paraventricular hypothalamus; VMH = ventromedial hypothalamus; PBN = parabrachial nucleus; LC =
locus coeruleus. (i) Mean Fos density calculated across larger brain subdivisions after atlas registration by ClearMap in control vs
isoflurane conditions shows significant differences in isocortex, hypothalamus, midbrain and cerebellum. (unpaired t-test, *p<0.05). (j)
Regions significantly activated in isoflurane (blue) or control (red). Scale bars shown are 1mm except in panel h insets where scale bar
is 250 pm.
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Extended Figure 5. Identification of isoflurane-activated clusters from UNRAVEL analysis. Voxel-wise data from Fig 2e-h were
warped to the Allen Mouse Brain Common Coordinate Framework (CCFv3) for display in coronal brain slices, overlaid with a colored
wireframe using FSLeyes. Input images for voxel-wise comparisons were averaged for each group to show background-subtracted and
z-scored Fos immunofluorescence. FDR-corrected p-value maps show increases (warm colors) and decreases (cool colors) in Fos
expression resulting from isoflurane treatment. For each effect direction, the most stringent g-value threshold is fully opaque (100%), the
next most stringent is semi-opaque (66%), and the least stringent is less opaque (33%). Valid clusters with significant differences in Fos+
cell density were randomly colored and labeled with their IDs. Abbreviations: Adj. = adjusted; Avg. = average; SS = somatosensory; OT
= olfactory tubercle; S| = substantia innominata; BNST = bed nucleus of the stria terminalis; MA = magnocellular nucleus; PVH =
paraventricular hypothalamic nucleus; Hypothal. = hypothalamus; CeA = central amygdala; Thal. = thalamus; ZI = zona incerta; COA =
cortical amygdalar area; MB = midbrain; Sup. = superior; PAG = periaqueductal gray; Inf. = inferior.
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Extended Figure 6. Representative Fos immunolabeling from cleared intact brains. Images from a representative control (left
column) and an isoflurane mouse (right column) from Figure 2. Images were acquired with a light sheet microscope using a 3.6X objective
in the horizontal plane and then re-sliced to the coronal plane to identify (a) BNST = bed nucleus of the stria terminalis, (b) PVH =
paraventricular hypothalamus, (c) CeA = central amygdala, (d) VMH = ventromedial hypothalamus, (e) PBN = parabrachial nucleus, (f)
LC = locus coeruleus. Scale bars are 1mm for the full coronal slice and 500 um for the inset image.
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Extended Figure 7. Isoflurane networks are denser across a variety of weight thresholds. (a) control (red) and isoflurane (blue)
networks thresholded at various alpha values. (b) Mean degree, clustering, betweenness, and efficiency metrics calculated across a
range of significance thresholds and (c) edge proportion thresholds. (d) Assessment of small-world properties of individual networks
plotted in Fig 3. Small-world index (o) for both networks are above the threshold of 1 (black dotted horizontal line). The control network
(e) clustering coefficient and (f) path length as well as the isoflurane (g) clustering coefficient and (h) path length are higher than randomly
rewired networks with matching degree sequences. (i) Distributions of the Pearson correlation coefficients between all unique regional
connections and their associated (j) p-value for the control and isoflurane networks. (k) Volcano plot illustrating the regional correlations
which most differ between the networks. The horizontal red line denotes a significance threshold of p < 0.001. Red points in the upper
right (control < isoflurane) and upper left quadrants (control > isoflurane), defined by vertical red line lines, indicate regional correlation
differences with a magnitude shift greater than 1 between groups. Two-tailed Student’s t-test: **p<0.01, ****p<0.0001. Error bars represent
mean + SEM. See Extended Data Tables 6-8 for full abbreviations and detailed statistics.
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Extended Figure 8. Response variability during isoflurane. (a) Heatmaps showing mean normalized firing for each major region
(isocortex, hippocampus, amygdala, thalamus, and hypothalamus) across anesthetic phases (induction, maintenance, washout) with the
total unit counts (n) for each region. (b) Representative traces from units in major regions with diverse responses under isoflurane. For
each major region, traces show 5 units (k=5 from total unit count n for each region) with the highest (top) and lowest (bottom) mean
normalized firing during the maintenance phase. Left traces show 1 min prior and 5 min following onset of induction at the dashed line
(“ISO on”). Right traces show 1 min prior and 10 min following onset of maintenance phase (first dashed line) and the “ISO off” time (right
dashed line). (c) Mean z-scored firing from each experimental phase was clustered (Ward’s method) for all subregions obtained in
recordings. Hierarchical clustering of subpopulation means revealed 3 heterogeneous clusters (CHI=11.12), each with subclusters (e.g.,
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1a: Cluster 1a) linking spatially distributed cortical and subcortical structures. See Extended Tables 9 and 12 for detailed data.
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Methods:

Mice. All experiments were approved by the National Institutes of Health and the University of
Washington Institutional Animal Care and Use Committee. 3- to 6-month-old male and female
c57bl/6j or homozygous Fos ?A7CER (FosTRAP2) transgenic mice are used in all studies. Animals
are group-housed in a 12-hour reverse light/dark cycle facility with ad libitum access to food and
water. Animals used in electrocorticography or Neuropixels studies are singly housed during the

recording experiments.

