Peripheral contributions to resting state brain dynamics
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The correlational structure of brain activity dynamics in the absence of stimuli or behavior
is often taken to reveal intrinsic properties of neural function. To test the limits of this as-
sumption, we analyzed peripheral contributions to resting state activity measured by fMRI
in unanesthetized, chemically immobilized male rats that emulate human neuroimaging con-
ditions. We find that perturbation of somatosensory input channels modifies correlation
strengths that relate somatosensory areas both to one another and to higher-order brain
regions, despite the absence of ostensible stimuli or movements. Resting state effects are me-
diated by the same peripheral and thalamic structures that relay responses to overt sensory
stimuli. The impact of basal peripheral input is reduced in a rat model of autism, which
displays both reduced somatosensory functional connectivity and insensitivity to vibrissa in-
activation. These results demonstrate the influence of extrinsic influences on resting state
brain phenotypes in health and disease.

It is widely believed that the mammalian brain performs intrinsic operations that are not
directly actuated by environmental or bodily input. Brain activity in subjects “at rest”—in the ab-
sence of distinct tasks or stimuli—is typically interpreted as reflecting such operations! 2. Quin-
tessential evidence for intrinsic brain processes comes from observation of interregional temporal
correlations in apparently spontaneous neural activity, a phenomenon termed resting state func-
tional connectivity (rsFC)?. This phenomenon was first discovered using functional magnetic res-
onance imaging (fMRI) in awake humans?, but has since been described in many species, under
varying degrees of consciousness, and with reference to a diversity of recording methods. Alt-
hough rsFC results have been shown to be contaminated by non-neural factors such as respiration
and fidgeting> ©, several studies have demonstrated close correspondence between resting state

neuroimaging data and underlying cellular physiology’!!.



A fundamental question about resting state activity is whether it is genuinely governed by
intrinsic aspects of brain function, as opposed to properties of the many peripheral inputs that
impinge on the brain even in the absence of explicit stimuli or movements. Temporal variation of
such inputs could arise from subtle environmental variations (e.g. air currents, vibrations, temper-
ature drifts) or internal physiological factors (e.g. digestion, inflammation, hormonal processes)
that escape the experimenter’s ability to control or detect. Such unintended or “covert” peripheral
influences on resting state brain activity are rarely considered in controlled experiments'2, but they
could in principle provide critical drive to neural dynamics during periods of apparent rest. If true,
this would have important implications for the interpretation of rsFC results from subjects with
putative disorders. For example, several psychiatric and neurodevelopmental diseases have been
associated with extracerebral abnormalities that might be tractable candidates for treatment, should
they be shown to account for symptoms detected by neuroimaging'>.

In this paper, we examine the hypothesis that resting state brain activity arises in part from
peripheral sensory sources, and that extracranial factors could thus account for genotype-associ-
ated differences in resting state data, for instance in disease models. We focus on the whisker-
associated somatosensory system in rats because of the strong interhemispheric rsFC generally
reported in vibrissa-associated regions of the rodent primary somatosensory cortex (S1)!'#17. Using
a combination of fMRI, central and peripheral inactivation, and computational modeling, we de-
termine that ascending sensory input critically influences rsFC among both sensory and nonsen-
sory brain regions, changing the interregional correlational structure of brain activity. Illustrating
the biomedical importance of this phenomenon, we also show that differences in peripheral input
strength from the face help explain a somatosensory hypoconnectivity phenotype observed in a

widely studied rodent model of syndromic autism. Our work therefore challenges purely brain-



based interpretations of resting state neuroimaging results and suggests that signatures of truly

intrinsic brain function may be elusive.

RESULTS

Immobilized, unanesthetized rats display strong resting state functional connectivity
Mechanistic studies of functional connectivity are usually performed using wide-field hemo-

dynamic neuroimaging in rodents, but commonly utilized experimental conditions suffer from

drawbacks'®. Anesthetized preparations experience suppressed neural signaling that may not reli-

ably model the majority of human resting state studies'®-?. In contrast, awake rodent preparations

1421 and potentially distort

are prone to spontaneous movements that can affect neural dynamics
imaging data. To study resting state function in rodents without these confounds, we therefore
established conditions for fMRI in chemically immobilized, unanesthetized rats®.

Animals were treated with the reversible muscle relaxant pancuronium and ventilated me-
chanically via an endotracheal tube. The stress hormone corticosterone was measured during ha-
bituation to these conditions over several days (Fig. 1a). Immobilization-induced stress levels were
quantified as the ratio of corticosterone after versus before each acclimation session (Fig. 1b).
These results showed that chemical immobilization with pancuronium was highly conducive to
reducing stress during the acclimation period (#-test p =0.015, n =4) and that acclimated, paralyzed
animals were statistically indistinguishable from control animals that remained anesthetized in-
stead of undergoing restraint (z-test p = 0.6, n = 4 test and 7 control rats). Pancuronium-treated rats

also showed a trend toward lower immobilization-induced stress than head-restrained animals (z-

test p = 0.09, n = 4 for both). Similar results were observed among absolute corticosterone con-



centrations measured after each immobilization or control treatment, albeit with greater inter-ani-
mal variability (Supplementary Fig. 1). These data indicate that the chemical immobilization ap-
proach could be applied humanely by the standards of the field**2°. In imaging experiments, the
chemical immobilization technique also suppressed motion to levels similar to those observed un-
der anesthesia, while reducing motion much more effectively than head-restraint (z-test p < 0.025
for all six degrees of motion, n =9, 6; Fig. 1c & Supplementary Fig. 2).

Resting state fMRI data were obtained from eleven chemically immobilized animals after
habituation and used to compute estimates of functional connectivity between regions. In analyz-
ing these data, we defined the amplitude of rsFC between each pair of regions of interest (ROIs)
A and B using a general linear modeling (GLM) approach as the mean regression coefficient for
voxels in region B against the average time course of signal changes in region A. Each rsFC am-
plitude thus reflects the amount of variance in B accounted for by signal changes in A.

A matrix of mean rsFC amplitudes quantified within brain regions (Supplementary Fig. 3)
demonstrates widespread interregional relationships that are particularly prominent among soma-
tosensory areas (Fig. 1d and Supplementary Fig. 4). We compared these measurements to analo-
gous data from the same animals under 1.25-1.5% isoflurane anesthesia, and also to rsFC results
from the separate set of awake head-restrained animals. The magnitudes of interhemispheric so-
matosensory connectivity were generally greater in chemically immobilized animals than in either
anesthetized or head-restrained animals (Supplementary Fig. 5). Homotopic functional connectiv-
ity between left and right barrel cortex (S1BF), which processes vibrissa stimuli, was particularly
notable in chemically immobilized animals (Fig. le) with respect to the other two preparations
(Fig. 1f and Supplementary Fig. 6). Mean regression coefficients for homotopic S1BF rsFC were

consistently higher in individual animals in the absence vs. presence of anesthesia (Fig. 1g), with



differences significant with paired #-test p = 0.010 (n = 11). Corresponding differences in resting
state power are not observed (paired #-test p = 0.18), indicating that differences in functional con-
nectivity do not depend on the amplitudes of fMRI signal fluctuations (Fig. 1h,i). These data
demonstrate that strong resting state functional connectivity signatures can be observed in the so-

matosensory system of awake rats in the absence of motion and anesthesia-related confounds.

Vibrissa inactivation diminishes somatosensory functional connectivity

We next directly tested the possibility that unintended, covert peripheral input might contrib-
ute to resting state phenomena in chemically immobilized rats. To do this, a separate set of animals
were habituated to the imaging conditions and scanned both before and after bilateral inactivation
of vibrissa-mediated sensation via a combination of whisker trimming and injection of bupivacaine
into the posterior edge of the mystacial pads from which the vibrissae emerge (Fig. 2a). Compari-
son of pre- and post-treatment fMRI data demonstrates that vibrissa inactivation strongly alters
resting state measures, suppressing functional connectivity metrics in somatosensory areas partic-
ularly including S1BF (Fig. 2b). Regression coefficient maps computed with respect to seed re-
gions in S1BF correspondingly display sharp reduction in the extent of homotopic rsFC (Fig. 2c¢).
These maps are similar when calculated with alternative statistical thresholding and display voxel-
level responses to treatment that are statistically substantiated in a cluster of individual somatosen-
sory voxels (Supplementary Fig. 7). When averaged over all of S1BF, mean regression amplitudes
are 0.29 + 0.04 before treatment and 0.17 &+ 0.03 after treatment (Fig. 2d), a significant decrease
of 41% (paired ¢-test p = 0.032, n = 8). Control paired resting state datasets collected consecutively
from untreated animals do not display significant effects (p = 0.45, n = 7; Supplementary Fig. 8).

