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Mapping brain state-dependent sensory
responses across the mouse cortex

Elena Montagni,1,2,8,* Francesco Resta,1,3,8 Núria Tort-Colet,4,6,7 Alessandro Scaglione,1,5

Giacomo Mazzamuto,1,3,5 Alain Destexhe,4 Francesco Saverio Pavone,1,3,5

and Anna Letizia Allegra Mascaro1,2,5,9,*
SUMMARY

Sensory information must be integrated across a distributed brain network for stimulus processing and
perception. Recent studies have revealed specific spatiotemporal patterns of cortical activation for the
early and late components of sensory-evoked responses, which are associated with stimulus features
and perception, respectively. Here, we investigated how the brain state influences the sensory-evoked
activation across the mouse cortex. We utilized isoflurane to modulate the brain state and conducted
wide-field calcium imaging of Thy1-GCaMP6f mice to monitor distributed activation evoked by multi-
whisker stimulation. Our findings reveal that the level of anesthesia strongly shapes the spatiotemporal
features and the functional connectivity of the sensory-activated network. As anesthesia levels decrease,
we observe increasingly complex responses, accompanied by the emergence of the late component
within the sensory-evoked response. The persistence of the late component under anesthesia raises
new questions regarding the potential existence of perception during unconscious states.

INTRODUCTION

Sensory information needs to be broadcasted among distributed brain areas to be integrated and used to control behavior.1–3 Since the pio-

neering work from the Petersen’s group, showing the local propagation of the activity from a single barrel to the entire barrel field,4 there has

been a growing interest in the integration of sensory information beyond the primary responsive area. Indeed, distributed aspects of cortical

information processing over the entire dorsal cortex were identified as a central mechanism for perceiving peripheral stimuli. One of the first

studies to demonstrate the importance of integration was by Guo and colleagues, who established the necessity of serial information flow

from sensory to motor areas for perceptual decision-making.2 The propagation from sensory regions to the entire dorsal cortex was then

explored by several groups usingwide-field imaging.1,5–8 Notably, a strong dependence of the evoked spatiotemporal dynamics on the brain

state was demonstrated by comparing wakefulness and anesthesia.9–12 This is in line with a significant body of evidence positing that anes-

thesia is primarily linked to the breakdown of long-range projections between cortical areas, leading to the impairment of cortical information

integration.13,14 According to the integrated information theory (IIT), disruption of this large-scale integration process is linked to a reduction

in the complexity of the locally evoked cortical response.15 Nevertheless, studies of the complexity associated with a peripheral stimulus, and

how this is modulated by the brain state, are largely missing.

It has been demonstrated that in response to a sensory stimulus, the cortex exhibits an early transient response followed by a late response

in both awake and anesthetized states.1,16–19 While the early component of the sensory response reliably represents the stimulus identity, the

late component correlates with the stimulus perception and is independent of stimulus modalities.16,17 Indeed, blocking the late component

by optogenetic inhibition in the primary sensory area impairs the perceptual report.18 Later studies demonstrated that both the early and late

responses are broadcasted across the cortex.1 Specifically, the spatiotemporal pattern of the late response is different from the early response

and can be modulated by experience.16 Considering the link between delayed responses and sensory perception, one might expect that the

former would be diminished in unconscious states, such as during anesthesia. In fact, studies have shown that anesthesia significantly influ-

ences responses in the primary sensory area, indicating that both early and late components are affected.20 However, there is a lack of
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Figure 1. Brain state dependence of the sensory-evoked functional networks

(A) Schematic representation of the whiskers stimulation experiment (upper panel). Averaged raw image of the field of view of the wide-field microscope (lower

panel, left, 25 ms exposure time for a duration of 40 s) and Allen Mouse Brain Atlas parcellation (lower panel, right). Scale bar, 1 mm.

(B) Representative image sequences showing the cortical activity in different brain states. White dots represent bregma and blue dots represent the stimulus

time. Scale bar, 1 mm.

(C) Single-trial time series showing the cortical response to whisker stimulation in different brain states. The traces represent the average activity of all the pixels in

the masked field of view. Vertical dashed lines represent the stimulus time.
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Figure 1. Continued

(D) Correlationmatrices (Pearson’s correlation, Fisher’s z-transformed) of rsFC in the four brain states from deep anesthesia to wakefulness (top). Sensory-evoked

functional connectivity matrices (bottom).

(E) Boxplots displaying the global rsFC calculated averaging the correlation values of all paired cortical regions within animal and brain state. Box shows the

standard error range, black line is the mean and whiskers lengths are the extreme data points. LME with Bonferroni correction (awake vs. light p = 0.01; deep

vs. light p = 0.02, *p < 0.05). Data are shown as mean G standard error of the mean (SEM).

(F) Boxplots displaying the global seFC calculated by averaging the correlation values of all paired cortical regions. Box shows the standard error range, black line

is themean and whiskers lengths are the extreme data points. LME with Bonferroni correction (awake vs. deep p= 1.485e-07; awake vs. light p= 3.260e-09; awake

vs. medium p = 2.767e-08; deep vs. light p = 0.002; deep vs. medium p = 0.012) *p < 0.05, **p < 0.01, ***p < 0.001) Data are shown as mean G SEM.

(G) Matrices displaying differences between rsFC and seFC for all the four brain states. The quantification of the differences is shown in the upper part of the

matrices and the corresponding statistical significance is reported in the bottom part (black square = non-significant; yellow square = Benjamini-Hochberg

corrected p < 0.05). ndeep = 6 mice, nmedium = 6 mice, nlight = 5 mice, nawake = 5 mice.
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understanding on how the early and late responses aremodulated by the level of anesthesia across the entire cortex and if there is a threshold

for the occurrence of the late response.

In this study, we investigated the brain-state dependence of the large-scale dynamics engaged by multi-whisker stimulation using wide-

field calcium imaging of Thy1-GCaMP6f mice. Initially, we examined the connectivity structures within the sensory-activated cortical network

across four different brain states: wakefulness and three distinct levels of anesthesia. Then, we delved into how the brain state affects the

complexity of the sensory-evoked response and employed a mean-field model to investigate potential mechanisms underlying the experi-

mental findings. Finally, wemapped the spatiotemporal features of the distributed sensory response, both from average and from single trial

activity, allowing us to address the long standingquestionofwhether the late response remains observable irrespective of the anesthesia level.

