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ABSTRACT

Despite the continuous research on human coma, some critical questions remain unanswered. For
instance, why does the brain become unconscious? what is the reason why some patients awake from a
coma while others remain in a persistent unresponsive syndrome? how does the brain recover from this
radical unconscious state? The limitations inherent to human research (e.g. multiple etiologies, unfeasible
timing, etc) harden identification of the key elements underlying the pathophysiology of coma and its
recovery. The first goal of this PhD thesis is to provide a new platform whereby studying coma in a
systematic and reliable manner is possible. We produced a model of brainstem coma in rats by causing
brainstem ischemia. Once the procedure was established, | assessed the acute restoration of brain function
using whole brain functional Magnetic Resonance Imaging during rest (rs-fMRI). Multi-modal analysis
converged into the identification of a network composed of basal forebrain, basal ganglia and thalamus that
seemed to participate in the reactivation of the cerebral cortex during early neurological recovery after
coma. Methodologically, imaging the non-paralyzed rodent (e.g. non-anesthetized comatose animals)
presents the challenge of identifying and eliminating potential motion artifacts derived from spontaneous
breathing. To clarify this issue, in a parallel line of study, | imaged the brain of non-paralyzed anesthetized
animals under different ventilatory rates and MRI repetition times. Spectral analysis of the acquired signals
revealed a pronounced interference of the respiration on the fMRI data, which can be predicted and
controlled, to an extent, by choosing appropriate ventilatory settings and sampling rates. Another important
limitation of studying coma through fMRI in small animals is the fact that no behavioral assessment can
take place inside the MRI scanner. To overcome this constraint, | established a multimodal fMRI platform
that includes pupillometry to allow tracking arousal fluctuations in parallel to the MRI scanning. Besides
setting up the platform for future animal fMRI studies assessing consciousness, this work identified a series
of regions which oscillatory function co-vary with pupil dilations, which may constitute the first pupil-driven
arousal network identified in rats and provides a way of tracking pupil-governed brain state changes from
the fMRI data. Last, in view of a potential work merging fMRI with stimulation of deep brain structures like
the hypothalamus, which appeared overshadowed in the rat coma study, | contributed to implementing an
MRI-compatible robotic arm to precisely position optical fibers (for stimulation or recording) into the rat
brain. This tool has proven to increase the successful rate and reliability of deep brain targeting in fMRI

studies.

This thesis aims at providing a better understanding of the loss and recovery of consciousness by
working with the rat as an animal model and fMRI as the main imaging modality. In addition, it attempts to
resolve some of the challenges that emerge while performing brain imaging in small animals and presents

novel platforms for the investigation of neural mechanisms related to arousal.
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1. CONSCIOUSNESS AND THE UNCONSCIOUS BRAIN

We understand, to an extent, how brain cells work, how they can communicate with each other and how
certain groups of neurons are responsible for the transmission of specific signals, but, how do we become
aware of those signals? In other words, how are we conscious? What makes the brain of a comatose patient
different from that of a person who is just sleeping? While the differences between sleep and wakefulness
are beginning to be understood, other unconscious states that emerge upon brain injuries remain largely

unknown.

Every day, hundreds of patients enter a coma or other disorders of consciousness (DOC) for a broad
diversity of reasons. The rate of chronic patients which brain has “switched off’ has especially increased in
the last 60 years upon introduction of the artificial ventilation into the clinical practice, which has made it
possible for patients to survive live-threatening injuries. However, despite the large number of patients who
live unconscious, the key biological mechanisms that fail in these patients remain to be better characterized.
To date, there is no standard treatment for coma (although a few individual cases have shown signs of
improvement after particular treatments [1-3]); instead, most patients receive symptomatic therapy only,
which contributes to stabilize the physiological parameters but does not lead to higher neuropsychological

states.

This thesis is intended to facilitate animal research in the field of consciousness, which ultimately should

translate into finding potential treatments for DOC patients.
1.1. A short comment about the conceptualization of consciousness

The concept of consciousness has been a topic of interest since the oldest civilizations [4]. In the 2™
century, Galen conducted an experiment on a pig that consisted on the resection of the laryngeal nerves
(branch of the cranial nerve X) and produced loss of vocalization [5], which probably constituted the first
proof in favor of the brain as the organ that controls the actions of the body [5-7]. In the 17" and 18"
centuries, the first psychological definition of Consciousness (Bewusstsein in German, conscientia in Latin)
was provided by Descartes [8], and the term was included in Chamber’s Cyclopedia [9]. Consciousness
was presented as either “the reflex act by which a man knows his thoughts to be his own thoughts”, “the
direct act of thinking or simple sensation”, or “the power of self-motion or of beginning of motion by the will’
[10, 11]. A series of works have reviewed the multiple discussions concerning the term consciousness over
the years [10, 12-14]. In the 21" century, consciousness is scientifically described as the state of awareness

of one self and of the environment [15-17].
1.2.The requirements of consciousness and the unconscious states

In order for a living being to be considered as conscious, it needs to be aroused (awake) and it needs to
show signs of internal and external awareness. The most severe disorder of consciousness is coma (or

brain death, if non-reversible states are considered). A person in coma does not have sleep-wake cycles,



is not aware of him/herself or of the environment and cannot be awaken. Usually, brainstem reflexes are
absent during coma, and vital functions, like respiration, may be insufficient, making artificial ventilatory
support necessary. In contrast to coma, a sleeping person, although not aware of the surroundings, is self-
sufficient and can be awaken with supra-threshold stimulation. Section 1.4 will briefly discuss how sleep,

a natural and necessary state of unconsciousness, differs from pathological coma.
1.3.Disorders of consciousness in the brain-injured patient

Consciousness is not an “all or nothing” condition, an example of it being the different states through which
a comatose patient may transit until full recovery (see Figure 1). When the brainstem is able of supporting
vital functions (e.g. respiration, thermoregulation) and exhibiting a certain level of arousal, perceived mainly
as eye opening and closing, patients are described as in a vegetative state, also called unresponsive
wakefulness state and previously wrongly referred as apallic syndrome ("without cortex”). Many of these
patients can evolve to a minimally conscious state “~”, with sleep wake cycles and voluntary behaviors like
visual tracking or localization of pain or emotions, but low level response to command, and to a minimally
conscious state “+”, with responses to verbal command. Some of these patients can evolve to a near-

normal behavior after transiting through a state of awareness with signs of confusion.
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Figure 1. States of consciousness organized by their level of arousal and awareness. Typical states
encountered after brain injuries are shown in blue-shadowed boxes, sleep states are in green, and awake
states are in yellow.



Human coma scales have been designed that quantify the behavioral responses of these patients and
provide a neuropsychological diagnosis (section 3 introduces some methodologies used to track the level
of consciousness). The differentiation between states of impaired consciousness and the Jocked-in
syndrome, characterized by a full awareness that is antagonized by motor unresponsiveness, is one of the
most critical steps in the diagnostic process and it largely relies on neuroimaging techniques able of
detecting brain activity independently on the behavioral responses displayed by patients (e.g. fMRI or EEG-
based brain-computer interfaces) [18-21].

1.4. Coma vs. anesthesia vs. sleep. More than one unconscious brain

While the behaviors of a comatose patient, a healthy sleeping subject and a person under anesthesia can
seem very similar, the nature of these states is entirely different: sleep is a regulated physiological condition
that returns spontaneously to the awake state or is easily resumed with supra-threshold stimulation [22,
23]; anesthesia causes a reversible and dose dependent unresponsive unconscious state [24]; coma is a
pathological condition where there is a slow uncertain recovery [25]. In contrast to the presumably different
source of unconsciousness, the recovery from anesthesia shows a strong parallelism with that observed
from coma patients, although the first one happens at a much faster speed. In both cases, recovery of vital
functions takes place first, with later regaining of brainstem reflexes and of voluntary movements and,

eventually, evidence of awareness.

The apparent similarity between coma and general anesthesia explains the large number of studies that
use general anesthesia in healthy volunteers to investigate potential routes of recovery of consciousness.
Nevertheless, neither the mechanisms of coma pathogenesis or recovery, nor the ones underlying
anesthesia-induced loss and recovery of consciousness have been completely elucidated. Although there
are reports pointing to specific subcortical structures that may mediate the generalized anesthetic effects
[26, 271, the multiple sites of action of general anesthetics harden identification of their precise mechanisms
of action in the brain. Anesthetics usually bind to inhibitory neurotransmitter receptors (e.g. GABAA
agonists) or block excitatory neurotransmitter receptors (e.g. NMDA receptor antagonists). GABAa from
interneurons can trigger inhibition of a large population of cortical pyramidal neurons, leading to
unconsciousness, but it can also affect nuclei in the ventral medulla or pons, causing cardio-respiratory
depression, as well as the ponto-medullary-spinal cord pathways, inhibiting the control of anti-gravitational
muscles and causing hypotonia. In contrast to the hypotonia caused by general anesthetics, comatose
patients or subjects in slow wave sleep may preserve muscle tone [24], further indicating a different nature

of the unconscious state in natural vs. anesthesia-driven unconscious conditions.

Recordings of cortical activity offer a direct measure of brain function. While several well-studied
electrophysiological stages are observed from scalp EEG during sleep that reflect the cyclic sleep depth,
coma EEG varies largely across subjects and is rather monotonous, although it may resemble particular

electrophysiological features of sleep, like slow waves [24, 28, 29]. Certain types of cortical (in)activity are
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compatible with both coma and general anesthesia, but not with sleep, like burst-suppression patterns or
isoelectricity. The electrophysiological differences between sleep, general anesthesia and coma further
emphasize the uniqueness of each one of these unresponsive states, which translates into the need of
specific experimental designs to completely understand any one of the three unconscious conditions.
Hence, although anesthesia-related studies may shed light into the potential mechanisms of loss and
recovery of consciousness, a platform where the natural comatose state can be recreated and reproduced
is needed to identify targets that may help awaken patients from their pathological coma. Table 1

summarizes the main differences between the three unconscious conditions.

Table 1. Comparison between the three main unconscious states: sleep, anesthesia and coma.

UNCONSCIOUS
SLEEP ANESTHESIA PATHOLOGICAL COMA
STATE
Reversibility Revgrsib!e natL.JraIIy (spontaneously) Reversible, dose Variablg. If reversed, at a
or with stimulation. dependent. longer time scale.
Diversified and drug- Unclarified and etiology-
. - Brainstem dependent. Mostly: dependent. Probably:
Main centers
. - Hypothalamus - Brainstem - Brainstem
involved
- Basal forebrain - Cortex - Cortex
- Thalamus - Thalamus
Circadian rhythms or homeostatic
sleep drivers that switch betweenthe | . The primary cause is
mode governed by wake-promoting GAIgA fec R or.1ists Y- variable (traumatic / non
Trigger (monoaminergic cells from Ret.F, ATeC. ag > traumatic brain injuries).
. . ) . NMDA rec. antagonists, )
orexinergic LH, cholinergic PPT/LDT) - The exact mechanism that
. . K+ channel activators. X
and sleep promoting (GABAergic causes coma is unknown.
VLPO) centers.
NREM (I=>1V): towards waves of low )
frequency and big amplitude. Low frequency - high )
Typical Particular hallmarks in some stages amplitude waves (chosen Variable. Commonly, slow
underlying (e.g. spindles or K-complexes). for surgew), burst wave rhyt.hms or burst
. . ., suppression or suppression patterns (but
cortical activity = REM: high frequency and small isoelectricity (chosen for  see reference [29]).
amplitude waves (accompanied by brain protection).
rapid eye movement).