Differences between vibrissa inactivation and control datasets become even more apparent when



the analysis is restricted to S1BF voxels showing substantial connectivity, as opposed to SIBF as
a whole defined anatomically (Supplementary Fig. 9).
The effect of vibrissa inactivation is also apparent in an analysis where homotopic S1BF

rsFC was analyzed dynamically in sliding 5-minute windows over time?% %’

(Supplementary Fig.
10). After treatment, regression coefficients were lower than the pre-treatment mean for about 80%
of the time, indicating consistency of the reduction in rsFC metrics caused by vibrissa inactivation
(z-test p = 0.008, n = 8 animals). This analysis probes a spectral band between about 0.003 Hz and
0.1 Hz, limited by the window width and the hemodynamic response time course, respectively.
Meanwhile, comparison of fMRI spectral densities in the 0.01-0.1 Hz band (Fig. 2e and Supple-
mentary Fig. 11) shows no significant difference upon inactivation treatment (z-test p = 0.34),
indicating that changes in the amplitude of activity fluctuations are not required for functional
connectivity changes observed upon sensory deprivation.

Effects of vibrissa input deprivation extend to interactions between somatosensory areas and
brain regions commonly associated with the brain’s “default mode network” (DMN)? 2%, Reduc-
tions in functional connectivity were observed between S1BF and ipsilateral cingulate, parietal,
and retrosplenial cortex (Fig. 2f). Mean regression coefficients relating these three DMN-
associated regions collectively to SIBF decreased from 0.26 £ 0.06 to 0.12 &+ 0.02 upon vibrissa
inactivation (Fig. 2g), a reduction by 40% that is significant with paired #-test p = 0.022 (n = 8).
Somatosensory deprivation treatment also reduces local ipsilateral functional connectivity within
the S1 region itself. Regression coefficient maps associated with small SIBF seed regions show

modest decreases throughout S1BF (Fig. 2h). When averaged bilaterally over S1BF (Fig. 2i), these

decreases are significant with paired #-test p = 0.028 (n = 8). These results together demonstrate



that resting state fMRI signal dynamics both within and beyond somatosensory brain regions de-

pend on interactions with peripheral sense organs, even in the absence of explicit stimulation.

Electrophysiology confirms dissociation between neural activity and rsFC

Our resting state fMRI results suggest that changes in vibrissa-dependent changes in rsFC
are not accompanied by analogous changes in mean S1BF activity, as indicated by spectral power.
This suggests that vibrissa-dependent resting state input affects the synchrony but not the ampli-
tude of spontaneous cortical activity. To confirm these fMRI power findings using a more direct
measure of neuronal function, we recorded population-level electrophysiological signals before
and after sensory manipulations equivalent to the fMRI experiments.

Three animals were implanted with unilateral transcranial electrodes above S1BF and habit-
uated to chemical immobilization, followed by recording under conditions that paralleled the fMRI
experiments. Measurements from individual animals in anesthetized and chemically immobilized
conditions show expected slow-wave activity under deep anesthesia but not under lighter sedation
or chemical immobilization conditions, and little change in activity dynamics is observed follow-
ing vibrissa inactivation (Fig. 3a). Consistent with reported isoflurane level-dependent trends?®,
modest power decreases are observed between anesthetized and unanesthetized conditions, but
little difference between pre- and post-vibrissa treatment spectra are seen (Fig. 3b). Comparison
of spectral density across canonical frequency bands (Fig. 3c) shows corresponding results, with
statistically significant decreases in low frequency delta (1-3 Hz) and alpha (8-12 Hz) band power
upon cessation of anesthesia (paired ¢-test p = 0.014 and p = 0.029, n = 3). There are no significant

differences between recordings before vs. after vibrissa inactivation in the three low frequency



bands (p > 0.12), although a significant but small trend toward increased activity in the higher

frequency beta band (12-35 Hz) is present in vibrissa-inactivated animals (p = 0.043).

Inhibition of thalamic sensory relay emulates peripheral blockade

If the effect of vibrissa inactivation on rsFC indeed reflects the removal of covert sensory
input from the periphery, then we would expect alternative inhibitory interventions in the ascend-
ing somatosensory pathway to produce similar effects. To test this prediction, we examined the
effect of thalamic inactivation on resting state activity in chemically immobilized animals. Eight
rats were prepared with unilateral injection cannulae targeting the ventroposteriomedial thalamus
(VPM), which acts as the principal relay for ascending input from the vibrissae to the cortex3! 32,
Resting state fMRI data were obtained before and after infusion of 1.5 ul of 0.8 mM fluorescent
muscimol (FM)?3, which produces long-lasting inactivation. Visualization of the drug by postmor-
tem histology indicates that regions of approximately 1 mm from the site of infusion received
substantial doses (Fig. 4a). Further assessment of FM spreading was possible in vivo on a volu-
metric basis in individual animals, by examining transverse relaxation time-weighted (7>w) signal
changes arising from fluid infusion into the tissue (Fig. 4b). Infusion leads to signal changes aver-
aging up to about 15%, centered around VPM, confirming effective targeting by the inactivation
procedure.

Functional connectivity metrics before and after FM treatment were computed using ana-
tomically defined seed regions (Supplementary Fig. 2). Compared with untreated animals from
Fig. 2, reduced homotopic SIBF connectivity is observed in the thalamic treatment subjects even
before FM infusion, possibly due to disruptive effects of the implanted cannulae themselves on

thalamic or surrounding tissue (Fig. 4c). Homotopic rsFC in S1BF was further reduced following



thalamic inactivation, however, emulating the effects of vibrissa inactivation in the data of Fig. 2c.
This effect was unlikely to arise from damage, given the low flow rates used for FM infusion and
the fact that cannulae were chronically placed long before the experiments. ROI-averaged results
indicate that the FM treatment leads to a 69% reduction of homotopic S1BF connectivity strength,
which is significant with paired #-test p = 0.036 (n = 8) (Fig. 4d). When this analysis is restricted
to SIBF voxels showing the highest rsFC amplitudes, the effect of thalamic inactivation is more
significant (z-test p = 0.019) (Supplementary Fig. 9). Importantly, when the change in S1BF rsFC
is compared quantitatively with the 7>w signal change produced by spreading of FM into the ven-
tral thalamus (Fig. 4e), a significant correlation coefficient of R =—0.78 is observed (p = 0.023, n
= 8 animals). Similar findings are obtained when S1BF rsFC is compared with 7>w signal change
in posteromedial thalamus, which also conveys vibrissa-related input to somatosensory cortex*
(Supplementary Fig. 12). These results are consistent with the explanation that sensory input re-

layed by the thalamus contributes to rsFC in the somatosensory system.

Tonic somatosensory input simulates the consequences of inactivations on rsFC

To explain the effects of vibrissa and thalamic inactivation on rsFC, we surmised that basal
sensory influences in the scanner, possibly including subtle air currents, blood flow in the vibrissa
pad, and respiratory movements, provide an unintended drive to somatosensory pathways during
resting state fMRI acquisition; coherent bilateral sensory responses to this drive could account in
part for homotopic S1BF functional connectivity. If this hypothesis were true, then purposeful
addition of a tonic stimulus would be expected to alter rsFC in somatosensory cortex in a manner
similar to that achieved by sensory pathway inactivation. To test this idea, we designed an MRI-

compatible stimulator that permits transient or continuous delivery of pulsed pressurized air flows
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to each side of the rat face during scanning. We established efficacy of the system by performing
conventional block-design fMRI using transient unilateral air pulse trains (30 s at 10 Hz) in CI rats
to stimulate each side of the face (Fig. 5a). We found that each unilateral stimulus was effective in
eliciting reproducible sensory responses in contralateral S1 (Fig. 5b), with mean signal change
amplitudes of 0.33 £ 0.04% that were similar on both sides (Fig. 5¢). Examination of correspond-
ing fMRI signal change maps (Fig. 5d) indicates that each stimulus evoked weak ipsilateral re-
sponses in additional to more pronounced contralateral fMRI signal changes.