RESULTS

This study aimed to evaluate how the brain statemodulates the spatiotemporal integration of the cortical response to sensory stimulation.We

investigated sensory-evoked cortical activity in four separate brain states—three anesthesia levels and the awake state. To this end, we per-

formed wide-field calcium imaging of the entire dorsal cortex in transgenic mice expressing GCaMP6f in a subset of excitatory pyramidal

neurons (RRID:IMSR_JAX:025393) (Figure 1A). Within this transgenic mouse line, the GCaMP6 signal in the cortical superficial layers primarily

originates from the apical tufts of layer 5 neurons and the dendrites and cell bodies of layer 2/3 neurons. This implies that the wide-field signal

detected at the cortical surface represents a weighted sum of signals arising mainly from excitatory neurons in these specified layers.

The subjects were either awake or under three levels of anesthesia: deep, medium, and light. The isoflurane concentration was adjusted

within the range of 1.3%–1.7% to achieve the desired levels of anesthesia which were cross-validated based on the features of the up and

down states extracted from the spontaneous calcium activity traces. The calcium imaging recordings revealed a distributed and asynchronous

activation in the awake state and a synchronous and global activation in the light state, which becameprogressively more localized inmedium

and deep anesthesia (Figure S1A). Consistent with previous studies,12,21 all anesthetized states exhibited bistable activity (Figure S1B) with

shorter down states and longer up states as the anesthesia decreased (Figures S1C and S1D). Interestingly, the duration of the up-states

in light anesthesia is similar to those reported in micro-arousals.22 The upstate frequency was comparable in light and medium states but

dramatically decreased in deep anesthesia (Figure S1E).

Brain state-dependent formation of cortical functional clusters in response to sensory stimulation

Unilateral multi-whisker stimulation elicited a local and transitory response in awake subjects, which was replaced by a persistent and global

response across the whole cortex whenmice were exposed to a low dose of isoflurane anesthesia (Figures 1B and 1C). Peripheral stimulation

in medium and deep anesthesia resulted in a progressively shorter and more localized activation, primarily engaging the medial associative

regions (Figure 1B). We initially investigated if the functional connectivity of spontaneous and evoked activity shared similar clusters, and if

they were brain-state dependent. Previous studies have reported differences in resting-state functional connectivity (rsFC) between awake

and anesthetized states induced by various anesthetic agents,23 but the correlation structures elicited by sensory stimulation, or sensory-

evoked functional connectivity (seFC), are rarely addressed.Within this framework, we examined the brain state dependence of the functional

connectivity of excitatory neurons elicited by sensory stimulation and compared it to the resting state. Pearson’s correlation (Fisher’s z-trans-

formed) was computed between all paired cortical regions and expressed as a matrix for both resting-state (rs) and sensory-evoked (se) con-

ditions per brain state (Figure 1D). Consistent with previous studies,24 rsFC increased with decreasing anesthesia levels for all cortical pairs,

which was reflected in the global rsFC (Figure 1E). Transitioning to the awake state resulted in a drastic decrease in rsFC to levels comparable

to deep anesthesia (Figure 1E). Conversely, whisker stimulation increased the seFC of deeper anesthesia levels (Figure 1F) and it is substan-

tially different in wakefulness from all anesthesia levels. Accordingly, the differencematrices highlighted the emergence of a cluster of regions

significantly different from the resting state in deep andmedium anesthesia. This functional cluster was primarily associated with an increased

co-activation of both intra- and inter-hemispheric seFC of posterior regions (Figure 1G). Since in the deep and medium regimes the sponta-

neous activity is low (as documented by the average duration of the down states, see Figure S1), the distributed increase in cortical activity

evoked by the stimulation has a strong impact on the seFC of the network, that significantly separates it from rsFC. Indeed, the differences

between the two are strong in the state with lowest spontaneous activity (deep) and are maintained in the medium level. In both regimes,

whisker stimulation recruits a sustained activation expanding from the SSbfd to a distributed circuit involving both RSPs and the visual network
iScience 27, 109692, May 17, 2024 3



*

**
**

**

brain state
deepthgil tniekaw

1.6

1.2

co
m

pl
ex

ity
 in

de
x

0.4

0.8

A B

1 s

C

time from stimulations (s)
0 0.5 0 0.5 0 0.50 0.5

0.6

0.4

F/
F 

(%
)

0.2

0.0

b=0pA b=30pA b=60pA b=120pA
E

frequency (Hz)

po
w

er

D

*
*

**

**
**

adaptation (pA)

0.02

0.01

0.03

co
m

pl
ex

ity
 in

de
x

0.00
12003 060

F

Figure 2. The complexity of the sensory evoked response is brain-state dependent

(A) The Complexity Index (CI) of the sensory-evoked response from wide-field calcium data decreases with increasing levels of anesthesia. Kruskal-Wallis test (H

statistic = 70.756, p value = 2.94e-15, df = 3) and Dunn’s post hoc test with Bonferroni correction. *p < 0.050, **p < 0.001.

(B) Simulated PCI is calculated from the TVB-Adex model of the entire cortical surface, parcellated according to the Allen Mouse Brain Atlas.

(C) Time course of the modeled calcium signal from asynchronous (top) to slow-wave activity (bottom), as obtained by augmenting the strength of spike-

frequency adaptation (b) in the model (0, 30, 60, and 120 pA from top to bottom).

(D) Corresponding power spectra showing the shift toward low frequencies.

(E) Responses to cortical stimulation in different states described in (C).

(F) CI of evoked responses simulated at increasing levels of adaptation. Kruskal-Wallis test (H statistic = 71.002, p value = 2.60e-15, df = 3) andDunn’s post hoc test

with Bonferroni correction. *p < 0.050, **p < 0.001. Data are shown as mean G SEM.
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(Figure 1B). The sudden coactivation of this network is arguably mirrored in the high seFC between these regions, both within the stimulated

hemisphere and with the homologous counterparts.