Intact brain tissue collection after isoflurane exposure: Mice were singly housed in the home cage
for 3 days prior to tissue collection for intact whole brain Fos immunolabeling. Habituation to the
testing room was achieved by placing mice in a temperature controlled red-light room for at least
2-3 hours a day for 3 days prior to tissue collection. On the test day, mice in the control condition
remained singly housed in their home cage inside the testing room where isoflurane was delivered.
Mice in the isoflurane condition were individually induced with 2% isoflurane and once loss of
toe pinch reflex was confirmed, each mouse was maintained under general anesthesia for 180
minutes with 1.2%-1.3% isoflurane in oxygen delivered via nose cone. The concentration of
isoflurane delivered at each nose cone was confirmed to be within range using a gas analyzer prior
to placing the mouse in the nose cone. Mice were actively warmed on a heating pad and
continuously monitored by the experimenter. After 180 minutes, all mice were more deeply
anesthetized with isoflurane and transcardially perfused with PBS followed by 10% formalin.
Brains were dissected and post-fixed in formalin for 24 hours at 4°C prior to intact whole brain

immunolabeling and clearing.
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Intact brain clearing and immunolabeling: A previously published, modified version of the
iDisco+ protocol was used to immunolabel and clear intact brain samples'?. The following
antibodies were used: Synaptic Systems Rat anti-cFos (1:2000) for Fos immunolabeling or
Rockland Rabbit anti-RFP (1:2000) for mCherry DREADD immunolabeling followed by Donkey
anti-Rat or Donkey anti-Rabbit Jackson ImmunoResearch AlexaFluor 647 Fab2-conjugated

secondary antibody (1:500).

Intact brain imaging: Cleared, intact whole brains were imaged with a uniform axial resolution
light sheet microscope (SmartSPIM, LifeCanvas Technologies) using either the 1.6x (5 um voxels)
or 3.6x (1.8 um voxel) objectives for Fos samples, and 3.6x for TRAP samples. Samples were
mounted horizontally using a custom sample holder immersed in dibenzyl ether (DBE). Images
were acquired in two channels (488 nm: autofluorescence; 639 nm: mCherry/AlexaFluor-647) and
stitched using the SmartSPIM acquisition software. TRAP+ images were down-sampled (0.5x)
prior to image processing with isotropic 3.6 um voxels. 3-dimensional images were visualized

using Arivis Pro software (Zeiss).

ClearMap brainwide TRAP+ analysis: We processed 7 intact formalin-fixed brain samples from
FosTRAP2 transgenic mice infected with AAV-PHP.eB-DIO-Gq-DREADD-mCherry virus (see
Retroorbital virus injection and Activity-dependent labeling procedures) using a modified version
of the ClearMap pipeline as previously published®3. We trained a pixel classifier in Ilastik to
segment and quantify single cells based on somatic signal classification. This was achieved by
selecting 21 image tiles (200 x 200 x 220 um) from three separate samples, cropped from dorsal

(2), central (3), and ventral (2) positions of the brain. To improve segmentation accuracy, an
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additional three tiles were used to correct for artifacts in ventricular and boundary regions. The
fully trained classifier was then applied to all samples, generating segmented cell counts per brain
region and voxelized heatmaps. We computed TRAP+ cell counts within two different levels of
hierarchy within the Unified Brain Atlas: 1) 11 major anatomical divisions (Extended Fig 3b) and
914 minor subregions within those high-level anatomical divisions that no longer split into further
daughter regions. We provide the raw TRAP+ cell counts, cell density, and statistical results for

all analysis (Extended Data Table 3).