Abbreviations: LH: lateral hypothalamus, LDT: laterodorsal tegmental nucleus, NREM: non-REM, Ret.F:
reticular formation, PPT: pedunculopontine tegmental nucleus, REM: rapid eye movement (dreaming
sleep), VLPO: ventrolateral preoptic nucleus of the hypothalamus.
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2. THE CHALLENGE OF INVESTIGATING COMA FROM HUMAN PATIENTS

Despite the potential similarity between the behaviors displayed by different comatose patients, the leading
cause of coma usually differs from one subject to another, which makes the study of pathological
(un)consciousness complex and of unattainable generalization. Coma can be caused by a traumatic or a
non-traumatic brain injury, with the last one including strokes, anoxic injuries (e.g. respiratory failure, cardiac
arrest), or brain damage produced by poisoning or metabolic causes (e.g. hypoglycemia, hypothermia) [25,
30]. Brainstem strokes cause a direct damage to the reticular activating system, anoxic injuries cause a
generalized brain damage, and traumatic accidents are associated to a breakdown in the pathways
connecting the brainstem arousal systems with diencephalic structures such as the thalamus and the basal
forebrain [31, 32]. As the kind of brain insult varies among comatose patients, a single cause is unlikely to
mediate the process of becoming unconscious. However, it is possible that a single circuit is ultimately
responsible for the maintenance of consciousness and that different parts of it are selectively affected in
each comatose scenario. The dissection of such circuit, by confirming either recovery or loss of
consciousness upon its natural or deliberate activation or inhibition, respectively, is a critical task that should

be fulfilled to help guide consciousness-promoting therapies.

Human reports provide true but subject- and injury-specific insights into the potential targets of
consciousness. In contrast, animal studies using coma models could provide reliable targets for coma
treatment, from highly homogeneous samples, of potential translation to the human. Current approaches
to investigate the correlates of consciousness in animals are mostly based on anesthesia [33-35], although
purposeful lesion of specific nuclei [36] and activation or inhibition of others [27, 37-40] has also been
performed that has provided a good understanding of the brain structures that are involved in the transition
between wakefulness and unconsciousness [41]. Models to mimic coma after cardiac arrest or percussion
models to reproduce traumatic coma have also been reported [42-46], which constitute a good platform to
investigate the biological mechanisms behind those coma types. However, it is known that the brain
damage after cardiac arrest or traumatic brain injury implies diffuse injuries, swelling or multi-focal lesions
involving axonal shearing, which hardens the investigation of the primary players mediating
unconsciousness [47-49]. In this PhD work, a coma model was created in rats by disrupting the vasculature

that irrigates the main arousal centers in the brainstem (attached manuscript 1). The chosen strategy

involves injection of the vasoconstrictor endothelin-1 into the pontine parenchyma (basilar artery territory)
and is intended to directly interfere with the brainstem function to disrupt arousal, and hence consciousness.
The procedure can be used to induce brainstem coma in rats and track the neural dynamics during the
immediate aftermath of coma (1 to 6 hours after the comatose insult), which is currently not possible in

human coma research.
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3. RESEARCH APPROACHES TO STUDY CONSCIOUSNESS

To have a complete understanding of a particular subject’'s coma, three main parameters must be taken
into account: behavioral performance, anatomical integrity and brain function (Table 2). Behavioral tests
constitute an efficient tool to provide diagnosis of the neuropsychological state. Following the behavioral
assessment, patients undergo a structural scan to investigate the potential injuries that have led to the
comatose state. A brain functional assessment (e.g. with EEG) can be performed after stabilization to make
a prognosis. More detailed functional imaging (e.g. fMRI) is usually carried out at later times and mostly
with a research purpose.

Table 2. Main methodologies to study consciousness.

Measure Behavior Brain lesions Brain function

“Glasgow Coma Scale”

“Full Outcome of rs-fMRI
Possible tests UnResponsiveness oT PET
(for humans,
humans or “Coma Scale Revised”
rodents, or MRI EEG
rodents) “Rat Coma Scale”

LFP / Ca imaging
Pupillometry

Corroborate the level of
consciousness / make
prognosis / do research (find
the biological signature of
unconsciousness)

Usefulness of the Rate the level of Identify the potential cause
measure consciousness of unconsciousness

In the following, a short introduction about the methodologies used in the evaluation of the unconscious
patient is provided.

3.1.Measuring behavior

Human coma scales have been developed to quantify the neurological function based on the behavioral
performance. Among the main measures examined in these scales are: eye opening, eye tracking, verbal
response, motor response, auditory function, communication capabilities, brainstem reflexes and
respiration (the main features of the three most common human coma scales can be compared on Table
3). In some cases, a particular score threshold is provided on the scale that categorizes the neurological
state (e.g. a score below 8 in the Glasgow Coma Scale denotes coma —maximum is 15-). Occasionally,
electromyography is incorporated into a test to reliably detect muscle contractions that may indicate motor
response in patients with reduced mobility [50]. Similarly, EEG could be used to facilitate the detection of

responses to auditory stimulation [51]. It is worth noting that, while a positive response to command usually
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indicates the presence of consciousness, failure to detect evoked signals does not imply unconsciousness,

as it is possible that specific pathways that are needed to process the order are selectively impaired.

Animal neurological scales have been designed to track impaired behaviors mostly after stroke (which
usually results in motor deficits) but also after other brain injuries possibly resulting in coma [43, 52, 53].
Nevertheless, no standard measure has been previously presented as a rat coma scale. In the attached
manuscript 1, we present the development of a rat coma scale and comment on the challenges that

emerge when designing a tool for neurological assessment of coma in rats.

Pupil changes in response to light are evaluated as part of the brainstem reflexes tested in some coma
scales. Dilations are controlled by noradrenergic fibers of the sympathetic system that contract the pupil
dilator muscle, while constrictions depend on acetylcholinergic fibers of the parasympathetic system that
act on the iris sphincter muscle. The pupillary reflex measures the integrity of the circuitry involved in pupil
constriction upon light stimulation (cranial nerves Il and lll, and the pretectal and Edinger-Westphal nuclei

of the midbrain) and it is thus a good indicator of brainstem damage.

Eye tracking software can be additionally implemented to assess the degree of interaction of the patient
with the environment [54]. Besides the pupil response to light and the movement of the eyes, the
spontaneous fluctuations of the pupil size in the absence of stimulation can be used to assess
consciousness in human subjects. Passive dilations of the pupil have been demonstrated to reflect arousal,
attention and cognitive or emotional processing in humans and non-human animals [55-57]. Thus, the
establishment of pupillometry can provide a direct measure of arousal in individuals with otherwise low

communication capabilities.

When combined with other methodologies like fMRI, pupillometry can help identifying brain networks
involved in arousal. Although several research centers have established this multimodal approach in
humans and identified specific networks in the brain that presumably reflect the level of pupil-based arousal,
translational studies using fMRI to study consciousness in rodents have not yet investigated the relationship
between the brain networks and the passive dilations of the pupil, mainly due to the challenging
environment of small animal MRI (e.g. small bore size and high magnetic fields). The merging of brain
function and its behavioral output is a critical step to understand conscious processing, and a platform
allowing to study both simultaneously in animals would amplify our knowledge on this matter, as invasive
manipulations of the brain could be easily incorporated to dissect the neural correlates of consciousness.
In one of the works carried out during this PhD, a platform was established that combined fMRI with

concurrent pupillometry and calcium imaging in rats (attached manuscript 2). This approach allowed us

to analyze the neural dynamics of the whole brain in parallel to the spontaneous fluctuations of the pupil
size in anesthetized animals. Results from this multimodal study suggest the existence of pupil-governed
oscillatory states that correlate with an fMRI pattern involving most cortical areas, thalamus, superior

colliculus and the noradrenergic group A5 of the brainstem.
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Table 3. Comparison of the three main human coma scales: the Glasgow Coma Scale [58], the Coma

Scale Revised [59] and the Full Outcome of Unresponsiveness [60].

. Glasgow Coma Scale s Coma Scale Revised uII Outcome of UnResponsiveness |
> 4 Not intubated, regular breathing
8 3 Notintubated, Cheyne-Stokes
é 2 Not intubated, irreg. breathing
% 1 Breathes above ventilator rate
© 0 Breathes with ventilator / apnea

4  Pupil + corneal
=0 . .
E Q 3 One pupil wide and fixed
2 ; 2 Pupil or corneal
% E 1 No pupil or corneal, only cough
0 No pupil, corneal or cough
o 4 Spontaneous eye open. 3 Attention 4  Eye open.+ track / blink to command
% 5(,' 3 Eye open. to speech 2 Eye open. without stim. 3 Eye open. but no track
% 3 2 Eyeopen.topain 1 Eye open. with stim. 2 Eye open. to loud voice
5 E(: 1 Eyes closed 0 Eyes closed 1 Eye open. to pain
E 0 Eyesclosed
6 Obeys command 6  Functional object use 4  Obeys hand position
¢ué 5 Pain localization 5 Automatic motor response 3 Pain localization
8 4 Normal flexion withdrawal 4  Object manipulation 2 Normal flexion withdrawal
g 3 Abnormal flexion to pain 3 Pain localization 1 Abnormal extension to pain
g 2 Abnormal extension to pain 2 Normal flexion withdrawal 0 No response/myoclonus
é 1 No response 1  Abnormal posturing
0 No response / flaccid
5 Oriented 3 Intelligible verbalization
g 5 4 Confused 2 Vocalization/ oral movement
8 E 3 Inappropriate words 1  Oral reflexive movement
ﬁ g 2 Incomprehensible sounds 0 None
:"n:' E 1 Noresponse 2  Functional: accurate
é 8 1 Non-functional: intentional

0 None
4  Consistent mov. to command
% 5 3  Reproducible mov. to command
= 5 2 Sound localization
oz
= 1 Auditory startle
0 None
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Object recognition

Obiject localization (reaching)
Visual pursuit

Fixation

Visual startle

VISUAL FUNCTION
© =~ N W A O

None

Score range: Score range: Score range:
3-15 0-23 0-16

3.2.Detecting abnormalities in brain structures

In order to better understand the brain damage behind the unconscious state, anatomical images of the
brain are needed. A computed tomography (CT) scan is the primary imaging modality performed upon
admission of the patient into a hospital to distinguish between traumatic and non-traumatic causes of coma
[61]. CT produces cross-sectional X-ray images of the brain which can be reconstructed into a 3D volume,
where tissues are differentiated based on their density (i.e. on their ability to “stop” the X-rays). Additionally,
contrast agents may be administered to provide better contrast of soft tissues and detect hemorrhage [62].
The main advantage of CT is that it is inexpensive and relatively fast, although it has the disadvantage of

exposing the body to ionizing radiation.