Conversely, in light anesthesia and in wakefulness, the high levels of spontaneous activity dictate the correlation levels, which are allegedly

less affected by the stimulation. Therefore, rsFC and seFC are not significantly different in these brain states. These results indicate that the

connectivity of cortical regions involved in processing incoming sensory information (seFC) significantly diverges from spontaneous activity

(rsFC) only under deeper anesthesia.
The complexity of evoked responses decreases with increasing levels of anesthesia

To determine how anesthesia affects the propagation of information across the brain, we computed the complexity index (CI) of the sensory-

evoked response from wide-field calcium data and from a computational model. CI was computed for each trial and grouped by brain state

condition, using data from all the subjects available for that condition. A Kruskall-Wallis test confirmed that the groups were significantly

different (Figure 2A). In fact, the complexity of sensory-evoked activity decreased with increasing levels of anesthesia (Dunn’s test with Bon-

ferroni correction, Table S1), consistent with results in humans.25 Using a whole-brain model of the mouse cerebral cortex (Figure 2B), we

simulated different activity states corresponding to asynchronous (wake-like) dynamics (Figure 2C; top trace) and different slow-wave oscil-

latory states with increasing spike-frequency adaptation to mimic increasing levels of anesthesia (Figure 2C; bottom traces; Figure 2D for po-

wer spectra), using a similar procedure as in a previous model of human slow waves. The mouse connectome used here is a parcellation

comprising 512 regions. Although it comes with a higher computational cost, it represents a greater spatial resolution compared to previous

mouse models implemented in the TVB.26 All the parameters used to build the mean field models that represent each node of the mouse

cortex have been tested against experimental data,27 and therefore fall in the physiological range. Together, these particularities make

this model capable of reproducing the macro scale dynamics observed in the mouse calcium imaging experiments under different levels

of anesthesia. In particular, the model is able to show the asynchronous irregular activity observed during wakefulness by setting the strength
4 iScience 27, 109692, May 17, 2024
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of spike-frequency adaptation (b) to zero and a bistable regime (up anddown states) when b is sufficiently large. For low values of b, themodel

still shows an oscillatory regime, although the down states do not become completely silent. The response to cortical stimulation in themodel

is shown in Figure 2E, in the same asynchronous and slow-wave states. In this figure, lines and shaded areas correspond to the mean and

standard deviation over trials of the global evoked response (averaged over areas) to a stimulus applied in themodel node (area) correspond-

ing to the right barrel field cortex, time-locked to the stimulus onset. The onset of the stimulus was randomly delayed in each trial, without

discarding trials in which it coincided with an up state. Note that, apart from the expected increase of variability at the onset of each up state,

there is another source of variability linked to the stimulus response at around 0.2–0.3s from the stimulus onset. The complexity of this

response was quantified using CI for each trial and condition. As in the experiments, we found that the CI was significantly different among

brain states (Figure 2F; Krisukal-Wallis test) and decreased with the strength of spike-frequency adaptation (Dunn’s test with Bonferroni

correction, Table S2) showing that the spread of the complexity of the evoked response is diminished in slow-wave states in both model

and experiments.

The spatiotemporal features of the sensory information broadcasting among cortical regions depend on the brain state

We hypothesized that the differences in the spatiotemporal features of the evoked response could underlie themodulation of the complexity

with the brain state. Consistent with previous studies,1,6 monolateral whisker stimulation evoked a distributed cortical response with brain

state dependency. We analyzed seventeen representative cortical regions per hemisphere to reconstruct topographic responsemaps based

on themean response (Figure 3A). Interestingly, the stimulated barrel cortex (ss-bfdR) showed stable onset, rising slope, andmaximumampli-

tude across all brain states (Tables S3–S6). Differences however arose in the time to peak, which occurred later in light anesthesia and in the

average response duration, longer for medium and light anesthesia (Tables S5–S7).

The integration of the response across the other cortical regions changed significantly depending on the brain state. While the onset la-

tency was uniform across all brain states (Table S3; Figure 3B), the rise slope of themajority of investigated areas was significantly high in deep

anesthesia and gradually decreased from medium to the awake state (Table S4; Figure 3C). Conversely, the time to peak was significantly

delayed only in light anesthesia compared to all other brain states for most cortical areas examined (Table S5; Figure 3D). Notably, the

time to reach the peak displayed regional variability in wakefulness, whereas it was relatively consistent across brain areas under anesthesia

(Table S5; Figure 3E). The response peak exhibited higher amplitude in all the three anesthetized states compared to wakefulness (Table S6;

Figure 3E). Finally, light and medium anesthesia were both characterized by increased persistence of the response (Table S7; Figure 3F).

These findings highlight the stability of the average response in the primary sensory area ss-bfdR, suggesting that the cortical represen-

tation of stimulus features is stable regardless of the brain state. In contrast, the integration of sensory input across the entire dorsal cortex is

strongly influenced by the brain state being finely tuned by the anesthesia level.

Slight adjustments to the anesthesia level result in the appearance of the late response to the stimulus

Our results revealed that sensory stimulation engaged a FC cluster that did not differ betweenmedium and deep anesthesia (Figures 1G and

S2). This similarity was also observed for the activation in the primary sensory area ss-bfdR which we found comparable in these two brain

states. However, significant brain state-dependent differences were observed in the complexity of the evoked response and in the integration

of the response across the entire cortex. One key feature that distinguished deep and medium was the average response duration, which

could be linked to an increased likelihood of the emergence of a late component. Therefore, we hypothesized that the late component could

be responsible for the increased complexity and duration of the evoked response in medium anesthesia. Specifically, we wondered if the

brain state could selectively modulate different aspects of these two time domains.