ClearMap brainwide Fos analysis: We processed 16 intact brain samples (n=7 controls and n =9
isoflurane) using a modified version of the ClearMap pipeline as previously published’. We
computed Fos-positive activated cell counts within two different levels of hierarchy within the
Unified Brain Atlas: 1) 11 major anatomical divisions (Extended Fig 4) and 914 minor subregions
within those high-level anatomical divisions that no longer split into further daughter regions (Fig
2d). To ensure accuracy within the hierarchical relationships, we ensured there were no
overlapping spatial footprints and no double counting of any regions, following each subregion
branch until the end or “stop-level.” We transformed the raw Fos cell counts to z-scores and
normalized the data to account for regional volume differences. We used the home cage control
group (control) to normalize the z-scores for each region of interest using the formula z= (x-p)/c,
where x represents the Fos count of the treatment group, p represents the mean Fos count of the
control group, and o represents the SD of the control group. We then converted the z-score into -
log10 for visualization. For the high-level analysis, we used an unpaired t-test, *p<0.05 (Extended
Fig 41). For the stop-level analysis, we used a t-test followed by the false discovery rate (FDR)

multiple comparison correction with an alpha significance level of 0.01 (q <0.01), two-tailed (Fig
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2d). We provide the raw Fos counts, z-scored data and statistical results for all analysis (Extended

Table 3).

UNRAVEL Fos analysis: We also analyzed whole brain Fos immunolabeling using UNRAVEL*
(UN-biased high-Resolution Analysis and Validation of Ensembles using Light sheet images),
with refactored Python code (documentation: b-heifets.github.io/UNRAVEL/index.html).
Autofluorescence images were resampled to 50 pm resolution, and tissue was masked using Ilastik
(v1.4.0; pixel classification; all features) for N4 bias field correction (ANTsPy; 0.4.2). The
resampled images were padded (15% voxels on all sides) and smoothed with a Gaussian filter
(sigma = 0.4) before being registered with an average template from iDisco and light-sheet
microscopy (LSFM), which was aligned with the Allen Mouse Brain Common Coordinate
Framework (CCFv3)°. Registration was performed using ANTsPy:
ants.affine_initializer(fixed image=autofluorescence image, moving_image=template,
search_factor=1, radian_fraction=1, local_search_iterations=500), followed by
ants.registration(fixed=autofluorescence image, moving=template aligned with_tissue,
grad step=0.1, syn_metric='CC', syn_sampling=2, reg_iterations=(100, 70, 50, 20)). Registration
accuracy was visually confirmed using FSLeyes (v0.30.1; FMRIB), with the atlas warped to each
fixed registration input image. Fos immunofluorescence was enhanced through 3x3x3 spatial
averaging and rolling ball background subtraction (pixel radius = 4). The resulting images were
warped to 25 pm atlas space using transforms from registration. Each hemisphere was z-scored
using a warped tissue mask and a hemispheric mask ((image — mean intensity in the brain)/standard

deviation of intensity in the brain). The images were smoothed with a 100 pm kernel and mirrored
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92  to average the left and right sides. A unilateral atlas mask, excluding ventricles, fiber tracts, and

93  undefined regions, spatially restricted the voxel-wise analyses.

94 Voxel-wise comparisons between the isoflurane and control groups (t-test

95  design) were performed using non-parametric permutation testing (18,000

96  permutations) with the general linear model (randomise parallel; FMRIB; v6.0.2). P-

97  value maps were corrected for multiple comparisons using the false discovery rate

98  (FDR) method, applied across a series of g-values to identify clusters of significant

99  voxels. Data in Fig. 2 are from the most stringent g-value thresholds (q < 0.005, p <
100 0.000056 for Control < Isoflurane; q < 0.05, p <0.0012 for Control > Isoflurane).
101 Clusters smaller than 100 voxels were excluded. Clusters were warped back to full-resolution
102  tissue space for cell density measurements (Fos+ cells per cluster volume). Fos+ cells were
103 segmented using Ilastik. 3D counting was performed using connected components-3d (v3.16.0;
104  connectivity = 6). Clusters were considered valid if unpaired t-tests confirmed that differences in
105  Fos labeling reflected changes in Fos+ cell densities. Information on valid clusters, including
106  regional composition and Fos+ cell densities across FDR g-values, is provided in Extended Table
107 5. Statistical maps and other related data are available upon request. Scripts from UNRAVEL
108  (github.com/b-heifets/UNRAVEL) are available at zenodo.org/records/13655988.
109
110 Correlational, Permutation, and Network Analysis: All associated network analyses and
111  visualizations were conducted with the SMARTTRS package, igraph, tidygraph package, and
112 custom written functions. Pearson correlations between normalized Fos™ activity per region were
113 calculated and asymptotic p-values for each correlation were determined using a one-sample t-test.