In contrast to the X-ray based CT, MRI is a complex technique that uses a combination of high static
magnetic field (Bo) and radio frequency (RF) pulses (B field) to generate images with a highly diversified

variety of contrasts. All works presented in this thesis use MRI as the main imaging methodology.

The most common MRI sequences are based on the detection of the hydrogen proton (H*) throughout the
body. When H* is exposed to a Bo, its magnetic moment precesses around the Bo axis (i.e. the longitudinal
axis of the MRI scanner) at a frequency equal to its gyromagnetic ratio (y, 42,52 MHz/T) multiplied by the
Bostrength (Bo= 14T, for the work performed in this thesis). This precession rate is called Larmor frequency

(wL), and it defines the velocity at which H* precesses in a particular Bo (Equation 1).
wL =y Bo
Equation 1. Larmor equation.

The sum of all the magnetic moments of all H* spins aligned with BO results on a net longitudinal
magnetization (Mo). H* spins that are precessing around the z axis (parallel to Bo) can be tilted towards the
x-y plane by applying an on-resonance RF pulse, matching the Larmor frequency, perpendicular to Bo. The
rotation of spins from z to x-y occurs with a particular flip angle (a) that is proportional to the amplitude and
duration of the RF pulse. This results on a loss of Mo and the generation of transverse magnetization (Mxy)
immediately after each RF pulse. After excitation, Mo tends to regrow and My becomes smaller, due to
spin-lattice relaxation and spin-spin relaxation, respectively. The time required for Mo to recover 63% of its
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original value, after the RF excitation, is characteristic of each tissue and is called longitudinal relaxation
time constant (T1), responsible for the T+ contrast, which distinguishes bright white matter from dark
cerebrospinal fluid, for instance. The time after which My has reduced to 37% of its original value is defined
as the transverse relaxation time constant (T2), which reflects spin-spin interactions that are, again, specific
for each tissue (although the transverse relaxation can also be affected by Bo inhomogeneities, in such
case the time constant is called T2*). T2 contrast allows to detect, for example, cerebrospinal fluid or
cytotoxic edema (e.g. after stroke) that appear hyperintense in the MR image [63-67]. This contrast was
used to detect cerebral damage in the rats subjected to vasoconstriction of the brainstem (attached
manuscript 1) and its validity was demonstrated with post-mortem histopathology. T2* contrast is the basis
of BOLD fMRI (see next section).

The selection of a particular repetition time (TR, or the time between excitation pulses) and echo time (TE,
or the time between the RF pulse and the readout of the signal) determines the weighting of the MR image

towards T4, T2 or proton-density contrast.

Although more expensive, the safety of MRI (it does not use ionizing radiation) and its major capacity to
detect brain lesions places it as the preferred modality to track brain lesions. Due to the complexity and the
promising capabilities of MRI, a broad line of research is devoted to the improvement of MR sequences to
achieve higher temporal and spatial resolution with better contrast, which is placing it as the gold standard

soft-tissue imaging technique for diagnosis of brain-injured patients [68].
3.3.Assessing brain function

The living brain encompasses a wide variety of networks whose dynamic functional connectivity (i.e.
temporal correlation) is believed to support specific neurological states. Resting-state functional MRI (rs-
fMRI) emerges as a technique that allows visualization of neural activity from all voxels within the brain with
relatively high spatial resolution. Its most common contrast is naturally given by the content of oxy- vs.
deoxy-hemoglobin in the blood (Blood Oxygen Level Dependent signal (BOLD)). BOLD fMRI relies on the
fact that more active neuronal populations receive more oxygenated blood, which translates into higher
MRI signals (oxy-hemoglobin is diamagnetic and produces a signal without dropout, compared to the
deoxy-hemoglobin, which is paramagnetic and exhibits a fast decay). The process by which neuronal
activity triggers more oxygenated blood towards the active locus is called neuro-vascular coupling, and the
exact mechanism behind it constitutes a very active area of research (astrocytes are promising players to
mediate dilation of the microvasculature near active neurons [69, 70], although they are not the only
candidates [71]).

Fluctuations of the fMRI signal observed in synchrony from different areas during a task-negative paradigm
(i.e. rest) can be used to uncover resting-state networks (RSN) which connectivity may modulate particular
brain functions [72]. Biswal implemented, for the first time, a temporal correlation analysis between the time

course of voxels in the sensorimotor cortex and all other time courses in the rest of the brain to identify
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components of the sensorimotor network (seed-based analysis of connectivity) [73]. The general
assumption is that signals that co-fluctuate proceed from connected structures. The study of RSN is
becoming particularly useful in the diagnosis of diverse neurological conditions [74]. Especially, the resting
state default mode network (DMN) has been reliably observed to decrease its connectivity as a function of
the DOC severity, disappearing completely in brain death [74-76]. Besides its usefulness to diagnose
neurological conditions and distinguish between groups of study, rs-fMRI can be used in longitudinal studies
to track recovery from a brain insult. In the attached manuscript 1, a voxel-wise analysis of connectivity

was performed from the rs-fMRI acquired in rats every hour after the onset of coma. This strategy allowed
to build a slope map (by concatenating the individual connectivity maps acquired at different post-coma
times) and identified key structures that exhibited a longitudinal increase of connectivity and that may hence

participate in the recovery from coma (see Fiqure 5 of the attached manuscript 1).

Due to the indirect link between the neuronal activity and the BOLD signal, one of the challenges when
performing rs-fMRI is to correctly differentiate between the neural-driven oscillations and other potential
sources that may contaminate the fMRI signal. fMRI is extremely sensitive to motion (especially in high
magnetic field MRI systems), which makes it vulnerable to head movements and physiological noise (i.e.
heart beating and respiration). To clean-up the fMRI data, methods to detect and remove potential artifacts
have been developed for human fMRI [77]. In contrast, the rodent fMRI community has not carefully
investigated the potential influence of the physiological noise on the fMRI signal and current preprocessing
pipelines are limited to motion correction. One of the works performed during this PhD (attached
manuscript 3) evaluated the influence of the respiration on rat fMRI. Spontaneous breathing in non-
paralyzed anesthetized animals is accompanied by thoracic motion, which translates into chest and neck
movements that alter the homogeneity of Bo and hence, causes image distortions. Due to the low temporal
resolution of the fMRI studies (a minimum TR of 0.5s for whole brain rat fMRI in a high field MR scanner),
the respiratory signal of rats (~1Hz) cannot be appropriately sampled, and an aliased signal (respiration
signal down-sampled at 1/TR) emerges in the data. In this work (attached manuscript 3), we demonstrated
that the spectral bandwidth of this artefactual signal can be narrowed by imposing mechanical ventilation
(i.e. forcing the respiratory cycle to be constant during the whole scan), which facilitates post-hoc filtering.
Furthermore, by using mechanical ventilation, the artifacts can be deliberately shifted to a certain frequency
by imposing a slightly different ventilatory rate in the animal. Ventilated paralyzed animals, in which only
the lungs are inflated during the inspiration process (i.e. no accessory muscles are involved) show a
significantly smaller influence of breathing on the fMRI signal, and therefore studies involving paralyzing
agents benefit from cleaner fMRI data. Nevertheless, in occasions it is not possible to paralyze the animal
due to specific experimental requirements (e.g. in awake studies). This was the case for the study

performed in comatose rats (attached manuscript 1), in which no drug was added to the animals in order

to avoid potential biological differences between groups. In this scenario, an alternative solution consisted

on acquiring control data from healthy anesthetized animals with similar breathing-derived motion and
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assess the extent to which the respiration artifacts contributed to the observed results (see Supplementary

Figure 7 of the attached manuscript 1).

A less expensive (and consecutively more broadly available) imaging technique to inform about the brain
function in DOC patients is positron emission tomography (PET). PET relies on the detection of specific
compounds labeled with a radio-active tracer that are injected intravenously. The most typical tracer
molecule is fluoro-deoxyglucose (2-deoxy-18fluoroglucose), which is a glucose analog labeled with the
radionuclide fluorine-18 that allows tracking glucose consumption in the brain. In the field of DOC, fluoro-
deoxyglucose has been used to demonstrate the lower brain metabolic activity in patients lacking
awareness (i.e. coma or vegetative state) [78, 79]. Using a different tracer (Oxygen-labeled water
(H2(15)0)), regional cerebral blood flow measured in vegetative state patients demonstrated how the
deficient thalamocortical connectivity was regained after patients recovered consciousness [80]. The main
disadvantage of PET is the involvement of radio-active compounds and its lower temporal resolution
(minutes) compared to fMRI. On the other hand, it is considerably less expensive, and it allows tracking
specific metabolic processes in a more direct way (i.e. avoiding the assumption of normal neurovascular

coupling).

In humans, the most common form of recording neurological activity is scalp EEG. EEG directly measures
the current generated upon neuronal firing with high temporal resolution in a relatively cheap and portable
manner, but it presents the disadvantage of having a low spatial resolution. While cortical regions are
reliably mapped with scalp EEG, the inference about the activity of deeper brain areas constitutes a major
challenge (the specific sources of the recorded activity are unknown, what is called the “inverse problem”).
In invasive animal studies, this problem is solved by using thin electrodes that can be directly lowered at
the desired positions within the brain parenchyma, which allows recording the activity of the local neuronal
population (Local Field Potentials (LFP)). Cortical activity measured from a single electrode can be reliable
enough to track radical neurological changes. For example, in the study of coma in rats subjected to diffuse
brainstem injury, a single electrode demonstrated the radical evolution of cortical activity from isoelectricity
(upon the comatose insult) to burst-suppression patterns and to slow rhythms during early recovery from

coma (Fiqure 3 of the attached manuscript 1). Modern electrophysiology systems include denser

electrode arrays that allow recording from multiple brain sites, which has proven to be a successful way of

mapping specific brain areas with higher spatial resolution [81].