We acquired resting state fMRI from the same set of animals, in the presence or absence of
continuous 10 Hz pulsed air flow. Functional connectivity was assessed between regions shown
to be activated by air flow in the block stimulation experiments. ROIs were defined as the collec-
tion of voxels falling within the cortex for which the p-value for sensory responses across animals
was 0.05 or less. Seed-based maps from this analysis revealed both interhemispheric S1 and intra-
hemispheric S1-thalamus functional connectivity (Supplementary Fig. 13). Interhemispheric S1
measurements underwent a substantial decrease in the presence of the air flow (Fig. 5¢). The mean
rsFC strength was reduced by 31%, from 0.29 + 0.11 without air flow to 0.20 + 0.11 with air flow,
a significant difference with paired #-test p = 0.04 (n = 7). These results thus parallel the vibrissa
and thalamus inactivation experiments in demonstrating the importance of peripheral sensory fac-
tors for resting state brain phenotypes; the results also indicate that a stimulus that elicits phasic

somatosensory responses can alter rsFC in corresponding regions when delivered in tonic form.

Sensory deprivation alters estimated effective connectivity in the resting state

The experiments of Figs. 2-5 show that somatosensory rsFC is sensitive to altered input from
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outside the brain, but the neural changes underlying these observations are uncertain. We won-
dered in particular whether changes in basal input affect the somatosensory system simply by
changing the drive amplitude to an otherwise stationary brain network, or whether effective con-
nectivity within the network itself adapts to changes in the input, via adjustments to the coupling
constants that determine the characteristics of information flow between brain regions (Fig. 6a)>.
To distinguish these alternatives, we fit the resting state fMRI data from S1BF and ventral thalamic
ROIs to dynamic causal models (DCMs) and assessed the probability that competing model for-
mulations account for results of our inactivation experiments®® 37, We compared four models?®
(Fig. 6b) in which (1) neither effective connectivity nor input drive changes as a result of the
treatment; (2) only effective connectivity changes; (3) only input drive amplitude changes; or (4)
both connectivity and input drive change. These models were applied separately to data from vi-
brissa and thalamic inactivation experiments (n = 8 and 9, respectively) and results were expressed
as the exceedance probability (EP) of each model, defined as the probability that a given model
better accounts for the data than all other models®.

For the vibrissa inactivation data (Fig. 6¢), model 2 was the most likely model (EP = 0.59),
with model 4 as a reasonably close second (EP = 0.34), while models 1 and 3 had negligible con-
tributions (EP < 0.06). This indicates that changes in interregional effective connectivity with or
without changes in region-specific input amplitudes are sufficient to account for effects of vibrissa
treatment on fMRI time courses in SIBF and sensory thalamus. For the unilateral thalamic inacti-
vation experiment of Fig. 4, we found that model 2 was unambiguously best in accounting for the
data, with an EP of 0.97 (Fig. 6d). This indicates that changes in effective connectivity but not

region-specific input amplitudes were most probably induced by FM injection into VPM.
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Because the results of vibrissa and thalamic inactivation were both best explained as changes
in effective connectivity, we examined the estimated changes in interregional coupling strengths
in greater detail. Applying a statistical technique known as parametric empirical Bayes inference
(PEB)*- 4!, we compared nested variants of model 2 that include changes in unidirectional and
bidirectional interactions among the SI1BF and thalamic nodes diagrammed in Fig. 6b (Supple-
mentary Fig. 14). When analyzed this way, high probability parameter changes (p > 0.99) are
predicted from each perturbation experiment: bilateral vibrissa inactivation is associated with ap-
proximately symmetric decreases by 0.06-0.08 Hz in effective connectivity coupling constants
between left and right S1BF regions, while unilateral thalamic inactivation results in an asymmet-
ric decrease by 0.08 Hz in activity propagation from S1BF on the treatment side to its contralateral

mirror image.

Autism model rats display reduced influence of somatosensory input on rsFC

We next asked whether brain-periphery interactions could contribute to resting state pheno-
types associated with brain disorders. Autism spectrum disorders (ASDs) have been related to
atypical rsFC findings, and these are usually ascribed to characteristics of intrinsic brain function*?.
Animal models of autism have also been shown to exhibit alterations in peripheral sensory func-
tion*, however, raising the question as to whether ASD-associated rsFC characteristics might also
be influenced by factors outside the brain. We examined this issue in a rat model of fragile X
syndrome (FXS)*, a widely studied ASD. Although FXS animals display no obvious abnormali-
ties in mystacial pad morphology (Supplementary Fig. 15), they have been reported to exhibit

hypersensitivity to somatosensory stimuli in behavioral tests*’ and reduced interhemispheric rsFC
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in previous fMRI studies*®. Although the rsFC phenotype of FXS rats may partly reflect differ-
ences in vascular reactivity (Supplementary Fig. 16), we considered it plausible that FXS animals
might display aberrant peripheral somatosensory contributions to resting state dynamics as well.
Five FXS model rats containing deletions of the fragile X mental retardation protein Fmrl
were habituated to chemical immobilization and investigated using resting state fMRI before and
after vibrissa inactivation analogous to the experiments of Fig. 2 (Fig. 7a). Comparison of resting
state fMRI data from FXS versus wild-type (WT) animals before treatment reveals substantial
differences in sensory functional connectivity (Fig. 7b). Somatosensory connectivity in particular
is different, as revealed by SI1BF rsFC maps (Fig. 7c). Mean regression coefficients for homotopic
S1BF functional connectivity are 0.29 + 0.04 for WT rats (n = 8) versus 0.10 = 0.03 in FXS animals
(n=15), a significant difference of 66% (unpaired ¢-test p = 0.0054). We reasoned that if the reduced
rsFC in FXS rats is due in part to attenuated contributions of peripheral input in the resting state,
then vibrissa inactivation treatment should produce little further reduction in rsFC in these animals.
In fact, both seed-based maps (Fig. 7c) and quantification of homotopic regression coefficients in
FXS animals (Fig. 7d and Supplementary Fig. 9) indicate that vibrissa inactivation produces neg-
ligible effects. Amplitudes of homotopic S1BF rsFC coefficients R-L are 0.10 + 0.04 before and
0.05 £ 0.05 after vibrissa inactivation, a statistically insignificant difference (p = 0.28, n =5).
Differences in the coupling of S1BF to nonsensory DMN-associated areas are also observed
between FXS and WT animals. Regression coefficients relating S1BF to cingulate, parietal, and
restrosplenial cortical regions were reduced on average in FXS rats, compared with WT (¢-test p =
0.013) (Fig. 7e). As with homotopic somatosensory functional connectivity, vibrissa inactivation
also had no obvious effect (z-test p = 0.48) on the mean rsFC amplitude relating SIBF to the DMN

regions (Fig. 7f). These results indicate that the FXS mutation exhibits a resting state phenotype
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that parallels the effects of vibrissa-mediated sensory deprivation in WT animals, suggesting that
rsFC phenomena in FXS rats can be explained partly in terms of altered peripheral contributions

to resting state brain activity.