114  Significantly correlated regions are visualized in heatmaps after FDR (Benjamini-Hochberg)
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115  correction using a significance threshold of q < 0.05. A permutation analysis was conducted to
116  identify the functional connections which differed most between experimental groups.
117  Correlations differences were calculated by subtracting correlations from the Control group from
118  respective correlations in the Isoflurane group (Tisoflurane — I'control ). Each correlation difference was
119  wused as a test statistic against a null distribution produce by shuffling the labels of Control and
120  Isoflurane mice 10,000 times, with the correlation difference recomputed for each shuffle. Each
121  test statistic was compared to its individual null distributions to determine the p-value. Significance
122 correlation differences for all analyses were thresholded using an alpha value of 0.001 and
123 visualized as constructed network. Edge thickness in the permuted network represented magnitude
124 of correlation difference, with regions represented as nodes. An agglomerative fast greedy

125 modularity optimization algorithm? was applied using tidygraph for community detection.

126 Individual functional networks for the Control and Isoflurane test conditions were
127  constructed by representing regions as nodes and Pearson correlation values as edges, with
128  correlation magnitude corresponding to edge thickness. Since pairwise correlations were
129  calculated for all pairs, the initial functional network is complete, with all nodes fully
130  interconnected. Thresholding is normally applied to assess the topological features of the most
131  salient connections, although there is little consensus on the best approach, (i.e., thresholding by
132 connection strength or connection proportion) or choice of threshold®. Thus, we constructed
133 networks for Control and Isoflurane across a range of alpha thresholds (FDR uncorrected) from

134 0.0001 to 1, and across a range of edge proportion thresholds, from 0.001 to 0.50.

135 In both the permuted and individual functional networks, several topology metrics per
136  node, such as degree, clustering coefficient, efficiency, and betweenness centrality* are

137  automatically calculated using the create networks() or create permutation_network() functions


https://doi.org/10.1101/2025.03.28.646066

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.28.646066; this version posted April 3, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

138 in SMARTTR. Summary statistics are calculated using the summarise networks() function, which
139  averages nodal metrics to calculate mean degree, mean efficiency, mean clustering coefficient, and
140  mean betweenness for a given network. To assess for “small-world” properties® of empirical
141  Control and Isoflurane networks (edge proportion of 3.15%), we compared the clustering
142 coefficient (C) and characteristic path length (L) with the corresponding values (C", Ld)
143 averaged from 100 random null networks. Null networks are generated by applying the degree
144 sequence-preserving maslov-sneppen® rewiring algorithm with the rewire_network() function, and
145  averages metrics were calculated with summarize null networks(). Number of edge rewirings per
146  random network are equivalent to number of edges x 100. The small-world index (s), a ratio

147  summarizing the propensity for high clustering while maintaining efficiency in a network, is

c Crand

L/Lrand'

148  defined here as

Values above 1 are considered indicative of small-world properties. All

149  analysis code is available on (https://mjin1812.github.io/SMARTTR)

150

151  Head-fixed implantation and habituation: For high density silicon probe (Neuropixels) recordings,
152  mice were implanted with a custom-made titanium headplate (H.E. Parmer Company, TN) for
153  head-fixation of the animal, and 3D-printed “well”” providing safe access for probe insertion and
154  retention of saline solution on the skull surface during recordings. Following recovery (~2 weeks),
155  mice were habituated to head-fixation for at least 3 days, starting with 15- to 20-min periods and
156  increasing daily by 20 min until they exhibited minimal distress with fixation for 1 h®. For head-
157  fixed recordings, mice were placed in a 3D-printed mouse holder® adapted for isoflurane delivery
158 wvia a 3D-printed stereotax anesthetic nose cone. During recordings, estimated isoflurane gas

159  concentration was measured with a gas analyzer (BC Biomedical, MO).

160


https://mjin1812.github.io/SMARTR
https://doi.org/10.1101/2025.03.28.646066

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.28.646066; this version posted April 3, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

161  High-density in vivo Neuropixels recordings: Male and female mice were prepared for head-fixed
162  recordings in a behavioral rig adapted for isoflurane delivery and gas analyzer sampling at the nose
163  cone. At least 1 day prior to each recording, craniotomies were made targeting regions of interest,