In invasive animal studies, an optical fiber connected to a photomultiplier or a two-photon microscope can
be used to image the fluorescent signal emitted by the calcium-sensitive protein GCaMP to track neural
activity at a specific location. By choosing specific promoters, GCaMP can be expressed in different cell
populations (e.g. in particular groups of neurons or astrocytes), which makes this technique much more
specific than the electrophysiological counterpart, while granting similar temporal resolution. Neuronal
calcium imaging was used in combination with LFP to better understand the cortical changes occurring

during coma induction in rats (attached manuscript 1). The fact that calcium imaging does not produce
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electromagnetic interference allows its merging with fMRI (attached manuscripts 2 and 4), which

constitutes another advantage of this technique over the conventional electrophysiology, which inclusion in
fMRI measurements requires complex manipulation of the hardware. Using the same technical approach,
other molecules different from calcium can also be imaged by expressing proteins that report fluorescent

signals upon binding to different target molecules (e.g. glutamate sensitive proteins).
3.4.Studying the brain response to stimulation (evoked studies)

Most functional imaging techniques can be merged with stimulation paradigms to assess the integrity of

specific circuits or to infer conscious processing.

Median nerve stimulation combined with EEG allows detection of a two-components-response in the
healthy brain: an early local response in primary somatosensory cortex and a late signal spreading towards
parietal areas [82] [83]. During unconsciousness, only a local early response remains [83]. The prevalence
of cortical activation in remote areas can be considered as cortico-cortical effective connectivity, and is
disrupted in early stages of non-REM sleep [84] and during anesthesia-driven loss of consciousness [82].
Therefore, the extent and timing of the evoked EEG response serves as a marker of consciousness.
Alternatively, the brain response to a given stimulus can be analyzed in terms of information content through
different methods [83, 85-88]. Studies using these approaches demonstrate that cortical activity must retain
a certain complexity level and integrate multi-site information to allow conscious processing in the awake
brain [89].

In fMRI, task-based paradigms that involve active thinking of the subject are useful for the differential
diagnosis of syndromes like vegetative state vs. locked-in. For instance, the premotor cortex activates when
a conscious subject is asked to imagine himself playing a sport [90]. In contrast, when subjects lack

awareness, no behavioral responses nor fMRI-discovered cortical activation are observed.

Multimodal studies involving fMRI and cell-specific stimulation in animals offer the possibility of investigating
circuit-specific dynamics. One of the main stimulation techniques in modern animal experiments is
optogenetics, which involves expression of channel-rhodopsin (ChRz2, a light-activated cation channel) in
the target area followed by delivery of blue light pulses to produce cell depolarization [91]. In contrast to
electrical stimulation, optogenetics allows a much more specific interaction with the neural components, as
the expression of ChRz is controlled by specific promoters and, therefore, activation upon stimulation occurs
in a particular cell population only. Stimulating and recording the activity of neurons in deep nuclei in parallel
to whole brain fMRI constitutes a promising methodology to dissect neuronal circuits of arousal. The main
challenge of deep-brain optogenetic stimulation is the fact that targeting deep brain structures remains
poorly reliable. Although brain atlases exist that provide approximate coordinates of the nuclei, the size of
the animal brain is variable, and so is the skull from which coordinates are referenced, which results in
limited successful rates when targeting small deep brain nuclei. In order to minimize the targeting error (a

limiting factor in deep brain studies), a robotic arm was developed (attached manuscript 4) that allows
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remote positioning of fibers (or cannulas for injection) with real time MRI feedback. This newly-developed
positioning tool leads to reliable targeting and, hence, precise activation of neural circuits that can be

studied through fMRI during variable conscious states.

Despite all the available techniques to investigate the neural correlates of consciousness, critical
information that is necessary for the design of a potential treatment of coma and other disorders of
consciousness is not available yet. Nevertheless, important efforts have been made in the past 100 years
that do provide certain insights into how the brain regains arousal and awareness, which are summarized

in the following section.
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4. NEURAL CORRELATES OF CONSCIOUSNESS
How does the brain support consciousness? Evidence from animal and human studies.
4.1.The brainstem

A number of experimental animal works performed in the 1930-1950’s identified the pons and the midbrain
as brain regions critical for arousal [92-96]. Transection studies in cats demonstrated cortical deactivation
or slow wave rhythms upon disconnection of the brainstem from the diencephalon (first presented by
Bremer as the “Cerveau isolé” preparation) [95, 97, 98]. In contrast, cortical activity remained almost
unaffected when transections were performed below the medulla (“Encephale isolé”) [95]. The reactivation
of the cerebral cortex in anesthetized cats upon stimulation of the brainstem nuclei provided the first
evidence of an activating system originated in the brainstem reticular formation [96]. Recent works involving
pontine stimulation in anesthetized animals are also supportive of the role of the brainstem nuclei in arousal
[99]. Additionally, traumatic brain injury human studies have detected disruption of the brainstem-thalamic
and brainstem-basal forebrain connections in comatose patients, further demonstrating the role of the

brainstem reticular formation in modulating consciousness [31].

The following nuclei within the brainstem tegmentum are candidates to support arousal: the cholinergic
laterodorsal tegmental nucleus (LDT), the pedunculopontine tegmental nucleus (PPT), the serotonergic
Raphe (R), the noradrenergic locus coeruleus (LC), the autonomic parabrachial nucleus (PB) and the
periaqueductal gray matter (PAG), among others. Nevertheless, no bilateral lesion of any particular nucleus
in isolation has been reported to cause coma. In contrast, impairment of a combination of these nuclei is
observed in patients with brainstem coma [100], and in comatose rats subjected to diffuse brainstem

damage (attached manuscript 1).

There is a growing evidence suggesting that the dopaminergic cells in the ventral tegmental area (VTA), in
the rostral brainstem, could be a promising target to promote wakefulness from unconscious states.
Electrical stimulation of this area, as well as optogenetic stimulation of its dopaminergic cells, produced
arousal in rodents under general anesthesia [37, 101, 102]. The VTA receives inputs from cholinergic nuclei
in the brainstem that have been repeatedly observed to be damaged in comatose patients [100, 103, 104].
Studies testing the effects of VTA stimulation in comatose patients or animal models of coma may shed

light and the potential role of this nucleus in the recovery of consciousness after brain injury.
4.2.The cerebral cortex

Many studies have placed the cortical mantle (or more specifically, the connections within it) as the
substrate of consciousness in the human brain [83, 85, 105]. Cortical activity by itself, measured with EEG,
can reliably identify the depth of anesthesia [24]. A slow-wave recording indicates synchronous neuronal
activity, which occurs upon deactivation of the reticular formation pathways, after excessive inhibition of the

globus pallidus on the thalamus or upon cortical deafferentation (e.g. in coma) and it is chosen as the ideal
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rhythm to produce unconsciousness during surgery [16, 24]. In contrast, a desynchronized EEG (low

voltage fast activity waves) is typical of awake states.

Quiet wakefulness is commonly observed from human EEG as electrical activity oscillating at 8-13Hz
(alpha), usually in occipital and parietal cortex while eyes are closed. Occipital alpha disappears and may
be converted into frontal alpha (anteriorization) during transition to drowsiness, together with the emergence

of slow waves [106-108].

EEG synchronization in the gamma band (30-80 Hz) has been reliably observed during visual studies
performed in cats [109], and its power is decreased in patients under general anesthesia [110], which
suggested a role of these fast oscillations in attentional processes. However, gamma synchronization has
also been observed in NREM sleep or during seizures, implying that this rhythm might not be such a good

indicator of attention.

As cortical activity may reflect both, thalamocortical processing (e.g. somatosensory processing) as well as
conscious processing (e.g. attention to a given stimulus), several studies have opted to dichotomize
conscious and unconscious perception conditions by exploring specific disorders like visual neglect, where
a subject may process information of his visual field without being aware of it [111]. This kind of conditions
demonstrate that the somatosensory cortex is not necessarily involved in consciousness (or, at least, its
activation is not enough to allow conscious perception). Disruptions in the fronto-parietal network can result
in visual neglect [112], suggesting a relevant participation of the frontal cortices in attentional processes.
However, multiple literature references suggest that consciousness depends largely on the posterior rather
than the anterior cortex. The frontal cortex loses communication with the posterior regions during
anesthesia [86, 110, 113], and its activation is reduced during vivid imaginary experiences [114]. Besides,
preservation of the parietal-occipital cortex, but not necessarily the frontal regions, is associated with better
neurological function in DOC patients [74, 115, 116]. Based on the existing literature [117-120], it seems
that the human prefrontal cortex is mainly associated to higher processing of the senses, while the occipital
cortex may be more related to inner perceptions. For a review investigating the relevance of the anterior
vs. posterior cortex in consciousness, see reference [105].

Within the cortex, layer 5 is likely to play a major role in the process of conscious perception, as indicated
by animal behavioral studies with parallel calcium recordings in this layer [121-123], the fact that pyramidal
cells in layer 5 are less active during slow wave sleep [124, 125] or the disrupted coupling between supra

and infragranular layers during unconscious states [126].

Despite the multiple studies awarding conscious roles to the cerebral cortex, complete decerebration in
animals did not cause permanent coma [92, 94]. Similarly, patients with hydranencephaly (almost inexistent
cerebral cortex) can show signs of awareness [127], which questions the need of a cerebral cortex to

perform conscious actions [128].
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4.3.Subcortical structures outside the brainstem

Several reports have demonstrated the involvement of the thalamus in consciousness [129-132].
Intralaminar nuclei, connected to the fronto-parietal cortex, are activated during attention [133], and
stimulation of the central thalamus improved behavioral responsiveness in a patient in a minimally
conscious state [3] (potential mechanisms described elsewhere [131, 134]). Interestingly, it has been
proposed that, while fronto-parietal connectivity during anesthesia relates to the concentration of anesthetic
agent in blood, the thalamic connectivity could be a better indicator of the real level of consciousness [135].
In animals, electrical stimulation of the central thalamus produced an increase in arousal [131] and
administration of a cholinergic agonist into this nucleus allowed rats to wake up from general anesthesia
[136]. On the other hand, despite the potential benefits of thalamic stimulation [130, 131], massive thalamic

dysfunction does not cause coma in animals [36] or humans [137, 138].