To test these ideas, we conducted a single trial analysis of the sensory-evoked response in the same animals under deep and medium

anesthesia. We analyzed six representative regions per hemisphere: the primary and secondary motor cortices (M1 and M2), primary so-

matosensory area of the barrel field (SS-bfd), primary somatosensory area of the trunk (SS-tr), primary visual cortex (V1), and retrosplenial

cortex (RSP) (Figure 4A; Table S8). The exemplary traces showed that a stereotyped early response was present in both anesthesia levels,

followed by a late response that was predominantly observed in medium anesthesia and largely absent in deep anesthesia (Figure 4B). The

analysis of the early response revealed that the onset was symmetrical between hemispheres and was not dependent on the anesthesia

level (Figure 4C). Interestingly, the time to peak and full width at half maximum (FWHM) were increased in medium compared to deep

anesthesia, with a prominent contribution from the contralateral hemisphere to the stimulus (Figures 4D and 4E). Although the peak ampli-

tude of the early component exhibited asymmetry within a single brain state due to higher values in the contralateral hemisphere to the

stimulus, it did not significantly differ between the two anesthetized levels indicating that it was not sensitive to the brain state (Figure 4F).

Moreover, both the rise and decay slopes were consistently lower on the contralateral hemisphere in most of the analyzed regions and the

rising slope also showed higher values in deep compared to medium anesthesia (Figures 4G and 4H). Overall, these features indicate that

sensory stimulation leads to a slower and longer early response in medium anesthesia while maintaining the same amplitude as in deep

anesthesia.

We previously highlighted the presence of a late component, primarily observed in the medium state. The probability of evoking a late

response dramatically decreased frommedium to deep anesthesia (Figure 4I). Consequently, in our further analysis, we focused on the com-

parison between the early and late components within medium anesthesia. The late response reached the maximum peak almost uniformly

across brain regions and hemispheres, approximately 500ms after the early response (Figures 4J and S3A). However, the amplitude of the late

response exhibited a precise topographic modulation, with higher values in the contralateral hemisphere, except for BF and RSP (Figures 4K
iScience 27, 109692, May 17, 2024 5



Figure 3. Brain state dependence of the spatiotemporal features of the distributed sensory-evoked response

(A) Average traces showing the sensory-evoked activity in the primary sensory area, SSp-bfd, in awake mice and under increasing levels of isoflurane. Solid lines

indicate the mean and the shaded area denote SEM.

(B–F) Cortical maps registered to the Allen Mouse Brain Atlas displaying the quantification of the onset (B), rise slope (C), time to peak (D), peak amplitude (E)

and response duration (F), of the sensory-evoked activity. ndeep = 6 mice, nmedium = 6 mice, nlight = 5 mice, nawake = 5 mice.
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and S3B). The duration of the early and late activations, measured by FWHM, was mostly comparable across all cortical regions, with a few

exceptions (M1 and SSTr) (Figure 4L).

Considering that the late response has been previously linked to the subjective perceptual report of the stimulus,18 these findings

might imply that medium anesthesia, as opposed to deep anesthesia, is associated with heightened integration of the sensory stimulus.

Consequently, even minor adjustments to anesthesia levels result in substantial variations in the distributed cortical processing of the

stimulus.
6 iScience 27, 109692, May 17, 2024
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Figure 4. Small variations in the anesthesia level determine substantial changes in the late component of the sensory-evoked response

(A) Allen Mouse Brain Atlas parcellation used to identify the cortical regions for single-trial analysis (M1, primary motor cortex; M2, Secondary motor cortex;

SSbdf, primary somatosensory barrel field cortex; SStr, primary somatosensory cortex trunk; RSP, Retrosplenial cortex; V1, primary visual cortex; L, left; R, right).

(B) Sensory-evoked calcium activity in the Barrel field cortex under deep (on the right) and medium (on the left) anesthesia in the same representative animal

(dashed line indicates the timing of the stimulus, n stimuli = 11). Column chart showing onset time (C), time to peak (D), FWHM (E), DF/F% (F), rise slope

(G) and decay slope (H) of the early component for six cortical regions in the left (L) and in the right (R) hemisphere under deep (patterned columns) and

medium (empty columns) anesthesia. Whisker length is the standard error.

(I) Boxplot showing the probability of late response for six cortical regions in the left (L) and in the right (R) hemisphere under (patterned columns) and medium

(empty columns) anesthesia. Whisker length is the standard error. Boxplot showing comparing time to peak (J), DF/F% (k) and FWHM (L) of the early (empty

columns) and late component (patterned columns) for six cortical regions in the left (L) and right (R) hemisphere under medium anesthesia. N mice = 6. two-

way ANOVA with Bonferroni correction (*p < 0.05; **p < 0.01; ***p < 0.001), Data are shown as mean G SEM.
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In conclusion, our observations on the late response suggest that the mechanisms underlying stimulus perception may be activated even

under medium levels of anesthesia.
DISCUSSION

Different states of the brain are characterized by alterations in the spatiotemporal pattern of neuronal activity inmany brain areas,11 which can

influence responses to incoming sensory information.9,10 To investigate the interplay of local and distributed cortical responses to sensory

stimulation and its dependence on the brain state, we took advantage of wide-field optical imaging of excitatory neurons in Thy1-

GCaMP6f mice. We examined the distributed cortical activity evoked by unilateral whisker stimulation across four distinct brain states,

including three levels of isoflurane anesthesia and wakefulness.

Our results indicate that increasing levels of anesthesia are associated with (i) the emergence of a cluster of posterior regions exhibiting

higher intra- and inter-hemispheric correlation during sensory stimulation (ii) a progressive loss of cortical response complexity (iii) a reduction

in the duration of the mean response across all cortical regions, which is arguably due to (iv) the disappearance of a late component of the

sensory-evoked response.

Cortical connectivitymay reflect distinct patterns of activation in the evoked activity compared to the resting state and could bemodulated

differently by experience.28,29 The vast majority of studies comparing resting state and task-evoked FC are based on human fMRI mea-

sures.30–37 They show that the rs- and se-FC can share common patterns, being them generated by the activation of partially overlapping

networks. Here we compared the seFC to the rsFC and found significant differences only in deeper anesthesia levels. Our findings, which

support the concept that the functional connectivity of sensory-evoked cortical responses can significantly diverge from that of spontaneous

activity, provide a crucial insight by indicating that this distinction is significantly influenced by the brain state. Surprisingly, the difference be-

tween rsFC and seFC becomesmore pronounced in deeper anesthesia states, where onewould expectmore stereotypical activity regardless

of the source of activation (internal vs. peripheral). Conversely, the similarity in the coactivation of the cortical network in the wakefulness state

indicates that the main driver is likely the constantly changing patterns of activation, regardless of the origin of the signal.