164  planned beforehand using a specialized tool!°

to take into consideration optimal probe orientations
165 and angles of entry (5-15°), and finally sealed with Kwik-Cast (World Precision Instruments, FL).
166  When not sealed, craniotomies were kept moist with continuous applications of saline into the
167  “well.” On recording days, mice were first head-fixed and allowed to acclimate before probe
168  insertion. Neuropixels 1.0 probes were mounted on a micromanipulator system (Sensapex, SC)
169  and lowered via the planned trajectory to 100 um beyond the target depth, then retracted after a
170  10-min delay and allowed to rest for an additional 10 min before starting the baseline recording.
171  After a 5-min awake baseline, mice were induced with isoflurane to an initial target 1.5%
172 concentration. Intermittent foot pinches were used to determine loss-of-reflex (LOR) time.
173 Following LOR, mice were maintained at 1.3% isoflurane to begin the steady-state maintenance
174  phase recording (Fig 4). After 10 min, the vaporizer was turned off for washout period of recording
175  (Extended Fig 8). Mice were actively warmed via external heating pads. Each animal (n=4) had
176  two recording sessions at least 24 hours apart, and one recording was left out due to poor signal
177  quality for a total of 7 recording sessions. Altogether, we obtained units totaling N=1048;
178  Isocortex, n=37; Hippocampus, n=53; Amygdala, n=16; Thalamus, n=883, Hypothalamus, n=59;
179  see Extended Data Table 10. All recordings were acquired using SpikeGLX (Janelia Research
180  Campus, VA).

181

182  Histological alignment of recording tracts: To determine the placement of isolated units in the

183  brain, sorted units were aligned to the probe tracts after intact brain imaging. After recordings,
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184  intact formalin-fixed brains were cleared and imaged with light sheet fluorescent microscopy for
185  probe tract tracing in the Allen Brain Atlas space and mapped onto the locations of isolated units
186  to identify their placement in the brain (Fig 4b and see Intact brain clearing and imaging). After
187  registering each brain to the Allen CCF!!, probe tracts made by application of the lipophilic CM-
188  Dil dye (Thermo Fisher, WA) to the probe shank before each recording were traced in Lasagna'?
189  to yield a fitted line of XYZ coordinates, which were visualized in Brainrender'!. A separate open-
190  source tool'® was used to adjust the alignment of activity recorded along the shank to the regions
191  identified along the tract.

192

193 Neuropixels data processing: Spike sorting was performed with Kilosort4'4, isolated units were
194  discarded if they had fewer than 1000 spikes across the whole recording and filtered out further
195  based on quality metrics assessment!®>. To prevent false negatives due to widely-observed
196  prolonged inhibitions from anesthetic induction, units were primarily filtered out if they
197  concurrently exhibited low presence and low firing rate (<0.5 Hz), or a poor score on L-ratio or

1617 Remaining units were inspected manually using Phy!*,

198  D-prime isolation metrics
199  Postprocessing and curation was performed using custom scripts integrating open-source Python
200  packages's.

201

202 Neuropixels data analysis: Spike times were binned into 250-ms bins and averaged to yield each
203  unit’s mean firing rates. For representative isoflurane activity traces, normalized firing rates were
204  calculated by first subtracting the mean firing during the last 2 min of the baseline phase, then z-
205  scored across the whole recording. For mean region and subregion activity heatmaps, firing rates

29 <6

206  were z-scored across the recording. Mean rates during “induction,” “maintenance” or “washout"
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207  phases were taken across all units in each major region or subregion (Extended Fig 8). Cortical
208 and subcortical subregion normalized firing rates were averaged and compared via one-way
209  ANOVA. For k-means clustering, subregion normalized firing rates were used as features for the
210  elbow method analysis, yielding an optimal grouping of 6 clusters with asymptotic inertia and
211  silhouette scores. All analyses were conducted using custom Python scripts integrating open-
212 source packages.

213

214 Retroorbital virus injection: FosTRAP2 mice were briefly anesthetized with isoflurane (5-10-min)
215 and administered adeno-associated virus (AAV) by retroorbital injection to one eye. AAV-
216  PHP.eB-hSyn-DIO-hM3D(Gq)-mCherry (44361-PHPeB, Addgene) was used for activating
217 DREADD and AAV-PHP.eB-hSyn-DIO-hM4D(Gi)-mCherry (44362-PHPeB, Addgene) was
218  used for inhibitory DREADD. Virus was diluted in total 100uL sterile saline to ~ 2-3x10!! GC/mL
219  based on prior studies'.

220

221 Activity-dependent labeling (TRAP): 3-4 weeks following retroorbital virus injection, FosTRAP2
222 mice were induced with 2% isoflurane and then maintained unresponsive at 1.2-1.3% for a total
223 time of 180 min. Mice were actively warmed on a heating pad and continuously monitored by an
224 experimenter. A single 50 mg/kg intraperitoneal (i.p.) injection of 4-hydroxytamoxifen (4-OHT,
225  Sigma Aldrich), was administered at the 90-min halfway point during the isoflurane exposure to
226  induce Cre-recombination and activity-dependent labeling?®. Non-TRAP control mice also
227  received retroorbital virus injections and isoflurane exposure but then sesame oil vehicle (Sigma
228  Aldrich) in the equivalent volume of 4-OHT (~0.2mL) was given i.p. at the 90-min halfway point.