DISCUSSION

We have shown that inactivation of a peripheral somatosensory organ—the vibrissae of the
rat—and its thalamic relay structure exert substantial effects on fMRI-based resting state func-
tional connectivity results. Physiological perturbations we applied show that these effects involve
the same pathways that mediate normal sensation, but they are observed in the absence of explicit
time-varying stimuli, under conditions where no sensory neural responses are normally expected.
In this respect, our results differ notably from previous findings that functional connectivity is
altered by the presence of ongoing overt sensory input such as background visual stimuli*’#°,
which drive more predictable responses in the brain. Consequences of the peripheral sensory ma-
nipulations we performed impinge on brain networks both in somatosensory cortex and beyond,
as highlighted by effects of sensory deprivation on coupling between somatosensory cortex and
DMN-associated brain structures, adjustment of interregional effective connectivity strengths fol-
lowing the manipulations, and adaptation of somatosensory activity to similar levels even after
inhibition of input.

The relevance of these results to human resting state fMRI studies is emphasized by the fact
that our experiments were conducted in an unanesthetized, movement-free animal preparation that
emulates human fMRI subjects by avoiding confounds present in alternative animal models. The
importance of our findings for analysis of neurological disorders is illustrated by the absence of

somatosensory deprivation effects on rsFC in a syndromic autism model, FXS rats, suggesting that
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the difference between normal and atypical subjects may arise in part from perturbations in struc-
tures outside the brain. Our results therefore argue for a broad view of resting state analysis that
acknowledges the importance of bodily and environmental factors as partial drivers of healthy or
abnormal brain dynamics. Our findings importantly extend evidence for extracerebral involvement
in resting state brain phenotypes. Recent attention has focused in particular on the effects of spon-
taneous movements®, which relate systematically to sensorimotor brain function and can also cor-
rupt neuroimaging data in ways that can be misinterpreted as neural activity correlations. Animals
undergoing such movements are not “resting” to the same extent as the rats we studied here, which
were chemically immobilized using a skeletal muscle blocker. Although it is still possible that
passive motion from ventilation or autonomic smooth muscle activity contribute in some way to
rsFC phenomena we observed, centrally actuated movements such as whisking or blinking could
not occur. Somatosensory inputs probed in our experiments are thus more unambiguously periph-
eral in origin, as well as independent of volitional behavior and respiration. Our results therefore
demonstrate that feed-forward signaling from the body to the brain is a notable contributor to what
are usually viewed as brain-driven resting state results.

Other peripheral factors previously identified as influences in resting state fMRI, primarily

50, 51 52,53 54-57

in humans, include neuropathies>” ', congenital sensory defects’* °°, inflammation’*~’, and gut
microbiota®® >°, Key differences distinguish our findings from results implicating these factors,
however: First, these other phenomena involve long-term physiological processes likely to be ac-
companied by plasticity both peripherally and centrally. In contrast, the inactivation manipulations
we performed are acute, so our results reflect more or less instantaneous perturbation of signaling,

as opposed to reorganization of any of the pathways or structures involved. Second, pathological

influences like inflammation often cause discomfort and thus introduce new stimuli; this is again
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in contrast to our treatments, which were designed to remove basal signal sources present in the
resting state—vibrissa and thalamic inactivation we performed both involve injection of drugs
expected to block most neural signaling emanating from the injected structures without activating
new inputs. Third, because we examined inactivation effects at an individual animal level, our
results are not subject to the influence of comorbidities or sampling biases that might complicate
human studies in which results from separate test and control cohorts are compared.

Understanding the basis of resting state brain activity is important because of its presumed
relationship to spontaneous cognition and behavior! 2. On a more applied level, resting state phe-
nomena are also important as candidate biomarkers for a variety of neurological and neurodevel-
opmental conditions®® ¢!, For this reason, we studied the relevance of our somatosensory rsFC
findings to a rat model of FXS, a syndromic form of autism®2. We found that unanesthetized FXS
rats display sharply reduced somatosensory functional connectivity under unperturbed conditions,
harmonizing with prior observations of generalized cortical hypoconnectivity in human FXS pa-
tients®® and in an anesthetized FXS mouse model*®. Our result suggests that covert sensory input
plays a subsidiary role in the mutants compared to wild type rats. This idea is corroborated by the
finding that vibrissa inactivation in FXS rats produces no discernable change in homotopic S1BF
functional connectivity, although this result may be influenced by the already low pre-treatment
rsFC and apparently lower vascular reactivity observed in the mutant animals.

The finding that somatosensory resting state hallmarks are perturbed in the FXS model is
consistent with previous reports of somatosensory phenotypes in ASDs* 6465, Hypersensitivity to
mechanical stimuli has been described in both human subjects and autism models. Recent studies

have shown that peripheral tactile receptors are aberrant in Mecp2 and Shank3 ASD mouse mutants
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and that a peripherally acting GABA agonist attenuates somatosensory hypersensitivity in a num-
ber of autism models including FXS mice*. If peripheral components of somatosensation are
chronically hyperactive in ASD models, one might have expected vibrissa inactivation to have
greater impact on mutants than on wild type animals, but the opposite is observed. Potential ex-
planations for this include the possibility that the characteristics of basal peripheral input are less
conducive to bilateral rsFC in FXS animals, or the possibility that compensatory changes in brain
circuitry limit the influence of covert peripheral input in the mutant rats. Either way, the fact that
FXS rats and wild type animals differ clearly with regard to the role of somatosensory input in
resting state fMRI attests to the importance of interactions between brain and periphery in co-
determining resting state phenotypes associated with neurological disorders.

Our study suggests a number of overall conclusions and future directions. First, the finding
of distinct sensory contributions to resting state activity—even in the absence of motion or stimu-
lation—suggests a need to govern environmental variables that could interact with sensory path-
ways in all resting state fMRI studies, while highlighting the difficult of establishing consistent
“resting” conditions that applies across subjects and measurement contexts. This is especially true
in cases where environmental factors might interact differently with behaviorally or genetically
defined cohorts, as in the FXS vs. wild type rat comparison we performed. Second, it is natural to
ask which other sensory processes, including interoceptive functions®® or stimulus-independent
visual activity®’, might also influence resting state brain dynamics in unexpected ways. Involve-
ment of other pathways could be investigated in further studies, such as ours, that use perturbation
methods in conjunction with neuroimaging in unanesthetized animals that model the physiology
of human subjects. Third, it is of outstanding interest to further understand the biological mecha-

nisms of coupling between peripheral and central physiology in the resting state. More can be
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learned, for instance, about which cellular components relay resting state sensory inputs, what
temporal properties they exhibit, and how bodily and environmental factors could act on peripheral
inputs to influence correlated brain activity. Studying these properties could provide substantial

insights into organism-wide origins of cognition and behavior.
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METHODS

Animal subjects. All animal procedures were performed in strict compliance with US Federal
guidelines, with oversight by the MIT Committee on Animal Care under approved protocol num-
ber 0721-059-24. Male Sprague-Dawley rats (250-350 g) were purchased from Charles River La-
boratories (Wilmington, MA). Male fragile X syndrome (FXS) model rats (250-350 g) lacking a
functional Fmr1 gene were obtained from Envigo. All animals were housed and maintained on a
12 h light/dark cycle with ad libitum access to food and water.

Drugs and reagents. Drugs and reagents were purchased from Sigma-Aldrich (St. Louis, MO)
unless otherwise noted.

Surgical procedures. In preparation for imaging, rats were implanted with custom-made PEEK
headposts so that their heads could be fixed in place during imaging. Animals were anaesthetized
with 3% isoflurane, shaved, and mounted in a rodent stereotaxic device (David Kopf Instruments,
Tujunga, CA). Heart rates and blood oxygenation levels were monitored by a pulse oximeter
(Nonin Medical, Plymouth, MN), and the isoflurane was maintained at 2%. The scalp was retracted
and the headpost was placed approximately over bregma. In animals undergoing acclimation to
physical restraint, four beryllium copper screws were inserted such that they penetrated the skull
but not the dura to provide additional support to the headpost. The headpost and screws, where
used, were secured using C&B Metabond dental cement (Parkell, Edgewood, NY). Each rat was
given a subcutaneous injection of buprenorphine (MIT pharmacy) at a dose of 0.05 mg/kg for
analgesia at the end of surgery, and once a day for two days following surgery. Rats were allowed
to recover from surgery for at least three days before acclimation began.