Neuronal populations of the lateral hypothalamus (LH) are involved in cortical arousal [139-142].
Consistently, several studies have identified damage to the orexinergic population of LH or to the
histaminergic cells of the tuberomammillary nucleus in comatose patients [143], and suggested a
dependency of coma recovery on the orexin levels of this nucleus [43, 144]. One of the main targets along
the ascending circuits from LH are the cholinergic (but also GABAergic of glutamatergic) nuclei of the basal
forebrain [145], which have been repeatedly reported to mediate wakefulness, attention and learning in
humans and animals [146-152].
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Figure 2. Arousal circuits in the rat brain. NE: norepinephrine, Ach: acetyl-choline, DA: dopamine, 5-HT:
serotonin, Glu: glutamate, H: histamine. A: amygdala, B: nucleus basalis of Meynert, CPu: caudate-
putamen, D: diagonal band of Broca, GP: globus pallidus, LC: locus coeruleus, LDT: laterodorsal tegmental
nucleus, LH: lateral hypothalamus, MS: medial septum, NA: Accumbens nucleus, PAG: periaqueductal
grey, PB: parabrachial nucleus, PPT: penduculo-pontine tegmental nucleus, R: Raphe, Ret.F: other nuclei
of the reticular formation, SN: substantia nigra, TM: tuberomammillary bodies, VTA: ventral tegmental area.
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In contrast to the historic relevance of the hypothalamic-basal forebrain activating system in consciousness,
the role of the basal ganglia has been less considered and, in occasions, pieces of evidence have
suggested their poor involvement in consciousness [153-155]. Nevertheless, several reports suggest that
the dopaminergic system could play a role in arousal, as indicated by the behavior of dopamine-deficient
mice [156, 157] and the fact that stimulation of the globus pallidus interna produced wakefulness in a human
subject under anesthesia [158]. Besides, DOC patients show decreased connectivity between these nuclei,
the thalamus and the frontal cortex [159], and the dorsal striatum decreases its connectivity in anesthetized
animals [113]. The basal ganglia modulate thalamocortical connections, and thereby may be able of
participating in conscious processing, which has been suggested as a possible mechanism by which
hypnotic drugs like zolpidem [1] or midazolam [2] can affect the recovery of human consciousness after
coma [160].

Other widely connected structures like the cerebellum are not believed to be necessary for consciousness,

as demonstrated by cases where cerebellar agenesis did not impair cognitive functions significantly [161].

In general, loss of consciousness seems to imply functional clusterization at different brain levels, and often,
it is an interplay between distant brain regions what seems to provide the propitious background for
conscious processing to occur [116, 162, 163]. As pointed out above, the functionality of the fronto-posterior
cortical axis is decreased during loss of consciousness [164], and the same occurs along the thalamo-
cortical projections [165]. Similarly, as sleep transits from one stage to another, the connectivity between
multiple regions in the brain changes [166]. The functional study conducted in the comatose rats with

brainstem damage (attached manuscript 1) exemplifies the tendency of the neural networks to re-connect

as the brain heals.
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5. CONCLUSIONS AND FUTURE OF RESEARCH

The more we know, the more we realize that we might not be able of truly understanding the complexity of
human consciousness. One of the reasons of such intricacy is the fact that consciousness, although
partially measurable, is a subjective experience, and being able of isolating it from the whole variety of
human behaviors might be unfeasible. However, experiments where the brain function can be tracked
during the transition from unconscious to conscious states (e.g. from anesthesia or coma towards states of

wakefulness) offer an opportunity to investigate the foundation of consciousness in relative isolation.

Although anesthesia provides a platform to reliably induce unconsciousness, we know that this state is
different from the unconscious state that emerges after brain damage, and therefore, although valuable,
anesthesia studies cannot provide enough information to set the basis of human natural loss or regaining

of consciousness after brain injuries.

An additional problem is the fact that, in the same way that anesthesia and coma are not the same thing,
the coma that emerges upon each subject-specific injury might also be different, and hence, it might not be
feasible to build a robust understanding, from all different human cases, about how coma appears and how
consciousness may be potentially resumed.

Animal models of coma offer the critical advantage of simplifying the clinical scenario focusing on one single
cause of coma and, equally important, of allowing invasive procedures at every time-point during induction
and recovery, which could provide detailed proof of the mechanisms behind each of the coma stages.
Although a translation from animals to humans may not be direct, a series of coma models mimicking
different human comas could certainly guide research towards better treatments to ameliorate the

consequences of comatose insults in humans.

For the scientific community to better understand consciousness from animal models, new platforms need
to be implemented that allow reliable detection of cell-specific subcortical function. Although whole-brain
mapping can be achieved with fMRI, this imaging modality is not specific enough; therefore, fMRI reports
should be complemented with other imaging techniques like calcium imaging from particular groups of

neurons or with optogenetic stimulation of specific circuits.

This thesis provided several platforms to facilitate the study of consciousness. The first one is a model of
brainstem coma, which allows inducing a human-like coma in the rat brain. The second one is the
implementation of pupillometry in rodent fMRI, which allows adding an arousal index (equivalent to
behavioral responses) to the functional images of the brain. This additional measure is particularly important
in consciousness research because animals inside the MR scanner are isolated from the researcher and
their behavioral state is unknown during the fMRI scan. The third one, is a tool for remote positioning of
stimulation/recording fibers during MRI experiments, which copes with the problem of mistargeting deep

brain nuclei and allows precise dissection of brain circuits.
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Using the brainstem coma model, we identified a group of brain nuclei that re-connected during acute
recovery from coma (in parallel to improved neurological function assessed with the Tiibingen-Boston rat
coma scale). This increase of connectivity in subcortical areas, assessed with fMRI, was associated to the
re-activation of the cortex, which electrical activity was studied through LFPs. A future study should perform
fMRI with parallel calcium imaging from the cerebral cortex, to investigate in detail the link between
subcortical connectivity and cerebral function within the same animal as a function of the post-coma time.
Additionally, this future study should take advantage of the here established MRI-compatible pupillometry
(manuscript 2) to obtain a behavioral index during recording of brain function. Ideally, a separate group of
animals would be assessed behaviorally outside the scanner with continuous pupillometry assessment
during recovery from coma, the purpose being to find an equivalence between the scores obtained from
the rat coma scale and the pupil dynamics. Pupillometry may additionally provide insights into the potential
fluctuations of the brain state during coma (for instance, identifying certain time windows when the brain
state is more susceptible to be altered). In this way, the results obtained from manuscript 1 should be
reproduced at single subject level, which may allow a more exhaustive multi-modal analysis of the neural-

behavioral re-configurations.

Given that the function of LH could not be reliably investigated due to certain limitations of fMRI (i.e., non
cell-specific, susceptible to artifacts), a future study should combine the fMRI with a more direct measure
of neuronal activity in this region during recovery from coma. As LH is a deep brain nucleus, the MRI-
compatible robotic arm (introduced here as manuscript 4) should be used to improve the reliability of the

measurement. This experiment would help clarifying the role of LH on the early recovery from coma.

Last, the subcortical network here identified (basal-ganglia - basal-forebrain - thalamus) should be regarded
as a promising target to modulate in future studies, either with optogenetic stimulation of the different
components or by using pharmacological treatments to interfere with their function. This could constitute a
new line of studies devoted at dissecting the subcortical circuit and, eventually, enabling a faster recovery
from coma. The successful shortening of the recovery time in the rat brainstem coma model would translate

into a potential treatment for human coma.

In summary, animal models are needed to reproduce human coma in a scenario that allows precise and
multimodal investigation of the neural correlates of consciousness. The establishment and characterization
of these models with newly available methodologies, could provide neurologists in critical care units with a
guide to develop treatment strategies for comatose patients. This thesis aimed at initiating a step forward

in this direction.
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SUMMARY TABLE

Scientific question

Methodology employed to

answer the sci. question

Publi-

-cation

Novelty of the performed research
(impact on the field of Neuroscience)

Can we reproduce
brainstem coma in a rat?

Build a model of coma by
causing brainstem ischemia

What are the potential
nuclei mediating coma?

T2-weighted MRI

Do rats improve their

neurological function

after this brainstem
coma?

Design a scale to quantify
neurological function from
behavioral responses in the rat

How does the brain
recover from coma?

Longitudinal electrophysiology

Longitudinal fMRI

> 1St model for acute evaluation of

brainstem coma in the rat

> 1St Rat Coma Scale

> 1%telectrophysiological traces observed

during brainstem-coma induction and
hyper-acute recovery: transient burst
suppression may be a hallmark of acute
coma states

1St whole-brain fMRI longitudinal
assessment during the acute coma
recovery: basal ganglia, basal forebrain
and thalamus re-connect during acute
natural recovery of consciousness

New methodology to track voxel-wise
connectivity changes: Eigenvector
Centrality Mapping Slope map
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ARTICLE INFO ABSTRACT

Keywords: Despite the association between brainstem lesions and coma, a mechanistic understanding of coma pathogenesis
Coma and recovery is lacking. We developed a coma model in the rat mimicking human brainstem coma, which allowed
Consciousness multimodal analysis of a brainstem tegmentum lesion's effects on behavior, cortical electrophysiology, and global
Brainstem brain functional connectivity. After coma induction, we observed a transient period (~1h) of unresponsiveness
accompanied by cortical burst-suppression. Comatose rats then gradually regained behavioral responsiveness
concurrent with emergence of delta/theta-predominant cortical rhythms in primary somatosensory cortex. During
the acute stage of coma recovery (~1-8h), longitudinal resting-state functional MRI revealed an increase in
functional connectivity between subcortical arousal nuclei in the thalamus, basal forebrain, and basal ganglia and
cortical regions implicated in awareness. This rat coma model provides an experimental platform to systematically
study network-based mechanisms of coma pathogenesis and recovery, as well as to test targeted therapies aimed

Arousal nuclei
Animal model
Functional connectivity

at promoting recovery of consciousness after coma.

1. Introduction

More than one million people worldwide experience a coma every
year due to brainstem lesions caused by trauma, stroke, and other se-
vere brain injuries (Maas et al., 2017; Edlow et al., 2014). Many die
from their injuries or never recover consciousness, remaining in a
vegetative state (Giacino et al., 2018). However, recovery of con-
sciousness is possible in comatose patients who retain a sufficient
number of subcortical projections to reactivate the cerebral cortex
(Thengone et al., 2016; Katz et al., 2009; Giacino et al., 2014; Schiff
et al.,, 2007). For these patients, the cortex remains quiescent until
ascending neural activity from subcortical arousal nuclei in the brain-
stem, thalamus, hypothalamus, or basal forebrain is restored (Schiff
et al., 2007; Laureys et al., 2000; Schiff, 2010). Yet, the relative con-
tributions of the brainstem, thalamus, hypothalamus, and basal fore-
brain to the reemergence of consciousness after brainstem-lesion
induced coma are unknown (Schiff, 2010). Animal coma models could
provide critical experimental platforms to study the neural mechanisms

* Corresponding author. Max-Planck-Ring 11, 72076, Tuebingen, Germany.
E-mail address: xin.yu@tuebingen.mpg.de (X. Yu).
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relevant to key brain state dynamic changes, which can help elucidate
the neural basis for the reemergence of consciousness.