Anesthesia is well-known to alter rsFC by changing both (i) systemic variables such as temperature,38 heartbeat frequency, and respiration

rate,39,40 and (ii) neural activity, from brain metabolism to cerebral blood flow (CBF),38,41 and neurovascular coupling.42–44 This is a strong lim-

itation for preclinical fMRI-based rsFC, obtained mostly under anesthesia. Indeed, positive correlations have been documented in human

subjects between regional CBF and FC in all resting brain networks; Under isoflurane anesthesia, vessel diameter and CBF increase drastically

within the first 10min following induction,45 but following this initial phase, it stay flat within the ranges of isoflurane concentration used in this

work (1–1.5%).45,46 Therefore, according to this study, the contribution of hemodynamics to the calcium signals in the three anesthesia states

should be negligible.

On top of the consequences on the rsFC, an increase in CBF could limit neurovascular reactivity and affect seFC. Another potential mech-

anism contributing to alterations in the seFC across different levels of anesthesia may be attributed to the ongoing dynamics during sensory

stimulation. Previous studies have demonstrated that anesthesia-dependent changes in overall excitability can influence the dynamical inter-

dependencies among elements of the cortical network, thereby affecting both the functional and perturbational complexity of its collective

dynamics.12 Consistent with this framework, our results indicate decreasing complexity values with increasing levels of anesthesia, possibly

arising from changes in the dynamic relationships between cortical regions. This suggests a plausible mechanism underlying the alterations in

seFC under varying levels of anesthesia. Future research is needed to further investigate how sensory experience can modify seFC and how

this process is dependent on the level of anesthesia.

The quantification of the complexity of the evoked response in the different brain states was done using CI, which was found to globally

decrease with the depth of anesthesia (Figure 2A). This global decrease could be replicated by amouse whole-brainmodel, where the pertur-

bational complexity index (PCI) was inversely proportional to the level of adaptation (Figure 2F). This result must be put in perspective with

findings in humans, where the evoked activity is maximally complex in the awake state,47 and drops to low values during sleep or anesthesia.25

This result was also replicated by a whole-brainmodel.48,49 It must be noted, however, that in the present work, a sensory input was used, while

the model has been developed to simulate direct cortical stimulation.5 This may explain why the PCI variations are larger in the model

compared to the experiments, a point that should be checked when more precise models are available to simulate sensory inputs.

PCI was previously established as a tool to define the (un)consciousness level in patients.25 Here we measured the complexity of the

cortical response evoked by sensory stimulation instead of transcranial magnetic stimulation (TMS); however, our results confirm a reduction
8 iScience 27, 109692, May 17, 2024



ll
OPEN ACCESS

iScience
Article
of the complexity with increasing levels of anesthesia. This is an encouraging premise for future studies comparing sensory- and TMS-evoked

responses, to test if specific sensory-stimulation protocols could be employed in the place of TMS (which is more expensive in terms of

personnel and instrumentation). To this aim, further experiments shall perform a rigorous comparison with the TMS-EEG benchmark. Spe-

cifically, future investigations shall explore what is the TMS-EEG correlation of our late response. However, we recognize that a comparison

of the late response between the two measures can be difficult due to the presence of the peripheral feedback, which only pertains to the

sensory-evoked activations and is modulated by the anesthesia level.

A similar approach based on sensory stimulationwas recently proposed to assess consciousness in infants.50 As they point out, peripherally

evoked activity requires an intact thalamocortical system, which could not be the case for some unconscious patients.

In studies investigating the neuronal correlates of sensory stimuli, averaging signals across trials is a common approach to enhance the

signal-to-noise ratio and reveal the underlying neural response. However, this averaging approach may mask meaningful time-varying neu-

ral fluctuations that can be important for understanding brain function.3,51 Furthermore, it has been demonstrated that the trial-to-trial

variability of sensory-evoked responses is dependent on the cortical state.9,52,53 To overcome these limitations, we utilized the high

signal-to-noise ratio and fast dynamics of the GCaMP6f indicator in combination with the temporal resolution of our optical setup to

explore the sensory-evoked dynamics at the single-trial level. Nevertheless, it should be noted that boundaries separating two regions

may contain information from both, given the spatial resolution of the recording system. This could increase the correlation values. We

therefore limited our single trial analysis to a few, spatially separated, cortical areas. This allowed us to characterize the brain-state depen-

dence of the late response to sensory stimulation and uncover specific features of the early and late components that are hard to disen-

tangle from the average response.

The impact of brain state on the coding of a stimulus has mainly been investigated at the local level, particularly in the primary sensory

area.9,16 These studies primarily focus on the temporal organization of locally evoked activity during anesthesia and analyze complexity, onset,

and duration, with findings comparable to our observations for the medium anesthesia level.16

In the primary sensory area (SSbfd contralateral to the stimulus), our results demonstrate that the average response is stable in terms of

amplitude, onset, and rise time across all brain states. Nonetheless, in other cortical regions, most of the spatiotemporal features are mark-

edly influenced by the brain state. This suggests that it is predominantly the late processing and its broadcasting throughout the dorsal cortex

that are dependent on the brain state, as demonstrated by the significant appearance of a late response only beyond a certain threshold of

isoflurane level. This phenomenon could be attributed to the distributed nature of the late response. Specifically, in medium compared to

deep anesthesia, we observed a subtle increase in the PCI, indicative of more complex inter-area interactions that may lead to a time-varying

second peak. Additionally, in this state, there is an increase in the upstate’s frequency, suggesting heightened dynamic activities that could

contribute to the variability observed in the late response.

These findings align with previous work suggesting that the organization of the early late component in sensory-evoked activity can be

modulated by the brain state.16,54 We observed that the early component of the evoked response exhibits a longer time to peak and duration

(FWHM) across all cortical regions in medium anesthesia compared to deep anesthesia (Figures 4D and 4E). Additionally, the early compo-

nent shows strong asymmetry in M2, SSbfd, and RSP but similarities between brain states in terms of amplitude (Figure 4F), indicating differ-

ences in the perception of stimulus features between hemispheres but no influence of the anesthesia level on amplitude. In contrast, the late

component is strongly brain-state dependent, as the probability of evoking a late response dramatically drops in deep anesthesia (Figure 4I).