Acclimation to chemical immobilization. All animals that were imaged under chemical immo-
bilization underwent an acclimation procedure. The acclimation period lasted approximately one
week, consisting of two consecutive days, one break day, and two final consecutive days. On the
final day of acclimation, MRI scan noises were played to the animal to simulate the auditory en-
vironment of the scanner. For a subset of animals, corticosterone measurements were being taken
at the beginning and end of the procedure each day. For these animals, the acclimation was per-
formed at the same time of day +30 min throughout the acclimation week.

Each individual day of acclimation began with the animal being weighed, then anesthetized
with 3% isoflurane. Either a tail vein catheter was established or, for animals with a chronically
implanted jugular vein catheter, the catheter was briefly flushed with heparinized saline. If corti-
costerone measurements were being taken, the animal was quickly placed in a tube restraint that
allowed for access to the chronically implanted jugular vein catheter. These animals were allowed
to recover from the isoflurane anesthesia and as soon as they displayed active motor behavior or a
substantial motor response to a tail pinch, a control (pre-experiment) blood sample was drawn.
The animals were then re-anesthetized with 3% isoflurane and removed from the tube restraint.

Animals were then intubated and ventilated, and placed on a heating pad to maintain their
body temperature. Heart rate, expired CO, breathing rate, and SpO> (peripheral capillary oxygen
saturation) were monitored and recorded starting at this point, and isoflurane was reduced to 1%.
Midazolam (1.25 mg/kg) and a bolus dose of pancuronium at 1.25 mg/kg were administered via
the catheter. Pancuronium was delivered continuously at 1.5 mg/kg/h for the remainder of the
acclimation. Five minutes after the bolus dose of pancuronium, the isoflurane flow was stopped
and animals were allowed to recover for 15 min. During this period, animals were monitored
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closely, and in the case of incomplete paralysis (due to catheter failure), the acclimation was im-
mediately terminated, the pancuronium reversal agent neostigmine was administered, and the an-
imal was allowed to recover.

After the 15 min recovery from isoflurane, the experimentally defined 30 min acclimation
period began. Animals were covered with an opaque box to simulate the darkness of the scanner
environment and, if it was the final day of acclimation, recorded scanner noises were played.
Mock-treated animals were maintained on isoflurane for 30 min instead of acclimation. At the end
of the treatment period, blood was drawn in animals for which corticosterone was being measured.
The pancuronium reversal agent neostigmine (0.25 mg/kg) was administered at this time, some-
times in conjunction with atropine (0.135 mg/kg), which we found aided the recovery of the res-
piratory system. Isoflurane was reintroduced at 1% to prevent the animals from extubating them-
selves prior to regaining the ability to regulate their breathing.

Animals recovered from the paralysis at different rates, and the full recovery could take as
little as 20 min or as long as 90 min. For animals whose recovery took longer than approximately
45 min, a second dose of neostigmine (0.25 mg/kg) and sometimes atropine (0.135 mg/kg) were
administered. Once animals demonstrated the ability to regulate respiration, they were taken off
the ventilator and the isoflurane was turned off. Oxygen was delivered until the animals began to
move, at which point they were gently extubated and returned to their home cage. Animals were
monitored for at least an hour after the procedure to ensure successful recovery.

Acclimation to head restraint. All animals that underwent imaging or corticosterone measure-
ment under head restraint were acclimated to the restraint procedure over 3-4 days. The procedure
was comparable to that described for chemical immobilization above, with the exception that no
paralytic was given and animals were more securely wrapped and head-fixed to prevent movement
and to reduce the possibility of injury.

Corticosterone measurements. Corticosterone levels were measured to assess stress levels in the
animal preparations. To permit corticosterone quantification, we collected blood at two timepoints
as described above. Immediately after the ~0.5 mL of blood was drawn, it was placed into treated
tubes to prevent clotting and refrigerated. Once all blood samples had been collected, an ELISA
kit was used to measure the concentration of corticosterone for each animal at each timepoint.
Relative corticosterone concentrations reported were calculated by computing the ratio of ELISA
results after vs. before each restraint session. This normalization procedure corrected for inter-
animal and inter-trial variability in performance of the assay, as reflected in absolute ELISA meas-
urements.

Preparation of animals for functional imaging. Immediately prior to imaging experiments, rats
were anesthetized using 3% isoflurane and maintained at 2% isoflurane during preparation. Ani-
mals were intubated and ventilated (60 strokes/min, 9.5 mL stroke volume, 2 m tubing from ven-
tilator to rat), and a tail vein catheter was established for drug delivery in cases where a jugular
vein catheter was not already present. Animals were then placed onto an imaging cradle and se-
cured in place via screws that attached to the implanted headpost. Isoflurane was reduced to 0.75%
and 1 mg/kg pancuronium was administered, followed by continuous delivery of 1.5 mg/kg/h pan-
curonium thereafter. Respiration, heart rate, and blood oxygen saturation were monitored, and
temperature was maintained with a circulating warm water pad (Gaymar, Orchard Park, NY) for
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the remainder of the procedure. In some cases, imaging was performed under anesthesia. In prep-
aration for imaging without anesthesia, isoflurane was stopped and the animal was given at least
15 min to recover.

MRI data acquisition. For analysis of chemically immobilized rats, MRI was performed using a
7 T Biospec MRI scanner (Bruker, Ettlingen, Germany) scanner operating with a cross coil volume
transmit, surface receive configuration (Doty Scientific, Columbia, SC). A rapid acquisition with
refocused echoes (RARE) pulse sequence were used to acquire transverse relaxation time-
weighted (7>w) anatomical images, with number of averages (NA) = 16, matrix size =256 x 256,
FOV =2.2 cm x 2.2 cm, slice thickness = 1 mm, effective TR = 2500 ms, effective TE = 44 ms,
and RARE factor = 8. Functional imaging was generally performed using an echo planar imaging
(EPI) pulse sequence applied with matrix size = 53 x 53, FOV = 2.2 cm % 2.2 cm, slice thickness
=1 mm, TR = 2500 ms, and effective 7E = 13 ms. For the whisker pad inactivation experiments
in wild type and FXS rats, EPI image series were acquired with matrix size = 64 x 64, FOV = 2.56
cm X 2.56 cm, slice thickness = 1 mm, TR = 2000 ms, and effective TE = 16 ms.

For analysis of head-restrained animals, imaging was performed using a 9.4 T Biospec MRI
scanner (Bruker) scanner operating with a volume coil transmit and receive configuration. A rapid
acquisition with refocused echoes (RARE) pulse sequence were used to acquire 7>w anatomical
images, with number of averages (NA) = 4, matrix size =256 x 256, FOV =2.5 cm X 2.5 cm, slice
thickness = 1 mm, effective 7R = 2541 ms, effective TE = 56 ms, and RARE factor = 8. For
functional imaging, EPI image series were acquired with matrix size = 100 x 100, FOV = 2.5 cm
x 2.5 cm, slice thickness = 1 mm, 7R = 2000 ms, and effective TE = 30 ms.

Vibrissa pad inactivation. To remove all sensation coming from the whisker pad, all whiskers
were trimmed down to the skin level bilaterally. Furthermore, three 15 pL injections of 0.5% bu-
pivacaine were made along the posterior edge of each whisker pad bilaterally as diagramed in Fig.
2a to ensure there was no residual sensation. MRI scan series were performed before and after
vibrissa pad inactivation and animals were temporarily withdrawn from the scanner to permit vi-
brissa treatments.

Thalamic inactivation. Prior to experimentation, rats were implanted with infusion cannulae tar-
geting VPM, using surgical procedures similar to those described above. Animals were anaesthe-
tized with 3% isoflurane and maintained at 2% isoflurane, shaved, and mounted in a rodent stere-
otaxic device (Kopf). Each rat was given a subcutaneous injection of buprenorphine (MIT phar-
macy) at a dose of 0.05 mg/kg for analgesia at the end of surgery, and once a day for two days
following surgery. The scalp was retracted and 28 G holes were drilled into the skull 3.2 mm pos-
terior and 3 mm lateral to bregma, unilaterally, with coordinates based on a standard rat brain atlas
(Paxinos). 28 G cannula guides (Plastics One, Roanoke, VA) designed to project 2 mm below the
surface of the skull were implanted and secured using C&B Metabond dental cement. Small plastic
head-posts were implanted to facilitate head fixation during the MRI experiments. Finally, 32 G
dummy cannulae designed to fit the guide cannulae were inserted to protect the openings when not
in use. Rats were allowed to recover from surgery for at least three days before acclimation began.