The neuroanatomic basis of consciousness has historically been
studied using a lesional approach in which animal brains are examined
under different surgical conditions. Removal of both cerebral hemi-
spheres does not cause coma in rats, cats or dogs (Bignall and Schramm,
1974; Bell et al., 1933; Woods, 1964; Tonkovic-Capin et al., 1985), with
animals being able to right themselves (return to the upright position),
eat and even groom. These findings demonstrate the challenge of pro-
ducing an animal coma model, while also highlighting the critical role of
subcortical brain lesions for coma induction. Brainstem transection and
stimulation studies further demonstrate that, although medullary nuclei
modulate vital functions (Gromysz and Karczewski, 1981), it is the
pontomesencephalic tegmentum that is most involved in arousal
(Lindsley et al., 1949; Moruzzi and Magoun, 1949). Transections at this
level result in cortical deactivation and the emergence of bursts (Lindsley
et al., 1949), whereas stimulation of the pontomesencephalic tegmentum
results in cortical excitability (Moruzzi and Magoun, 1949). Numerous
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animal studies have further verified that brainstem tegmentum lesions or
inhibition are associated with altered consciousness (Fuller et al., 2011;
Abulafia et al., 2009; Lindsley et al., 1950; Hayes et al., 1984; Webster
and Jones, 1988; Jones et al., 1977; Hobson, 1965; Yang et al., 2018). For
example, a rodent model involving chemical lesions of the
parabrachial-precoeruleus complex created a coma-like brain state with
sub-1 Hz cortical EEG (Fuller et al., 2011). Lesions involving the ponto-
mesencephalic tegmentum have similarly been observed in human pa-
tients with coma (Parvizi and Damasio, 2003; Rosenblum, 2015; Edlow
et al., 2013; Fischer et al., 2016).

Despite extensive animal and human evidence for the role of brain-
stem arousal nuclei in regulation of consciousness, few studies have
investigated neurological state changes during coma induction or acute
recovery of consciousness following brainstem lesions in patients or in
animal models. A transient coma can be caused by administration of
neuro-toxins (Sonobe et al., 2015; Sonobe and Haouzi, 2015; Tamaoki
et al., 2016), anesthetics (Abulafia et al., 2009; Devor and Zalkind, 2001),
or cholinergic agonists (Katayama et al., 1986), but the induced coma
state is brief (e.g. 5-10 min) (Sonobe and Haouzi, 2015), dose-dependent,
and associated with high fatality rates. Hypoxic-ischemic brain injury
models in rats (Shoykhet et al., 2012; Manole et al., 2014; Katz et al.,
1995; Jia et al.,, 2006; Kawai et al., 1992; Geocadin et al., 2000;
Muthuswamy et al., 2002; Liachenko et al., 1998) and dogs (Leonov
et al., 1990) can trigger coma, but the global neuronal injury precludes
identification of specific brainstem nuclei whose lesioning causes coma
and the subcortical circuits that are critical to recovery. Animal models of
severe traumatic brain injury (Xiong et al., 2013) provide an opportunity
to study coma but involve multifocal lesions and multiple pathophysio-
logical processes (e.g. contusions and axonal shearing). Therefore, new
animal models are needed to mimic clinical brainstem injury and to
produce a coma of sufficient duration to study mechanisms of recovery.

Here, we describe a diffuse brainstem tegmentum lesion in the rat
that reproducibly generates a coma of sufficient duration to enable
comprehensive behavioral, electrophysiological, and radiological char-
acterization of the comatose brain. A vasoconstrictor, endothelin-1 (ET-
1), was injected into the brainstem to cause ischemic injury to the
brainstem tegmentum, resulting in infarction of multiple brainstem
arousal nuclei, but preserving diencephalic, basal forebrain and cortical
structures, as confirmed by T2-weighted magnetic resonance imaging
(MRD) and histopathology. After coma induction, behavioral recovery
was tracked quantitatively using a newly developed and validated
Tiibingen-Boston Rat Coma Scale (RCS). Cortical function and network
connectivity were measured using local field potential (LFP) recordings
and resting-state functional MRI (rs-fMRI), respectively, for up to 6-8 h
after induction. Using this multimodal approach, we aimed to answer the
following questions: What are the initial electrophysiological signs of
coma that occur in the cerebral cortex following brainstem injury? How
do rats with brainstem coma behave immediately following the injury
and during acute recovery? How do the electrophysiological properties of
the cerebral cortex evolve in acute brainstem coma? Which subcortical
and cortical networks reconnect as rats recover from brainstem coma?

2. Methods
2.1. Animal subjects

A total of 76 adult male Sprague Dawley rats (350 + 50 g) underwent
ET-1 injection (ET-1 injection group) into the mid-pons parenchyma
(Fig. 1C), at approximate coordinates AP -11, ML 40.5, DV -1.3 mm from
the ventral surface of the brainstem. The outcomes of these animals are
reported in Fig. 1J. In summary, 68 rats entered the comatose state,
whereas 8 did not, possibly due to technical failure during the injection.
Of the 68 rats that entered the comatose state, 32 rats (47.1%) showed
behavioral signs of recovery (i.e. the RCS score increased after coma in-
duction) and were thus included in the present study: 6 in the behavior
group, 6 in the LFP group, 14 in the rs-fMRI group, and 11 in the
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anatomic MRI group (5 rats were common to the rs-fMRI and the
anatomical MRI groups). Additionally, 3 animals underwent ET-1 injec-
tion and concurrent calcium and multi-unit activity (MUA) recording
(Ca®*-MUA group) to further characterize the phase of coma induction
from a cortical level. In addition to the animals in the behavior group,
behavioral RCS evaluations were performed in the LFP, rs-fMRI, and
anatomic MRI groups (albeit at lower temporal resolution and without
pupillary light reflex testing in the LFP group), which allowed confir-
mation of recovery in all animals included in our results.

Multiple additional groups of rats were studied as controls for com-
parison with the ET-1 injection group that exhibited the long-lasting
coma. A cohort of adult male Sprague Dawly rats (350 + 50 g) under-
went a similar surgical procedure but with injection of phosphate buff-
ered saline (PBS) instead of ET-1 to serve as a sham group for behavioral
purposes (sham group, n =4). A separate group of control animals was
anesthetized with 2% isoflurane and scanned for a period of 6 h to serve
as a control for the rs-fMRI group (rs-fMRI control group, n=11). A
subset of rats in the control rs-fMRI group were also used as controls for
the anatomical MRI analysis (anatomic MRI control group, n=9).
Another group of rats underwent topical application of ET-1 to the sur-
face of the brainstem without injection into the brainstem parenchyma
(topical ET-1 control group, n=4). Finally, a group of rats underwent
basilar artery occlusion (BAO) during development of the ET-1 injection
model, and these BAO data are reported here as another behavioral
control group (BAO control group, n=13). Table S1 provides a
description of all groups and the number of animals used in each group.

2.2. Chemicals

ET-1 (E7764, SIGMA-ALDRICH) was used at a concentration of
400 pM (100 pg of ET-1 were diluted in 100 pL of PBS). Caution should be
considered to store the diluted ET-1 in the —80° freezer (the reported
experiments use the ET-1 solution within less than 1 month storage).
Also, the delivered ET-1 shows varied potency for vasoconstriction.
Depending on the potency of the compound, a total volume ranging from
0.4 to 2 puL was injected into the brainstem through an infusion pump
(every time a new batch of ET-1 was diluted, its efficacy was tested in 1 or
2 animals to calibrate the appropriate dosage). ET-1 is an endothelium-
derived contracting factor (Yanagisawa et al., 1988a,b) that modifies
the vascular tone, hence influencing local blood flow (Kramer et al.,
1994). ET-1 has been used to reliably cause stroke (typically cortical) by
means of focal cerebral ischemia in multiple animal species (Ansari et al.,
2013; Virley et al., 2004; Roome et al., 2014).

2.3. Animal procedures

All animal procedures were approved by the Animal Protection
Committee of Tiibingen (Regierungsprasidium Tiibingen).

2.3.1. Viral injections for GCaMP-mediated calcium imaging studies

4-weeks old animals were anesthetized with 5% isoflurane in cham-
ber. A small amount of an ophthalmic ointment was placed over the eyes
to protect from drying. The anesthetized animals were transferred to a
stereotaxic frame and kept anesthetized with 1.5-2% isoflurane. The
dorsal skull was exposed. The fissure Bregma was identified and used as a
landmark to target the surface of the barrel cortex (AP-2.4, ML 4.9 mm).
A ~0.8-1 mm diameter hole was drilled on the skull using an electric
drill. A micro-injection pump was used to deliver 600 nL of the viral
construct AAV5.Syn.GCaMP6f.WPRE.SV40 to the barrel cortex at a depth
of 0.8-1.2 mm. After the surgery, animals were treated with a painkiller
and antibiotic for 3 consecutive days, their weight was monitored and
they were allowed to recover for 3-4 weeks, which corresponds to the
time needed for the GCaMP to express in the target neuronal population
(Heetal., 2018; Wang et al., 2018). Calcium imaging and coma induction
were conducted in the adult animals after this resting period.
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Fig. 1. Methodology of coma induction and outcome, compared to two control conditions. (A) Surgical bed designed for rats with dorsal implants and retractors
to expose the basilar part of the occipital bone. (B) Typical setup of an anesthetized, mechanically ventilated rat during injection of endothelin-1 (ET-1) into the
brainstem. (C) Approximate point of injection in a T2-weighted MRI image. (D) Sagittal view of an MRA of the rat brain highlighting the BA and penetrating branches.
(E) 3D reconstruction of a high resolution MRA of the brainstem, indicating the approximate injection sites in relation to the BA (red dots). BA: basilar artery; AICA:
anterior inferior cerebellar artery; VA: vertebral artery. (F) Approximate coordinates from the lower edge of the basioccipital (in mm) to drill the craniotomies for ET1
injection. (G) View of the craniotomy sites lateral to the BA, whose inferior-superior course along the midline is shown in schematic form as a red line superimposed on
the bone. (H) 3D reconstruction of the MRA of the BA territory observed from different angles. BA: basilar artery. (I) Physiological monitoring during coma induction
in a representative animal. Time O represents the beginning of injection of the vasoconstrictor ET-1 into the brainstem parenchyma. Anesthesia, provided with
isoflurane, was switched off immediately following detection of apnea and hypotension, which occurred within the first 15 min after ET-1 injection. Apnea was
detected based upon a change in shape and amplitude of the ventilatory pressure waveform (spontaneous breathing [SB] inset vs. apnea inset). Cortical activity, as
measured by local field potentials (LFP), increased immediately after withdrawal of the anesthetic, then abruptly vanished approximately 35 min after ET-1 injection,
resulting in an isoelectric line (see Fig. 3 for a more detailed description of the electrophysiological data). (J) Behavioral outcome of rats treated with sham surgery
(injection of phosphate buffered saline (PBS) into the brainstem) (‘sham’, N =4), BAO (‘BAO’, N=13), or injection of ET-1 into the brainstem (‘ET-1’, N=76),
considered as either awake (fail to induce coma) or comatose. Sham rats showed a normal recovery; rats undergoing BAO awoke with certain abnormalities but not
coma in ~92% of the cases; rats treated with ET-1 became comatose in ~90% of the cases (68 out of 76 animals). The long-term behavior of animals treated with ET-1
was variable, with 32 rats (~47% of 68) exhibiting a long-lasting coma with gradual recovery (named just “comatose animals” throughout the manuscript). ‘Brief
coma’ defines absence of righting reflex for 1-2h only, ‘no recovery/death’ defines rats not showing any recovery of the RCS score or dying within a period of 6 h;
‘long-lasting coma’ defines rats entering the coma state and exhibiting a gradual recovery of neurological function within a period of 6 h. BAO: basilar artery occlusion.
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2.3.2. Animal preparation procedures prior to coma induction

Anesthesia was induced with 5% isoflurane in the adult animal in a
chamber. Anesthetized animals were intubated with a 14 Gauge cannula
inserted through the oral cavity to access the trachea. Rats were venti-
lated using an animal ventilator (CW-SAR-830/AP) at 60 + 1 breaths per
minute, with an inspired oxygen concentration of 30%. Anesthesia was
maintained with 2-2.5% isoflurane for all surgical procedures until in-
duction of coma. To monitor blood pressure, all animals underwent
cannulation of the femoral artery with polyethylene tubing (PE-50, filled
with heparin solution to prevent blood coagulation). Ventilatory pres-
sure, end-tidal COs, arterial blood pressure, heart rate and temperature
were monitored continuously throughout the experiments.