229
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230  Clozapine-n-oxide administration: Clozapine-n-oxide (CNO, Enzo Life Sciences) was solubilized
231  in water and stored as Smg/mL aliquots. For testing, the aliquot was diluted in sterile saline to an
232 end concentration of 0.5 mg/mL for 5 mg/kg behavioral studies. Mice received i.p. injections
233 according to their body weight ranging from 0.2-0.3 mL for a 20-30g mouse. The equivalent
234 volume i.p. sterile saline was delivered for saline trials.

235

236  Electrocorticography surgical procedure & neural signal data recording: Electrocorticography
237  (ECoG) was recorded using a tethered implant as previously described?’. Briefly, using aseptic
238  stereotaxic surgical techniques under isoflurane anesthesia, a midline incision was made above the
239  skull, and ECoG-recording electrodes (Pinnacle Technology, Lawrence, KS; No. 8209: 0.10-in.)

240  were screwed through cranial holes at the following coordinates:

241 o Channel 1 (left frontal cortex): 1.5 mm lateral and 2 mm anterior to bregma

242 o Channel 2 (vight parietal cortex): 1.5 mm lateral and 2 mm posterior to bregma

243 e Ground (visual cortex): 1.5 mm lateral and 4 mm posterior to bregma

244 e Reference (cerebellum): 1.5 mm lateral and 6 mm posterior to bregma

245 Mice were singly housed in standard cages under a 12:12 light-dark (LD) cycle following

246  surgery. After a 14-day recovery period, they were moved to recording cages, fitted with a tether
247  and preamplifier (100x signal gain) connected to the Pinnacle Technology recording system, and
248  given at least 1 day to acclimate before recording.

249 Animals were injected with saline or CNO (5mg/kg) at the same time of day on consecutive
250  days (days 1 and 2, respectively), with pre-experimental (day 0) and post-experimental (day 3)
251  days serving as baseline comparisons. To assess neural dynamics during isoflurane, mice were

252  placed in a specialized chamber and induced with 3% isoflurane until fully immobile (~10
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253  minutes). Isoflurane was then discontinued, and the mice were allowed to fully wake (~20-30
254  minutes). In all recording days, electromyography (EMG) signals were obtained by inserting a pair
255  of silver wires into the neck muscles. All screws and wires were connected to a common 6-pin
256  connector compatible with the Pinnacle recording device using silver wire. Signals were
257  continuously recorded at 400 Hz with low-pass filters at 100 Hz. All recordings were saved and
258  exported for processing using the European Data Format (EDF). Simultaneously, animal activity
259  was continuously recorded using webcams.

260 For each animal, one hour of data (time-matched across days) was extracted for each
261  condition (pre, saline, CNO, post), along with the entirety of the isoflurane induction condition,
262  and saved to individual .edf files. Spectrograms were generated by low-pass filtering each file at
263 12 Hz and log-transforming the signal data. Additionally, slow wave signal-to-noise ratio (SNR)
264  was calculated using minute-long bins by dividing mean power in the delta frequency band (14
265  Hz, primarily capturing delta waves associated with sleep and anesthesia®®) by mean power in
266  surrounding frequencies (0.5—1 Hz + 4—7 Hz). All analyses were conducted using the left frontal
267  cortex electrode (i.e., channel 1).

268 To quantify the change in delta (1-4 Hz) over the course of drug onset (i.e., 1 minute prior
269  to and 15 minutes following drug onset), we ran a linear mixed model predicting delta activity
270 ratio using the interaction term time X condition (using the ‘Pre’ condition as reference and
271  controlling for the random effect of individual animal). The results show that the only significant
272  differences in delta activity were the increases seen over time in the CNO and ISO conditions, with
273  no other significant direct or interaction effects (see Extended Data Table 1).

274
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275  Open field test: CNO dose-dependent changes in maximum velocity were assessed in a 30 x 30
276  cm open field chamber (Extended Fig 1c-d). Mice were habituated to the chamber for at least 3
277  days. On alternating days, they received intraperitoneal injection of either 1 mg/kg CNO, 5mg/kg
278  CNO, or the equivalent volume of saline, and were placed in the box for 20-min with concurrent
279  webcam video recording. A total of 3-4 trials per drug condition from 6 Gq-DREADD-expressing
280  mice and 5 Gi-DREADD expressing mice were analyzed for changes in movement velocity using
281  Any-MAZE video tracking software. GraphPad Prism was used to analyze data with 2-way
282  ANOVA and Tukey multiple comparison post-tests. See Extended Data Table 1 for statistics.
283

284  Loss of righting reflex: Latency to loss of righting reflex was assessed in a chamber equipped for
285  isoflurane delivery and sampling of isoflurane concentration with a gas analyzer (Extended Fig
286  la). Mice were individually injected with 10 mg/kg CNO or saline in alternating trials at least one
287  day apart and placed in the chamber. Isoflurane was administered stepwise from 0.5 to 2% on the
288  vaporizer in 0.5 increments and loss of righting reflex was assessed at each stepwise increment
289  with the exact sampled concentration recorded.