After recovery from surgery, animals were acclimated to chemical immobilization as de-
scribed above. Following acclimation, fMRI imaging was performed using the parameters de-
scribed above for imaging using a 7 T MRI scanner (Bruker). 32 G internal cannula (Plastics One)
preloaded with 1 pg/ul fluorescent muscimol (Thermo Fisher, Waltham, MA), were inserted prior
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to imaging, targeting VPM via the previously implanted guide cannulae. The internal cannula were
connected via a line to a 10 pL. Hamilton syringe. Internal cannulae extended 5-6 mm below the
brain surface. Animals were then inserted into the MRI scanner. A 55 minute EPI scan was initi-
ated, allowing for acquisition of 20 min of pre-injection resting state data, followed by infusion of
1.5 pL fluorescent muscimol at 0.10-0.15 pL/min, followed by acquisition of an additional 20 min
of resting state data after drug infusion. 7>w anatomical images were acquired before and after the
resting state scan series.

Successful injections were confirmed by tracking the movement of a bubble at the interface
of the fluorescent muscimol solution and oil filling the rest of the line from the injection pump.
For a subset of animals, histological analysis was performed to directly assess the distribution of
fluorescent muscimol after euthanasia. A spatially resolved assessment of injection volume was
performed by measuring regions of 7>w contrast enhancement associated with fluid infusion. Fluid
infusion transiently increases tissue water content, lowering the local transverse relaxation rate and
brightening the signal in 7>w images. 7>w images acquired before and after infusion were therefore
compared and the percent signal change was computed for each voxel in the ventral thalamus ROI
that includes VPM (ThV in Supplementary Fig. 2), and also to an ROI corresponding to the poster-
omedial thalamus (Supplementary Fig. 9). For eight animals from which both 7>w and rsFC data
were available, values were compared with the changes in rsFC associated with treatment.

Facial stimulation. Continuous or episodic facial stimulation was performed using air flow di-
rected at the left and right vibrissa pads of each animal. Delivery of air pressurized by a Tetra
Whisper Air Pump (Blacksburg, VA) was gated using solenoidal two-way valves toggled using a
Raspberry Pi 4 (Cambridge, UK) controller synchronized with scanner operation, and flow was
directed at the vibrissae by means of plastic tubing. For each animal, placement of the air lines was
chosen to displace several whiskers by at least | mm on each side, as assessed by visual inspection
during continuous air flow.

To measure transient responses to blocks of unilateral facial stimulation, 10 Hz air pulses (50
ms/pulse) were delivered in 30 s blocks alternating with 60 s blocks in the absence of stimulation.
This sequence was repeated six times for each side, during 10-min EPI acquisition scans performed
using the same parameters applied for resting state analysis. Cortical voxels that showed signifi-
cant responses to contralateral block stimuli across animals (p < 0.05) were identified and defined
as response regions for each animal; animals that showed bilateral response regions were used for
resting state analysis.

To measure effects of continuous facial stimulation on rsFC in areas activated by block stim-
ulation, two consecutive 25-min EPI scan series were collected from each animal during 10 Hz
operation of the stimulator. The first EPI series was acquired with the system pressurized and the
second was performed with the air pressure turned off. Animals were assumed to reach steady state
within five minutes and only the last 20 minutes of each scan series was analyzed to determine the
effects of air flow on rsFC. For these experiments, rsFC was evaluated using cortical ROIs for
which the mean response to contralateral stimulation was significant across all animals (p < 0.05)
that individually displayed both left and right responses to contralateral block stimulation (n = 7).

Vascular reactivity assessment. To compare vascular reactivity amplitudes between WT Spra-
gue-Dawley and FXS model animals, we used fMRI to measure responses to hypercapnic chal-
lenges in each strain (n =2 FXS, n =4 WT). Animals underwent no acclimation and were imaged
under 1.5% isoflurane anesthesia with pancuronium paralysis and 7 T MRI parameters otherwise
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as described above. A 95 min EPI scan series was collected in each session. For the first 21 min
of the scan, the animals were ventilated with an air and oxygen mixture at a ratio of 1:2. At 21
min, the oxygen was replaced with a 9:1 O,:CO; mixture, leading to a final ratio of 5:9:1
air:02:CO; that contained 6.7% COa. At 51 min from the scan start time, the original gas mixture
of 1:2 air:O2 was restored and maintained for the remainder of the experiment.

Resting state fMRI analysis. Images were reconstructed with Paravision 5.1 software (Bruker)
and analyzed further using AFNI®® and MATLAB (Mathworks, Natick, MA). Preprocessing steps
for EPI data included removal of signal outside the brain, alignment to the anatomical scans using
AFNI’s 3dAllineate function, motion correction using AFNI’s 3dvolreg function, spatial smooth-
ing to 0.5 mm full width at half maximum using AFNI’s 3dBlurToFWHM function, and voxel-
wise signal detrending and intensity normalization to convert voxel time courses to units of percent
change from average baseline. Motion and global signal were regressed out of each dataset using
MATLAB. Maximum motion coordinates were used to generate motion amplitude graphs.

Functional connectivity metrics were defined using seed-based regression analyses which
enable better quantification of specific interregional effects and perturbation-linked amplitude
changes, compared with correlational or independent components analyses. To generate seed-
based functional connectivity maps, seed ROIs were defined using a standard brain atlas® or using
air flow-responsive regions (Fig. 5 only) defined by voxels with significant activation across ani-
mals (z-test p <0.05, n ="7). Seed time courses were computed by averaging MRI signal over each
ROI for each time point.

Regression analysis was then performed on a voxel-wise basis to determine the regression
coefficient for each voxel relative to the seed. Functional connectivity matrices relating pairs of
ROIs were generated by computing seed time courses separately for each region in each animal
and then performing within-animal regression analysis to determine the mean regression coeffi-
cient over voxels in each target ROI for each ROI-based seed region. Significance of regression
coefficients or differences between coefficients was evaluated using two-sided Student’s #-tests
over animals. Reported p values presented throughout the text arise from uncorrected statistical
tests performed across individual animals, unless otherwise noted. Where indicated, false discov-
ery rate (FDR) correction was applied using the mafdr function in MATLAB. Unless otherwise
stated, all functional maps depict regression coefficients for voxels with uncorrected #-test p < 0.01
over animals. This comparatively liberal statistical threshold facilitates the comparison of regres-
sion amplitudes among multiple conditions, while avoiding masking artifacts that more severe or
data distribution-dependent statistical thresholds would have imposed.

Dynamic analysis of functional connectivity changes upon vibrissa inactivation was per-
formed by assessing rsFC regression coefficients in sliding windows of five minutes over the 20-
minute resting state time courses from each animal. Seed definitions and computations were oth-
erwise as described above. To compare pre- and post-treatment results, mean rsFC coefficients
before (Mpre) and after (Mbposi) vibrissa inactivation were calculated for each condition. Then the
fraction of time for which the pre-treatment rsFC was above Mpost and the fraction of time for
which post-treatment rsFC was above Mpe was computed for each animal and presented in Sup-
plementary Fig. 7.

To evaluate connectivity between S1BF and default mode network regions, we computed the
mean regression coefficient describing interregional functional connectivity between S1BF (the
seed region) and cingulate, parietal, and retrosplenial ROIs, weighted by the number of voxels in
each DMN region. To quantify the local connectivity within S1BF, a single voxel seed was placed
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in the center of the SIBF ROI and the time course of this seed was used for a regression analysis
against the rest of S1BF, yielding maps and mean values over SIBF. Welch’s power spectral den-
sity functions were computed from resting state fMRI using the pwelch function in MATLAB.
Results are plotted as 10 logio W, where W is the output of pwelch.