Previous studies have demonstrated that the late activity phase is critical for perception, as silencing or blocking it interferes with stimulus

perception or detection.17,18,55 Therefore, our results suggest that the perception of the stimulus could still be present under anesthesia

and can disappear only at very deep anesthesia levels.

It has been suggested that stimulus perception requires the recirculation of activity through recurrent local and horizontal connections,

which typically influences the late phase of the response.17 Recent studies have indicated that neurons in higher areas are responsible for

sending cortical feedback, which is reflected in the late response in the primary sensory area.56–58 Our findings show that the late response

exhibits a greater delay in SSbfd and RSP compared to M2 in the contralateral hemisphere to the stimulus, suggesting an anteroposterior

sequence of activation starting fromneurons in the secondarymotor cortex and later reaching the primary sensory region. The high amplitude

of the late component in SSbfd and RSP, followed by M2 and V1, indicates their substantial involvement in cortico-cortical feedback. Given

that the late response’s amplitude and activity recirculation are both related to stimulus perception, our results support the hypothesis that

stimulus perception is a distributed process involvingmultiple cortical areas beyond the directly stimulated one (Figures S2 and S4), with spe-

cific involvement ofM2, SSbfd, and RSP in the late response. These results demonstrate that themajority of features of sensory-evoked activity

that are sensitive to the brain state belong to the late component of the cortical response. The perception of the stimulus is strongly influ-

enced by the complexity of the brain state and likely depends not only on the local manifestation of a late response but also on how this

response is propagated and integrated by other cortical regions.

In conclusion, our study highlighted the presence of a late component in deeper anesthesia, which is highly relevant for consciousness

studies and to define clear biomarkers of external awareness in anesthetized patients.
Limitations of the study

In this study, the GCaMP indicator is expressed in excitatory neurons in both superficial (L2/3) and deep (L5) cortical layers. Moreover, the

wide-field calcium signal is a population summation of the neuronal activity that includes soma, dendrites, and axons in a volume beneath
iScience 27, 109692, May 17, 2024 9
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the surface.59 This combined approach limits our capability to distinguish between cortical layers and the associated cortical hierarchies which

shape the communications between regions.60

Moreover, activity propagation in the cortex occurs at the spikes timescale in the order of a few milliseconds. One limitation of wide-field

imaging of Thy1-GCaMP6f mice is the temporal resolution that is mainly limited by the indicator decay kinetics for single action potential,

which is in the range of hundreds of milliseconds.61,62 The limited temporal resolution potentially masks fast events and restricts the inves-

tigation to the lower part of the frequency spectrum.

In this study, we focused on the differences between decreasing levels of anesthesia and wakefulness, considering the awake state as a

unique brain state. However, it has been reported that during wakefulness, a subject explores distinct behavioral states such as quiet vs. alert

or the level of task engagement. Importantly, the behavioral state has been demonstrated to affect the coding of sensory stimuli in the so-

matosensory cortex.63,64 Therefore, considering the awake state as a single brain state limits our capability to explain the variability of the

cortical response at the single trial level.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mouse: C57BL/6J-Tg(Thy1-GCaMP6f)GP5.17Dkim/J The Jackson Laboratory Strain #:025393; RRID: IMSR_JAX:025393

Software and algorithms

OriginPro OriginLab https://www.originlab.com/

Python Python https://www.python.org/

Matlab2019 Matlab https://mathworks.com/

ImageJ Fiji https://imagej.net/
RESOURCE AVAILABILITY

Lead contact

Requests for further information should be addressed to the lead contact or the correspondence author (allegra@lens.unifi.it; montagni@lens.

unifi.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� The data in the main figures and tables that support the findings of this study are available from the corresponding author upon

request.
� The codes used in this study for analyzing calcium imaging data are available from the corresponding author upon request.
� Any additional information required to reanalyze the data reported in this paper is available from the corresponding author upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were performed in accordance with the guidelines of the Italian Minister of Health (aut. n. 857/2021). A total of 9 mice

(6-12 months), C57BL/6J-Tg(Thy1-GCaMP6f)GP5.17Dkim/J, Strain #:025393, RRID:IMSR_JAX:025393 heterozygous of both sexes were used.

METHOD DETAILS

Intact-skull preparation

Mice were anesthetized with isoflurane (3% for induction, 1–2% for maintenance) and placed in a stereotaxic apparatus (KOPF, model 1900).

Ophthalmic gel (Lacrilube) was applied to prevent eye drying, body temperature was maintained at 36�C using a heating pad and lidocaine

2% was used as local anaesthetic. The skin and the periosteum were cleaned and removed. Bregma was signed with a black fine-tip pen. A

custom-made aluminium head-bar placed behind lambda and the exposed skull were sealed using transparent dental cement (Super Bond

C&B – SunMedical). After the surgery, mice were recovered in a temperature- and humidity-controlled room, with food and water ad libitum

for two weeks before recordings.

Imaging setup

The wide-field imaging setup was slightly modified from.65,66 Wide-field calcium imaging was performed through the intact skull using a

custom-made microscope. The excitation source for GCaMP6f was a blue-light beam of emitting diode (470nm LED light, M470L3 Thorlabs,

New Jersey, United State). The excitation band was selected by a bandpass filter (482/18 Semrock, Rochester, New York, NY, USA). The light

beam was deflected by a dichroic mirror (DC FF 495-DI02 Semrock, Rochester, New York, NY, USA) on the objective (TL2X-SAP 2 Super

Apochromatic Microscope Objective, 0.1 NA, 56.3 mm WD).

Reflectance images were acquired using a light source positioned at 45� incident to the brain surface (530 nm LED light, M530L4; Thorlabs,

New Jersey, United State). The excitation band was selected by a bandpass filter (525/50 nm filter ). Both the fluorescence signal and the

reflectance changes were collected through a band-pass filter (525/50, Semrock, Rochester, New York, USA) and collected by a high-speed

complementary metal-oxide semiconductor (CMOS) camera (ORCA-Flash4.0 V3 Digital CMOS camera / C13440-20CU, Hamamatsu).
iScience 27, 109692, May 17, 2024 13
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Reflectance data are acquired interlaced with fluorescence data by using a camera configured to acquire images in synchrony with two strob-

ing LEDs (sampling rate: 40Hz per LED). To rule out the possibility of auditory responses from environmental sounds (e.g., picospritzer), white

noise at 80 dB was delivered through stereo speakers positioned on both sides of the microscope stage.