290

291  Warm water tail withdrawal test: Mice were tested for the latency to remove their tail from a warm
292  water bath (52.5°C). Mice are restrained within a paper towel, and 1/3 to % of the tail is immersed,
293 and the time to remove the tail (tail flick latency) is recorded?*2°. This is done at baseline after
294  saline, and then in 30-min intervals after CNO injection. See Extended Data Table 1 for statistics.
295

296  Hot plate test: Mice are placed on a 53°C plate for 30 seconds, and behaviors are video recorded?.

297  This occurs at baseline and after CNO at 2-time intervals (30-min and 90-min post-CNO)
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298 interleaved between tail withdrawal tests. Latency to jump, groom paws, and number of
299  occurrences for these behaviors are quantified from videos by two independent researchers. See
300 Extended Data Table 1 for statistics.

301

302  Rotarod test: Coordination post CNO injection was tested for each mouse on a rotarod after
303  modified open field testing (Fig 1b and Extended Fig 1b). Mice were habituated for two days, 10-
304  min per day, at 4 rotations per minute (rpm) before testing. On test day, mice received a saline i.p.
305 injection in the morning and were placed on the rotarod at 4 rpm. Latency to fall was recorded,
306  unless animals stayed on for the duration of the experiment (10 min). Mice were recorded again in
307  the afternoon with a Smg/kg i.p. CNO injection. See Extended Data Table 1.

308

309  Wireless mechano-acoustic device implant: Mice were implanted with wireless mechano-acoustic
310  devices (MA device: nVital, NeuroLux, Inc.) subcutaneously on the ventral surface while under
311  isoflurane anesthesia for a duration of less than 30 min. They were then group housed following
312 surgery. See Ouyang et al.?! for surgical procedure and device details.

313

314 Modified open field test and MA device data collection: For 3 days before the experiment, mice
315  were habituated to saline intraperitoneal (i.p.) injections and explored a 15cm x 15c¢m smaller,
316 modified open field box for 10 min. The sides of the box were wrapped in 14G copper wire
317  attached to tuner and power distribution control (PDC) boxes (NeuroLux, Inc). Implanted wireless
318  mechano-acoustic (MA) devices were also tested during this time along with power input from the
319  PDC box (7 watts). During each experiment day, the animal explored the enclosure for 2-min

320  before an i.p. injection of either saline or Smg/kg clozapine-n oxide (CNO, Enzo Life Sciences).
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321  Recordings were taken with a web-camera positioned directly above the animal for 20-min. During
322 each CNO trial, the first observable loss of mobility was documented as “drug onset.” The average
323  latency to immobility in all CNO trials was used to time-align “drug onset” in saline trials. Each
324  mouse underwent 3 saline trials and 2-3 CNO trials over 6 days with no more than one trial per
325 day. A total of 18 CNO trials and 20 saline trials was analyzed from 7 Gq+ mice (3 females, 4
326  males) in Fig 1. A total of 17 CNO trials and 17 saline trials was analyzed from 6 Gi+ mice (2
327  females, 4 males) in Extended Fig 1. Behaviors for a sub-selection of animals were manually
328  scored to identify commonly observed behaviors, as well as determine criteria for behavioral
329  classifiers. Video recordings collected during the experiment were used for pose estimation and
330  supervised behavioral analysis (see Modified open field test behavioral analysis). Data collected
331  from the MA devices were processed with custom Python scripts. GraphPad Prism was used to
332 analyze group means and paired t-tests. See Extended Data Table 1 for statistics.

333

334 Perfusion for tissue processing: After all studies, mice were deeply anesthetized with isoflurane
335 and underwent transcardial perfusion with phosphate-buffered saline (PBS) followed by 10%
336  formalin and dissection of the brain for further analysis (see Intact brain clearing and
337  immunolabeling).