Analysis of facial stimulation and vascular reactivity data. Data acquired during stimulation
with air flow or carbogen challenge were analyzed largely as described for resting state analysis,
but with minor differences. For block-design facial stimulation experiments, data were normalized
to units of percent change with respect to the mean signal and stimulus responses were computed
as the percent signal observed 12-48 s after each stimulus onset minus the average signal observed
36-22 s before stimulus onset. ROI averages were evaluated over functionally defined ROIs, where
cortical regions showing a significant response over animals (n = 7; p < 0.05) were used to assess
rsFC amplitudes using methods otherwise as described above. For vascular reactivity tests, data
were normalized and detrended with respect to the 21-min baseline before administration of the
COz-containing gas mixture and signal changes observed during the 6.7% CO- inhalation period
(35-45 min) were assessed with respect to this baseline.

Effective connectivity modeling. To assess whether vibrissa or thalamic inactivation resulted in
changes to either effective connectivity or cortical and subcortical input we used Bayesian model
comparison (BMC)?8, as implemented in the SPM12 statistical parametric mapping (SPM) soft-
ware package (https://www.fil.ion.ucl.ac.uk/spm/software/spmi2/). Following the extraction of
time series as described above, a spectral dynamic causal model (DCM) was specified for each
subject. BMC then estimated the probability that a DCM model had generated the data of a specific
subject in the group®®. We compared four models where either the connectivity or the input, both,
or neither or were allowed to change following vibrissa or thalamus treatment (n = 8, 9). Input was
parameterized as a function of frequency (f) as:

L(f) = lyiopar + Sk/f + ¢ (1)

where k indexes brain regions (left and right SIBF and left and right sensory thalamus), I;0pq1 =

G,/ is a global input with power law distribution shared across areas with coefficients Gi and
Gz, and € = H, /f"2 is a common observational noise term with coefficients H; and H>**7°. On
top of the global input, each brain area receives specific 1/f input with amplitude Sk. In models
where we assumed fixed input, the parameters Si were fixed such that the sum of global and spe-
cific input to each region Igipa + Si/f has a standard deviation of 1/8. This value was chosen to
produce a maximum fMRI signal change of about 1%’!. Other input parameters were allowed to
change during fitting with prior variance of 1/64, corresponding to a relatively lax confidence
interval of 25%. In the rest of the models, Sk values were also given a prior variance of 1/64.
Model fits were evaluated after convergence. BMC then aggregated single subject probabil-
ities to compute the exceedance probability (EP), defined as the probability of one model m; being
more likely than the alternative models mj;, across the subject group. EP can thus be expressed as

qm, = P (rmi > Tin g | t) (2)
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where P denotes probability, ¢ denotes the group fMRI data, and T, is the probability that model

J generated the group data. To ensure that model fits were accurate we computed the proportion of
explained variance for each subject using the SPM function spm_dcm_fmri check.m.

To assess potential differences in effective connectivity arising from inactivation treatments
in the different experimental groups, we used parametric empirical Bayes (PEB) analysis*® 4! 72,
This allowed for a computationally efficient estimation of connectivity and neural parameters at
the single subject level using the SPM routine spm_dcm_fmri_csd.m. Results were concatenated
across subjects within each group and separately for each condition (i.e. before and after inactiva-
tion). Two analyses were then performed at the second level using the PEB method implemented
in spm_dcm_peb.m. These yielded pre- and post-inactivation brain connectivity differences for
each experiment. The PEB approach distinguishes between first-level models that generate sub-
ject-specific data and second-level linear models that contain explanatory variables at the group
level, between subjects. These linear models map from group means to subject-specific connec-
tivity estimates. Thus, first level models are equipped with empirical priors that optimally shrink
their parameter estimates to group means.

We focused on estimating group differences in effective connectivity due to vibrissa and
thalamic inactivation treatments in the two conditions. We asked which if any connectivity
strengths (feedforward, feedback, and lateral) were different before vs. after the treatment in each
condition. To do this, we tested all possible alternative models where each connection could vary
or not. We compared models using Bayesian model comparison that is implemented in the SPM
PEB toolbox. This provides computationally expedient model fits and model parameters for each
candidate model, defined in terms of a prior density.

These model parameters were used as regressors in a design matrix. Specifically, we com-
pared the 34 nested candidate models diagrammed in Supplementary Fig. 10 using
spm_dcm_peb_bmc.m. To avoid model dilution (individual model evidence becoming weak be-
cause of many similar models), we followed standard DCM practice and reduced the number of
alternative models’. To account for bilateral perturbation, we considered 16 candidate models
(models 1-15 and 32) that allow for symmetric changes in left and right hemispheres. To accom-
modate changes due to unilateral perturbation, we also included 18 further models (models 16-31
and 33, 34) that are asymmetric variants of models 1-15 and 32. These allow for changes in the
connections to and from the two thalamic or cortical areas to be different.

Each model was assessed using a free energy cost function’, which expresses the model
likelihood given the data. Following Bayesian model comparison, we also obtained estimates of
random effects parameters using Bayesian model averaging. The likelihood that each model ac-
counts for the experimental data is reported in Supplementary Fig. 10, while the specific connec-
tion strength changes that occurred with probability p > 0.99 (a subset of variable connection
strengths in each case) are reported in Fig. 5.

Electrocorticography. Adult rats were anaesthetized with isoflurane (3% for induction, 2% for
maintenance) and head-fixed on a rodent stereotaxic instrument (Kopf), with a heating pad to
maintain body temperature at 37 °C. The scalp was retracted and a small craniotomy was drilled
into the skull above the implantation site. Electrocorticography (ECoG) recording electrodes were
constructed by soldering a Teflon coated silver wire to a gold pin connector, and then briefly heated
to create a spherical tip. The electrode was inserted through the craniotomy, directly under the
skull, to be placed on top of the cortical surface above the somatosensory cortex (—0.5 mm anteri-
oposterior and +3.5 mm mediolateral from bregma). A grounding screw was implanted into the
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cerebellum. The rats were then treated with 1 mg/kg slow-release buprenorphine subcutaneously
to minimize pain and discomfort, prior to skin closure with suture and recovery from anesthesia
on the heating pad. Animals were allowed 3-7 days for recovery before acclimation, as previously
detailed for fMRI scan experiments.

ECoG recordings were performed after a minimum of two acclimation days on paralyzed,
intubated and ventilated animals, starting with the 2% isoflurane condition. The recording elec-
trode was connected to a headstage and signals were amplified using an extracellular amplifier
(EXT-02F/2, npi Electronics, Tamm, Germany), low-pass filtered at 1 kHz and digitized at 2 kHz.
ECoG signals during different conditions were linearly detrended and plotted as a function of time
to display signal characteristics. Power spectra of the raw ECoG traces were calculated using the
same MATLAB routines used for fMRI analyses.

Data availability. The main data supporting the results in this study are available within the paper
and its Supplementary Information.