2.3.3. Procedure for electrode/fiber implantation

For electrophysiology studies, a ~1 MQ impedance and ~100 pm
diameter tungsten electrode was implanted into the primary somato-
sensory cortex (S1, for forepaw or barrel cortex). The LFP recording in
the S1 of rats has been routinely practiced with simultaneous fiber optic
calcium recording (He et al., 2018; Wang et al., 2018). For combined
electrophysiology-calcium imaging studies, an optical fiber of ~200 pm
diameter was lowered together with a tungsten electrode into the pri-
mary somatosensory cortex (barrel cortex). Detailed procedure has been
described previously (He et al., 2018; Wang et al., 2018). Briefly, the
anesthetized rat was positioned in a stereotactic frame, the dorsal skull
was exposed and a metal screw was placed on the occipital bone to serve
both as reference and ground. The fissure Bregma was identified and
used as a landmark to target the surface of the forepaw (AP 0.5, ML
4 mm), or barrel cortex (AP -2.4, ML 4.9 mm). A ~1.5 mm diameter burr
hole was drilled on the skull and the dura mater was removed. The
electrode (or the optical fiber + electrode) was lowered down to
0.9-1.2 mm from the brain surface (layer V of S1). An adhesive gel was
used to fix the electrode to the skull and the skin was sutured around the
implant.

2.3.4. Procedure for coma induction

The diffuse brainstem tegmentum coma model relies on vasocon-
striction of the arteries irrigating the brainstem by means of injection of
ET-1 (Fig. S1). Importantly, during development of this ET-1 injection
model, we first performed a series of BAO experiments in rats (Supple-
mentary Note 1). In contrast to BAO caused by thrombi in human patients
(von Campe et al., 2003), which may result in a comatose state, we found
that experimental BAO in rats does not reliably cause a comatose state
(Fig. 1J and Fig. S2). Thus, for our ET-1 injection model, we aimed to
target not only the basilar artery, but also its penetrating branches that
irrigate the rostral brainstem (see Fig. 1D and E and H), producing a more
diffuse brainstem tegmentum injury.

The procedure to induce coma through ET-1 injection was performed
as follows. The anesthetized rat (2-2.5% isoflurane) was positioned in
dorsal recumbence in a custom-made rat-surgery bed (Fig. 1A and B),
which allowed surgical procedures to be performed from a ventral
approach even in animals with implants on the dorsal skull. Eyes were
covered with an eye ointment throughout the experiment to prevent
drying (in animals subjected to behavioral tests the eyes were cleaned to
test corneal reflex and the ointment was applied again until the next
assessment). After shaving the ventral neck, a longitudinal incision was
made on the skin, the thyrohyoid muscles were dissected, the trachea was
retracted laterally from the midline and the basilar part of the occipital
bone (basioccipital) was exposed (Fig. 1F and G). Two bilateral crani-
otomies of ~0.5 mm were performed on the basilar bone (Fig. 1G), at the
level of the mid-pons (Fig. 1C). The stereotaxic coordinates were esti-
mated based on the landmarks of the basilar bone (Fig. 1F) and high
resolution MRI confirmed the injection point at the brain parenchyma
with approximate coordinates AP -11/11.5, ML +0.5, DV 9mm
(—1.3mm from the brain surface), based on the atlas of the rat brain
(Paxinos and Watson, 2007). A 33 Gauge needle attached to a micro-
syringe was lowered with a stereotaxic system between 0.5 and 1.5 mm
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from the dura mater of the ventral surface of the brain, and a volume
between 0.4 and 2 pL of ET-1 solution was slowly injected into the
brainstem (100-200 nL/min, using a micro-infusion pump). The needle
was left in place for 8 min after injection and was carefully removed af-
terward. A small amount of dental wax was used to cover the craniot-
omies. The wound was sutured and the analgesic Ketoprofen was
administered subcutaneously at 5 mg/kg. The entire procedure for coma
induction is shown in Movie S1. The word “post-coma” is used in the text
accompanied by the number of minutes or hours to refer to the time
elapsing from the moment of coma induction (i.e. withdrawal of anes-
thesia after observing physiological changes upon injection of ET-1).
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.neuroimage.2019.01.060.

2.4. Behavioral analysis

We developed a coma scale to characterize rat behavior during coma
induction and recovery. We aimed for the scale to resemble commonly
used human coma scales (i.e. Glasgow Coma Scale (Teasdale and Jennett,
1974; Okamura, 2014), the FOUR Score (Wijdicks et al., 2011), and the
Coma Recovery Scale-Revised (Giacino et al., 2004)) while incorporating
behavioral observations made by our investigator team in the first subset
(20 animals) of rats that underwent coma induction. We name this scale
the “Tiibingen-Boston Rat Coma Scale” (RCS). The purpose of this scale
was to quantitatively discriminate between different neurological states
in the rat, from the unconscious unresponsive state to the conscious and
responsive state. The following reflexes, physiological responses, and
behavioral domains are assessed in the RCS (Table 1): eye blink, motor
function (reflexive and purposeful), brainstem reflexes (pupil, corneal
and pinna reflex), respiration, righting reflex, auditory response, and
whisker movement (detailed discussion in Supplementary Note 2).

A detailed characterization of behavioral coma recovery in the rat
based on this scale, along with intra- and inter-rater reliability results, is
provided in the Supplementary Note 2 and Fig. S3. The RCS total score
ranges from 0, representing coma, loss of brainstem reflexes, loss of
motor function, and apnea, to 16, reflecting a normal conscious rat (i.e.
exhibiting all reflexes and voluntary movements observed in healthy
animals). The RCS can be completed in 1 min by a trained investigator
(Movie S2). For validation, we tested the RCS in healthy animals anes-
thetized at different isoflurane levels, the scores of which are reported in
Fig. 2C and D. We used the Wilcoxon-Mann-Whitney test to assess for
differences in RCS scores in different experimental groups (Fig. 2C). A
comprehensive summary of behavioral observations made during
development and validation of the RCS is provided in Supplementary
Note 2.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.neuroimage.2019.01.060.

In addition, to study stress levels in the animals, 300 pL of blood were
collected via the femoral catheter from 4 comatose animals at 3 h post-
coma and from 4 control animals anesthetized with 1% isoflurane. The
blood was centrifuged and plasma was separated and aliquoted in 2
samples (50 pL each) per animal for reproducibility testing purposes.
Samples we stored at —80 °C and sent to a steroid analysis laboratory
(Steroidlabor im Analysenzentrum, Heidelberg, Germany), where a
radioimmunoassay detection method was used to analyze the cortico-
sterone content of the samples.

2.5. Acquisition and processing of electrophysiological (LFP and MUA)
and calcium signals

LFPs were recorded with one of two electrophysiology systems
(Biopac-Acknowledge or CED-Spike2), which showed similar results and
confirmed the reliability of the recordings. When using Biopac (MP150,
EEG100C module), the LFP signals were amplified 5000 times and
recorded at 5000 samples per second, while with CED (1401), the LFP
signals were pre-amplified 25 times at the headstage followed by a 20
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Table 1
Tiibingen-Boston Rat Coma Scale. Additional information can be found in Supplementary Information (in supplementary Note 2).

TUBINGEN-BOSTON RAT COMA SCALE

Minutes Post-Coma
30 | 60 | 90 | 120 | 150 | 180 | 210 | 240 | 270 | 300

Subscales

EYE BLINK SCALE
2 - Blinks spontaneously’

1 - Blinks upon stimulation?

0 - No blinking (without directly touching the eye)
MOTOR FUNCTION?

4 - Voluntary walking

3 - Isolated spontaneous movements (e.g. limbs
or head)

2 - Withdraws forepaw and/or hindpaw in
response to noxious stimulation

1 - Muscle contractions in response to noxious
stimulation of the limbs

0 - Absence of motor response to noxious

stimulation
BRAINSTEM REFLEXES

3 - Pupil* AND corneal® AND pinna® reflexes

present

2 - Two of pupil/corneal/pinna reflexes present

1 - Pupil OR corneal OR pinna reflex present

0 - Absence of pupil, corneal and pinna reflexes

RESPIRATION

3 - Not intubated, breaths with a regular pattern

2 - Not intubated, breaths with an irregular
pattern

1 - Breathes above ventilator rate (initiates
spontaneous breaths)

0 - Breathes at ventilator rate or apnea (no
spontaneous breaths)

2 - Normal righting reflex”

1 - Partial righting reflex

0 - None

AUDITORY RESPONSE
1 - Auditory startle®
0 - None

WHISKER MOVEMENT
1 - Spontaneous whisker movements®
0 - None

TOTAL SCORE

Legend of the RCS:

[1] The observation time for assessment of spontaneous blink should be of around 3 min, in the absence of stimulation (in healthy rats it ranges from several seconds to 2-3 min).
[2] Stimulation to assess evoked blink consists of gently stimulating any part of the animal (without touching the eye —corneal reflex is assessed separately). Some rats blink
easily in response to stimulation of the pinna (with or without parallel shaking of the head), therefore attention must be put on the eye response when testing the pinna reflex in
order to score a positive evoked blink.

[3] Stimulation consists of pinching forepaw/hindpaw, applying a force of ~3 N for less than 0.5 s. Positive reactions may occur as muscle contractions or withdrawal of the limb.
[4] Pupil contraction is observed with optical microscope. The eye is subjected to different light intensities from darkness (eye is covered) to full brightness (increasing the
intensity of the microscope light source). Pupil reflex is considered present if the eye exhibits a decrement in pupil diameter upon light intensification.

[5] The tip of a cotton swab is approached to the corneal epithelium, medial and lateral canthus of the eye. The reflex is considered present if a blink follows stimulation.
[6] A thin (~1 mm diameter) semi-flexible rod with blunt tip (to prevent damage) is used to lightly touch or tickle the pinna of the animal. The reflex is positive if the animal flicks
ears or shakes head after stimulation.