338
339  Modified open field test behavioral analysis: We created pose estimation models to track 9 body-

340 part key-points using SLEAP® (snout, left ear, right ear, left lateral, right lateral, centroid, tail base,
341  tail center, and tail-tip). Missing pose-estimation data was interpolated using forward fill and the
342  data was smoothed using a Savitsky-Golay filter across a 500ms sliding window. Grooming,
343  rearing, and Straub tail were detected using random forest classifiers®. Freezing and circling were

344  detected using heuristic rules as previously described?%-3!.
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345

346  Annotation: Behavior was annotated in 20-min video clips obtained from the modified open field
347  test. For fitting the Straub tail classifier, we used a sampled annotated dataset where the behavior
348  was present in 24244 frames (808s) and behavior was absent in 627312 frames (20910s). For fitting
349  the grooming classifier, we used a sampled annotated dataset where the behavior was present in
350 47005 frames (1566s) and behavior absent in 94010 frames (3133s). For fitting the rearing
351  classifier, we used a sampled annotated dataset where the behavior was present 31596 frames
352  (1053s) and behavior absent in 315960 frames (10530s).

353

354  Featurization: We featurized video and pose-estimation data using image, movement, geometry,
355  circular- and frequentist statistical methods (see below). For acceptable runtimes, we used GPU
356 accelerated and multiprocessing methods available through the SimBA API* . Features were
357  computed in metric space after calculating the pixel-to-metric conversion factors in the SimBA
358  graphical interface. Classifications were smoothened to remove any detected bouts less than
359  200ms in length. Computations are primarily dependent on numba*? and shapely?? libraries and
360 the featurization classes are available on the SimBA GitHub repository.

361

362  Grooming and rearing behavioral classifiers: We used the same feature set to create classifiers
363  for rearing and grooming. This feature set included movement and acceleration measures of
364  individual body-parts as well as paired body-part movement Spearman correlations in sliding time
365 windows (0.25-2s). We also computed distribution descriptive statistics (mean, variance, sum, z-
366  scores, skew, median absolute deviations, mean absolute change, root mean square) of the animal

367  hull geometry and animal hull sub-geometries (animal hull width, length, and area, as well as head
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368  area, posterior hull area, anterior hull area, left lateral hull area, right lateral hull area) in sliding
369  windows of 0.25-2s. We computed Spearman correlations between the hull sub-geometry areas in
370  the same sized sliding time-windows. Using circular statistics, we calculated descriptive statistics
371  of animal directions including animal circular range, animal circular standard deviation, and
372  directional vector lengths in sliding windows of 0.25-2s.

373

374  Straub tail classifier: For accurate Straub tail segmentation, we first performed video background
375  subtraction and centered and egocentrically aligned the mice in the videos. Next, we defined a
376  buffered (1.75cm in each direction) polygonal geometry using the mouse tail key-points (tail-base,
377  tail center, tail-tip) and sliced the tail geometry from each frame. Using the tail geometry
378  coordinates, we computed the tail geometry mean area, standard deviation, mean absolute
379  deviation in sliding time-windows of 1-2s. For each frame, we compared the tail geometry to the
380 tail geometry 0.5-2s seconds prior using Hausdorff distances. For the sliced images of the tails, we
381  compared the current tail image versus the tail image 0.5-2s prior using mean squared error of the
382 raw RGB pixel values. We also computed descriptive statistics (average, variance, sum, mean
383  absolute change) of the tail tip and tail center movements, and the tail length in sliding windows
384  of 1-2s.

385

386  Feature importance: Model Gini feature importance scores showed the following key feature
387  determinants for each behavior: (1) Grooming was primarily influenced by features describing the
388  distribution of the animal's head area, body length, and snout movement within sliding temporal
389  windows. (2) Rearing was primarily driven by features capturing the distribution of the distance

390  between the animal's ears, head area, and body width in sliding temporal windows. (3) Straub tail
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391  was mainly determined by features describing the distribution of the tail-tip movements, tail length
392  and area, overall body area and right-side hull area, as well as correlations between the movements
393  of the tail tip and tail base in sliding temporal windows. See Extended Data Table 2 for detailed
394  feature importance.

395

396  Performance: Out-of-sample frame wise performance showed strong performance for grooming
397  (precision: 0.92, recall: 0.99, f1: 0.96), rearing, (precision: 0.98, recall: 0.96, f1: 0.97) and Straub
398 tail (precision: 0.99, recall: 0.96, f1: 0.98). See Extended Data Table 2 for model metrics.

399

400  Heuristic models: Freezing and circling were detected using heuristic rules as previously
401  described. Circling was scored as present when the directional circular range of the animal was
402  above 320 degrees, and the animal movement (computed from the animal centroid key-point) was
403  above 6cm in the preceding 10s time-window. Freezing was scored as present in frames where the
404  velocity (computed from the mean movement of the nape, snout, and tail-base body-parts) fell
405  below 5 mm/s in the preceding 3s. Although the nape body-part was not pose-estimated, this body-
406  part was inferred as halfway between the two ears.

407
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