Code availability. No substantial code was produced as part of this study.
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Figure 1 | Resting state functional connectivity in chemically immobilized rats. a, Protocol for
acclimation and imaging of chemically immobilized rats, showing schedule of procedures over
days (squares at top) and timing of individual acclimation sessions at bottom. Catheter implanta-
tion (red shading, top) and blood draws (red arrowheads, bottom) were performed only on animals
used for corticosterone monitoring. b, Increase in relative corticosterone concentration (after/be-
fore treatment) induced by three successive sessions of acclimation to head restraint (gray, n = 4)
or chemical immobilization (dark blue, n = 4), or during one session of mock-treatment without
immobilization stress (n = 7). ¢, Motion parameters (displacements dx, dy, and dz, all in mm)
computed from fMRI data series measured using anesthetized rats (An, cyan), head-restrained an-
imals (HR, gray), and chemically immobilized rats (CI, dark blue). d, Functional connectivity ma-
trix indicating mean regression coefficients (p) relating sensory and nonsensory brain areas (black
and red labels, respectively). Seed regions labeled on vertical axis; shading = left hemisphere.
Green boxes denote regions significantly nonzero across animals with FDR-corrected p < 0.05 (n
= 11). White dashed box highlights connectivity between left and right somatosensory regions. e,
Map of average of functional connectivity to a seed region in SIBF (arrowhead), in chemically
immobilized animals. Regression coefficients indicated for voxels with z-test p < 0.01 over n =11
animals. Bregma coordinates in mm indicated in yellow. f, Regression maps indicating rsFC to
S1BF seed regions (arrowheads) in anesthetized (top) and head-restrained (bottom) animals. Re-
gression coefficients indicated for voxels with #-test p <0.01 over n = 11 (top) or 6 (bottom) ani-
mals. g, Mean homotopic S1BF regression coefficients for anesthetized (cyan) vs. chemically
immobilized (dark blue) animals. h, Power spectra of resting state fMRI signal in S1BF under
anesthesia (cyan) or chemical immobilization (dark blue). Shading denotes SEM over 11 animals.
i, Mean spectral densities in the 0.01-0.1 Hz band corresponding to the dashed box in panel h.
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Figure 2 | Vibrissa inactivation reduces functional connectivity measures. a, Schematic of
vibrissa inactivation procedure including bilateral whisker trimming and local anesthetic (bupiva-
caine) injection into the mystacial pads. b, Change in functional connectivity strengths between
sensory regions upon vibrissa inactivation. Color coding denotes difference in regression coeffi-
cients after vs. before treatment. Green outlines denote significant differences with #-test p < 0.05
over animals (n = 8). Dashed box denotes left vs. right SIBF. ¢, Seed-based maps over three cor-
onal slices, showing functional connectivity to SIBF (arrowhead) before (top, Pre) vs. after (bot-
tom, Post) vibrissa inactivation. Regression coefficients indicated for voxels with #-test p < 0.01
over n = 8 animals, and bregma coordinates (mm) noted in yellow. d, Mean homotopic S1BF
regression coefficients before (dark blue) vs. after (magenta) treatment. e, Spectral density in the
0.01-0.1 Hz range before (dark blue) vs. after (magenta) vibrissa inactivation. f, Vibrissa inactiva-
tion-induced functional connectivity differences between S1BF and DMN-associated regions (red
labels). Color scale as in panel b. g, Mean connectivity strengths between S1BF and ipsilateral
DMN-associated regions before (dark blue) vs. after (magenta) vibrissa inactivation. Values cor-
respond to average of dashed boxes in panel f. h, Map of average local functional connectivity to
seed regions in SIBF (arrowhead), showing differences observed following vibrissa inactivation.
i, Quantification of ipsilateral functional connectivity to S1BF observed before (dark blue) vs. after
(magenta) treatment.

36



a
2% isoflurane

4
o
1

i ah e
“‘”‘J“r 'T”“Mr‘\‘MIM M«T‘[‘(Imﬁrm

©
S
T

1.5% isoflurane

ﬂ*HWW"M'\MM‘.‘N},\q‘ﬁ,‘.\,w,,w

-110 L ! L L i
0.1 1.0 10 100
Frequency (Hz)

Spectral density (dB/Hz) c

c
Chemically immobilized = 20-60 mHz 1-3 Hz 8-12 Hz 12-35 Hz
I . * N
@ 74} 72| = :
wies———y 74
= Ve
[ ol 74 s 88r—
- S 78f &
Vibrissa inactivated w L 76 N —
I o -82 “e— -78

Figure 3 | Electrocortigraphy in S1BF under treatment conditions. a, Representative record-
ings of electrical activity in S1BF during deep and moderate anesthesia, and in the unanesthetized
but chemically immobilized state before (dark blue) and after (magenta) vibrissa inactivation. Ver-
tical scale bar = 0.2 mV, horizontal scale bar = 5 s. b, Power spectra of electrical signals under
conditions color coded in (a). Colored shading denotes SEM over n = 3 animals. ¢, Spectral density
in select bandwidths comparing power density under 1.5% isoflurane anesthesia and before vs.
after vibrissa inactivation, for the four bands denoted by gray boxes in (b).
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Figure 4 | Thalamic inactivation reduces bilateral SIBF functional connectivity. a, Targeted
inhibition of thalamic neural activity is achieved by injecting fluorescent muscimol (FM) via a
cannula implanted into VPM (magenta). The image at right corresponds to the dashed rectangular
area in the schematic at left and shows FM distribution (red) in a representative animal. Scale bar
= 1 mm. b, Average T>w signal increase observed following FM infusion. ¢, Average map of
functional connectivity to an S1BF seed region before (top) and after (bottom) FM infusion. Re-
gression coefficients indicated for voxels with #-test p < 0.01 over n = 8 animals. d, Mean homo-
topic SI1BF regression coefficients before (dark blue) vs. after (magenta) FM infusion. e, Corre-
spondence between FM spread indicated by 7>w signal change in ventroposterior thalamus and
change in homotopic rsFC regression coefficient. Dashed line indicates linear regression fit with

=-0.78 (p = 0.023, n = 8).
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Figure 5 | Somatosensory input alters rsFC in regions responsive to phasic stimulation. a,
Somatosensory input is delivered using pulsed air flows delivered to each side of the face. b, Signal
changes over time in S1, in response to phasic air flow stimulation delivered in blocks (pink rec-
tangles) to left (top) and right (bottom) sides of the face. Shading around time courses denotes
SEM over n = 6-7 animals. ¢, Mean responses to block stimulation on left and right sides. d, Maps
of the mean response to left and right block stimulation in (b). Results for voxels with significant
responses over animals shown (#-test p < 0.05, n = 7). Bregma coordinates in mm indicated in
yellow. e, Seed-based maps of rsFC acquired in the absence (top) and presence (bottom) of tonic
bilateral air flow stimulation. Seed locations in S1 (arrowheads) correspond to functional responses
in (d). Regression coefficients indicated for voxels with #-test p < 0.01 over n =7 animals. f, Mean
homotopic S1BF regression coefficients in the absence (dark blue) vs. presence (magenta) of tonic
air flow stimulation.
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Figure 6 | Effective connectivity changes induced by inactivation treatments. a, Schematic
showing brain regions included as nodes in DCM analysis, with input to each region from brain-
wide or peripheral sources included or excluded in competing model formulations. b, Four model
formulations that account for fixed (blue) or treatment-dependent (magenta) connectivity among
brain region nodes (solid arrows), as well as fixed or treatment-dependent input to each region
(dashed arrows). Inputs, where present, are taken to combine central and peripheral sources. c,
Exceedance probabilities (top) indicate that both model 2 and model 4 potentially explain results
of the vibrissa inactivation experiment (schematic). When model 2 is fit to the data (bottom), DCM
analysis estimates reductions in homotopic S1 effective connectivity strengths (cyan), but not con-
nectivity involving thalamic regions. d, Exceedance probabilities (top) indicate that model 2 best
accounts for results of the thalamic inactivation experiment (schematic). Parameter estimates using
model 2 (bottom) indicate asymmetric reduction (cyan) in effective connectivity from S1 on the
treatment side (magenta node) to the untreated side.
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Figure 7 | Vibrissa treatment produces minimal effects in a syndromic ASD model. a, The
vibrissa treatment procedure of Fig. 2 was applied to wild type (WT) and fragile X syndrome
(FXS) model rats. b, Genotype-dependent differences in interregional regression coefficients in-
dicate hypoconnectivity in FXS animals between left and right SIBF (dashed box) as well as other
somatosensory regions. ¢, Maps of rsFC regression coefficients to SIBF seed regions before (top)
and after (bottom) vibrissa inactivation in FXS model animals. d, Quantification of mean homo-
topic S1BF regression coefficients before (light blue) and after (light magenta) vibrissa treatment
in FXS animals, compared with results from WT animals indicated by arrowheads at right (blue
before, magenta after treatment). e, Reduction in connectivity strengths between S1BF and brain
regions associated with the DMN in FXS animals, with respect to WT. f, Quantification of S1BF-
DMN connectivity strengths before and after vibrissa treatment, again with respect to WT values
indicated by color-coded arrowheads.
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