Awake imaging

After the post-surgical recovery period (3 days), mice (n = 5) were acclimatized to the head-fixation for two consecutive days (15 min a day/

mouse). This was followed by 50-60 minutes of imaging session in which both spontaneous (38 s-long, 5 repetitions) and perturbed activity

(24 s-long, 30 repetitions) were recorded.

Anesthetized imaging

Days following awake imaging, mice were anesthetized by isoflurane to investigate three brain states.

According to the literature, we modulated isoflurane concentration to stabilize global rhythmic activity (averaged across the entire field of

view) at approximately 0.1-0.2 Hz for the "deep" anesthesia level (Dasilva et al., 2021). Slight adjustments to the isoflurane concentration re-

sulted in global activity exhibiting higher upstate frequencies of 0.2-0.4 Hz, categorizing recordings in this state as amedium anesthesia level.

The light anesthesia level was achieved at a low isoflurane concentration, wherein the global rhythmic activity displayed long-lasting up-states

spaced out by short down-states. The average isoflurane concentrations were 1.71G 0.08 %, n = 6 in DEEP anesthesia, 1.49G 0.06 %, n = 6 in

MEDIUM anesthesia and 1.32G 0.12 %, n = 5 in LIGHT anesthesia. Potential discrepancies in isoflurane concentrations may arise due to our

exclusive use of isoflurane as an anaesthetic, in contrast to other studies.12

Each anesthesia level was maintained for 60 minutes, and recordings were consistently monitored to conserve a stable slow-oscillatory

regime. Spontaneous activity recordings (38 s-long, 5 repetitions) and perturbed activity recordings (24 s-long, 30 repetitions) were acquired

in the same daily session per brain state. Due to the instability of anaesthesia after a few hours, deep and medium anesthesia were recorded

consecutively on the same imaging session per mouse, starting from the higher isoflurane concentration to the lower. Light anesthesia was

instead recordedon a subsequent day as it requiresmore time to be stabilized. During thewhole anesthetic treatment, body temperature was

maintained at 37�C by a feedback-controlled thermostatic heating pad.

Whisker stimulation

Stimulation was delivered to the left whiskers through a tubing system using an electrically gated pressure injector (Picospritzer III—Science

Products). Whiskers were deflected�1 cm in the rostrocaudal direction. A single stimulation trial consisted of 24 s designed as 13 s rest, 1 s of

stimulation with a blowing time of 60 ms, and 10 s rest. Each experiment session consisted of 30 trials per animal (n = 9 mice).

Computational model

Simulations of awake and anesthetized brain states were obtained in The Virtual Brain (TVB) with a mouse version of the TVB-AdEx model,48

parcellated according to the Allen Brain mouse atlas into 512 nodes or cortical regions. In each node we modeled a mean field network of

excitatory and inhibitory AdEx neurons. As in Goldman et al., 2023,48 in order to switch the whole brain network dynamics from asynchronous

irregular (awake-like) to the synchronous oscillatory regime (characteristic from unconscious states such as sleep or anesthesia) we varied the

strength of spike-frequency adaptation of the excitatory population of each node (parameter b in the figures). Firing rates were converted to

calcium imaging signals through implementing a calciummonitor to the TVB model as in.67,68 We simulated evoked responses in each brain

state by applying an input current of 60 ms to the right barrel field cortex node. The onset of the stimulus was randomly delayed in each trial.

Data analysis

Images were recorded at a frame rate of 40Hz per LED, with a resolution of 512 x 512 pixels and a FOV of � 12 x 12 mm (depth 16-bit) via

custom-made software. All data analyses were performed in MATLAB (MathWorks), Phyton, ImageJ, and Origin.

For each pixel, hemodynamic correction was performed as described by.69 Briefly, using the ratiometric approach:

F

Fo
=

I482

I4820

I525

I5250

Where F/F0 is the final corrected GCaMP6 time series for a given pixel, I482 refers to the detected fluorescence signal, I525 is the reflectance

signal. I was the intensity value of that pixel in a specific timepoint and I0 was themean fluorescence intensity of the signal averaged across the

whole time window (for the spontaneous activity) or across the pre-stimulus window (for perturbed activity).

To dissect the contribution of each cortical area for both awake and anesthetized activity, the plane of imagingwas projected to the surface

of the Allen InstituteMouse Brain Atlas (www.brain-map.org) as described by.28,66,70 Briefly, bregma-lambda alignment was based on stereo-

taxic coordinates and subsequently confirmed using the early responsiveness area activated by whisker stimulation in the awake state. Next,

on the following experimental sessions, we were able to precisely position the head using the lambda and bregma coordinates for the same

animal.
14 iScience 27, 109692, May 17, 2024
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Amask was applied to exclude areas laying on the most lateral parts of the mouse cortex and the fluorescence time course was measured

by averaging all pixels within individual areas. The neocortex parcellation created 17 areas for each hemisphere, for a total of 34 areas. The

abbreviations and extended names for each area are as follows: MOs, secondary motor area; MOp, primary motor area; SSp-bfd, primary

somatosensory area, barrel field; SSp-ll, primary somatosensory area, lower limb; SSp-m, primary somatosensory area, mouth; SSp-n, primary

somatosensory area, nose; SSp-tr, primary somatosensory area, trunk; SSp-ul, primary somatosensory area, upper limb; SSp-un, primary so-

matosensory area, unassigned; RSPagl, retrosplenial area, lateral agranular part; RSPd, retrosplenial area, dorsal part; VISrl, rostrolateral visual

area; VISa, anterior visual area; VISal, anterolateral visual area; VISam, anteromedial visual area; VISp, primary visual area; and VISpm, poster-

omedial visual area. The suffixes L and R were added to refer to the left (ipsilateral with respect to the whisker stimulation) or right hemisphere

(contralateral with respect to the whisker stimulation) (e.g., MOp_L, MOp_R).

To quantify the durations of the up states, the calcium signal had to exceed a critical threshold defined by 2 SD the lowest mean activity

computed across the entire cortex. Then, the time between two up states was used as down state duration. To avoid random oscillation

detection, both the up and down state durations were set to a minimum of 75ms. This threshold was heuristically set after a visual inspection

of the signal. Individual perturbed activity trials were discarded prior to analysis if there was an ongoing up state at the time of stimulation in

anesthesia.

Functional connectivity and network analyses

Three different types of connectivity analyses were performed to assess the impact of the brain state on the FC in both spontaneous and

perturbed activity: global, inter- and intra-hemispheric connectivity analysis, and area pair-wise analysis. These analyses were carried out

on 2-sec post-stimulus windows for perturbed activity and on 30 randomly selected 2-sec windows for spontaneous activity. Functional con-

nectivity was calculated as the Pearson’s correlation coefficient between signal time series of various cortical regions at the single-trial level.

Connectivity scores were averaged over trials within conditions, but independently for each mouse. These scores were subsequently aver-

aged across mice within each brain state. In order to visualize the matrix of differences, the average FC scores of one brain state were sub-

tracted from the corresponding average FC scores of another brain state. To enable parametric statistical testing, correlation coefficients

were additionally Fisher z-transformed.

Right and left intra-hemispheric FC were quantified by averaging correlation values within all right and left-hemisphere cortical regions,

respectively. Inter-hemispheric FCwasmeasured by averaging correlation values between all right- and left-hemisphere region pairs. By aver-

aging every combination value previously obtained, global FC was calculated. Intra/inter FC ratio was performed by dividing the two average

values per mouse. For area pair-wise analysis multiple comparisons were corrected by Benjamini–Hochberg procedure. The significance of

the correlation analysis was set at a threshold of (Benjamini–Hochberg) corrected P < 0.05.

No statistical methods were used to predetermine the sample size.

Quantitative analysis of perturbed activity

Before processing, the calcium response evoked by stimulation was averaged across 30 trials per cortical area per mouse and per brain state.

The onset of the response was defined as the timewhen the signal crosses a threshold corresponding to the averaged baseline amplitude (1 s

before the start of the stimulus) + 2 SD.Only trials with post-stimulus amplitude higher than the threshold in a 2-secondwindowwere included

in the analysis.

The parameter ‘‘time to peak’’ was quantified as the time interval (s) between the stimulus pulse and the peak response. The response

duration was the time interval between the onset of the response and the point at which the activity decreased under the previously deter-

mined threshold in a 2-second window. Then, the maximum response was calculated at the time to peak and the FWHM (full width for half-

maximal amplitudes) was the interval between time points for half-maximal amplitudes at the ascending and the descending arm of a peak.

The rise and decay slope were calculated by a least-squares fit to the trace during the transient.

For only deep and medium anesthesia a single trial analysis was performed to quantify the first and second peak at a single stimulus level

and then the analyzed data were averaged across trials per animal. Before processing, single activity traces were temporally smoothed to

improve SNR. Six principal areas per hemisphere were selected: MOs, secondary motor area; MOp, primary motor area; SSp-bfd, primary

somatosensory area, barrel field; SSp-tr, primary somatosensory area, trunk; VISp, primary visual area; and RSPd, retrosplenial area, dorsal

part. The suffixes L and R were added to refer to the left (ipsilateral with respect to the whisker stimulation) or right hemisphere (contralateral

with respect to the whisker stimulation) (eg., MOp_L,MOp_R). Only the fraction of trials detected as responsive for the first peak were used to

calculate the probability of the second peak.

CI analysis

The Complexity Index (CI) was computed in response to an external stimulus in line with the method proposed by.25 The CI is the ratio of two

quantities: the Lempel-Ziv algorithmic complexity and the source entropy. To compute both quantities, the calcium signal intensity was calcu-

lated and binarized to produce significance vectors s(t). Different trials of the same stimulus were aligned to stimulation time, considering the

600 ms before and after stimulus onset/offset. Then, each node over the hemisphere is re-scaled by mean and standard deviation given by

pre-stimulus activity, averaged over nodes. After all pre-stimulus signals are randomized across time bins, this procedure is repeated 500

times. The threshold for significance T is then given by the one-tail percentile of themaximumabsolute value over all repetitions within a series

of 20 trials. For each trial of those 20 trials, we can then write s(t) = 1 whenever post-stimulus calcium signal C(t) > T and S(t) = 0 otherwise.
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The Lempel-Ziv complexity LZ(S) is the length of the ’zipped’ vector S(t), i.e. the number of possible binary ’words’ that make up the binary

vector S(t). Briefly, S(t) is sectioned successively into consecutive words of between one andN_t characters whereN_t is the total length of S(t).

Scanning sequentially through all words, each newly encountered word is added to a ’dictionary’, and LZ(S) is the total number of words in the

dictionary at the end of the procedure.

The spatial source entropy H(S) is given by:

HðSÞ = � pðS = 0Þlog2

�
pðS = 0Þ� � pðS = 1Þlog2

�
pðS = 1Þ�

where log2 denotes the base-two logarithm.

The CI can then be expressed as,

CIðSÞ =
LZðSÞ
HðSÞ

In the model, the CI was calculated analogously to experimental data, taking as signal the calcium signal generated by the TVB model in

each region. Thus, the nodes were given by the different cortical regions of the TVB model.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed in OriginLab (2019) and R. Data are shown as meanG s.e.m. For multiple comparisons across four brain

states (awake, light, medium and deep) linear mixed-effect model (MLE) was used defining the animals as a random factor. For the single-trial

analysis two-way ANOVA was used and Bonferroni correction was applied for post-hoc t-tests. For the CI analysis, since the model can simu-

late the activity for each brain state and cannot account for the inter-animal variability, we applied the Kruskal-Wallis test and post-hoc Dunn’s

test with Bonferroni correction. In the figures, significance levels are represented with the following convention: * for p<0.05; ** for p<0.01, ***

for p<0.001.
16 iScience 27, 109692, May 17, 2024
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