[7]1 The test consists of bending the body of the animal to a side (taking it out of its normal upright position). Righting reflex is present if the animal is able to reorient itself
(integrating movements of several muscles in head, trunk and limbs). Partial righting reflex is considered when only the upper or the lower body rotates to recover the upright
position, in contrast to the synchronized whole-body re-positioning observed in a normal righting reflex.

[8] Stimulation is provided with hand clapping over the head of the animal. Startle reflex is considered present if the animal shows any reaction to the sound, e.g. body trembles.
[9] Natural whisker movement defined as a relatively high amplitude movement of all the whiskers in one pad.

Additional notes: Reflexes that can be tested on both sides (e.g. those concerning eyes, ears or paws) are considered present if one of the two (left or right) counterparts exhibits
the positive response. If one reflex is tested several times, the best score counts.
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times amplification using an MCP-PLUS Alpha Ohmega amplifier (total
amplification = 500), and recorded at 16000 or 25000 samples per sec-
ond. The GCaMP-dependent fluorescence signal was recorded using CED-
Spike2 at 1000 samples per second. LFP signals were originally acquired
on the whole spectrum allowed by the given sampling rate and record
length (0.0016-2500 Hz), but were then filtered between 0.5Hz and
49 Hz to avoid baseline and electrical noise, respectively. MUA was ac-
quired through the WaveMark function in Spike2 using a high-pass filter
time constant of 3.8 ms and a threshold of 0.1 mV.

An initial electrophysiological record was acquired prior to coma
induction to ensure a stable signal. LFP/MUA/calcium recordings were
acquired from 3 animals during coma induction (Fig. S4) and LFP was
obtained from all animals in the electrophysiological study every hour
post-coma in runs of 10 min. The behavioral state of the animal was
assessed every 30 min with the RCS to test associations between behav-
ioral scores and electrophysiological parameters at each post-coma time-
point.

The LFP signals were processed using MATLAB (Natick, MA). A power
spectrum of the whole LFP recording was computed for frequencies be-
tween 0.5 and 49 Hz using time-frequency decomposition (timefreq)
based on wavelets with 2-second windows (van Vugt et al., 2007)
(Fig. 3A and B). The power of the specific electrophysiological bands
delta, theta, alpha, beta and gamma was calculated as frequencies be-
tween 0.5 and 4, 4 to 7, 7 to 15, 15 to 31, and 31-49 Hz, and plotted at
different post-coma times (Fig. 3D). The raw LFP signal was additionally
plotted to detect the electrical waveforms from the cortex (Fig. 3C). The
correlation between the LFP power and the neurological score was
computed using MATLAB (corr2 function) (Fig. 3E). The Hilbert trans-
form was applied to specific LFP frequency bands to obtain the phase and
the amplitude of the delta, theta and alpha bands. A graph showing the
amplitude of theta or alpha at each phase of delta (phase-amplitude
coupling) is shown in Fig. 3F and G. The delta phases at which the
amplitude of theta and alpha were largest were used to extract the
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delta/theta and delta/alpha phase-locked-amplitude coupling at each
post-coma time. Finally, the phase-amplitude coupling values extracted
from the different comatose animals were averaged at each post-coma
time and the standard deviation of the mean was calculated (Fig. 3H).

2.6. Acquisition of magnetic resonance imaging (MRI) data

All images were acquired with a 14.1 T/26 cm magnet (Magnex,
Oxford) interfaced to an Avance III console (Bruker, Ettlingen), and
12 cm diameter gradient capable of providing 100 G/cm with a rise time
of 150 ps (Resonance Research). Trans-receiver surface coils with ellip-
tical shape of ~2 x 2.7 cm minor and major axis, respectively, were used
to acquire rs-fMRI images. Animals studied with MRI underwent an
additional preparation step consisting on filling the ear canal with a
fluoride paste to reduce the magnetic susceptibility artifacts at the air-
tissue interface.

For quantitative analysis and localization of infarcted tissue,
anatomical scans of the comatose animals were acquired between 4 and
6 h after coma induction. A T2-weighted Rapid Acquisition with Relax-
ation Enhancement (RARE) sequence was used to identify lesions (ie.
cytotoxic edema) in the brain, with the following parameters: effective
echo time (TE), 38 ms; repetition time (TR), 2s; matrix size 128x128; in-
plane resolution, 200 pm; slice thickness, 1 mm; RARE factor, 8. Typi-
cally, 42 times averaged 24 coronal slices were acquired in a scan time of
22min 24s.

A gradient-echo Fast Low Angle Shot (FLASH) sequence was used for
visualization of the brain vasculature (MR angiography (MRA)) with the
following parameters: flip angle, 50°; TE, 1.867 ms; TR, 20 ms.

To study brain connectivity changes during acute recovery from
coma, a rs-fMRI scan was performed every ~60 min, starting at hour 1
and up to hour 8 after coma induction. A 3D-EPI sequence was used to
map the T2*-weighted MRI signal with the following parameters: TE,
12.5 ms; TR, 1s; matrix size, 48x48x32; resolution, 400x400 x 600 pm

2h
onset of ~1s after
lighting lighting
| BN
0 2 4 6 8 10 12 14 16
RCS score
[ BN
[ ™ Eye blink
(=] = Motor function
= Brainstem
— m Respiration
= Righting reflex
m Auditory startle
= Whisker function
0 2 4 6 8 10 12 14 16
RCS score

Fig. 2. Behavioral analysis. (A) The graph shows the individual (in gray/black) and averaged (in red or blue) RCS scores at different post-surgery times of rats after
coma induction (n=6; red color) or after sham surgery (n=4; blue color). Note that all animals were ventilated, so the maximum RCS score possible was 14
(maximum Respiration score was 1). The shadowed areas represent the standard deviation of the data. (B) Averaged category-specific RCS scores before and after
coma induction (n = 6). Insets show the microscopy-based assessment of pupillary light reflex (a brainstem reflex) at 0.5 and 2 h after coma induction. (C) RCS scores
of rats under 5 different conditions: awake (n = 5), anesthesia with 1% isoflurane (1% ISO; n = 5), anesthesia with 2.5% isoflurane (2.5% ISO; n =5), 1 h after coma
induction (1h coma; n=6), and 7 h after coma induction (7h coma, n = 6). Error bars represent standard error of the mean. (D) Category-specific RCS score of a

representative anesthetized rat under different isoflurane concentrations.
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Fig. 3. Electrophysiological assessment of comatose rats. (A) Power spectra of cortical local field potential (LFP) recordings from a healthy anesthetized control rat
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representative comatose rat (same as in B) at different times after coma induction. (D) Graph showing the mean LFP power at different frequency bands (delta:
0.5-4 Hz; theta: 4-7 Hz; alpha: 7-15Hz; beta: 15-31 Hz; gamma: 31-49 Hz) during coma recovery (n = 6). Error bars represent standard error of the mean. (E) 3-
dimensional plot showing the relationship between LFP power, post-coma time and neurological score (different colors represent different animals). (F) Scheme
exemplifying the acquisition of phase-amplitude coupling from the LFP data. (G) Phase-amplitude coupling (delta phase/theta amplitude (in blue) and delta phase/
alpha amplitude (in green)) at different post-coma times in a representative animal. (H) Group-level phase-coupling analysis along post-coma time. Shadowed areas in

H represent standard deviation of the mean.

(600 pm slice thickness). Typically, the fMRI signal was recorded for
925 TRs in a scan time of 15 min 25 s. Additionally, an anatomic RARE
image (TE, 9 ms; TR, 4000 ms; matrix size 128x128; in-plane resolution,
150 pm; slice thickness, 600 pm; RARE factor, 8) was acquired matching
the geometry of the 3D-EPI for registration purposes.

2.7. Anatomic image processing and analysis

All anatomic images were registered to a template using AFNI soft-
ware (3dAllineate). MATLAB software was used to quantitatively identify
the infarcted regions from the anatomic MRI in the comatose versus
anesthetized control rats based on T2 signal intensity. 14 regions of in-
terest (ROIs) were defined based on a rat brain atlas (Paxinos and Wat-
son, 2007), including 11 brainstem arousal nuclei (Fischer et al., 2016)
(Okamura, 2014), 2 additional subcortical nuclei and 1 cortical region.
Additionally, an ROI in the visual cortex served as reference or control
ROI. Whole brain images (i.e. all slices grouped as a whole) were first
normalized using the Matlab function mat2gray, and the average in-
tensity of each ROI was calculated and divided by the intensity of the
control ROI, for each individual rat. The final intensity values of each ROI
were then averaged among the comatose and control groups to provide a
comparative measure of ROI infarction between both conditions, and the
standard error was calculated for both groups. Additionally, a percentage
map was created by comparing mean MR images of the comatose and
control groups. For visualization purposes, a 30% threshold was used on
the overlay map (Fig. 4A, middle panel), which corresponds, approxi-
mately, to two times the standard deviation of the averaged T2-weighted
MRI signal over the arousal nuclei in the comatose group (averaged
standard deviation over arousal nuclei =0.16). A 2-sample t-test was
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computed between the comatose and control animals to assess for sig-
nificant infarcted areas. Correction for false discovery rate (FDR)
included multiple comparisons analysis with randomization and per-
mutation of 10,000 simulations (3dttest++ -Clustsim).

2.8. Histology

To confirm that T2-signal changes on the anatomic MR images rep-
resented infarction in the brain, the histopathologic stain TTC (2,3,5-
triphenyltetrazolium chloride) was performed in the brains of 4 comatose
rats from the anatomical MRI experimental group. Briefly, anesthetized
rats were perfused with PBS only and the brain was removed and kept at
—80°C for 10 min, followed by 5minat —20°C. The brain was cut in
1 mm slices and exposed to 1% TTC (1g TTC in 100 mL PBS) at 37 °C for
~20min (until a reddish color was observed in the tissue). Slices were
moved to 4% paraformaldehyde solution and a surgical microscope was
used for photographing after 5-7 days.

2.9. Functional connectivity image processing and analysis

A combination of AFNI (Cox, 1996) and Lipsia (Lohmann et al., 2001)
functions was used to process the rs-fMRI datasets. Two types of analysis
were performed to identify the nuclei that potentially contributed to
recovery from coma: eigenvector centrality mapping (ECM) and tradi-
tional region-based correlation analysis.

ECM calculates the degree of correlation between each voxel and
every other voxel in the network, similar to degree centrality but addi-
tionally taking into account the hierarchy of each connection to assign
higher values to those voxels that are connected to central hubs within
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Fig. 4. Anatomic correlates of brainstem coma in the rat. (A) Averaged T2-weighted (T2) MRI of the coronal brainstem images from 11 comatose rats (left
column); overlay showing areas with more than 30% T2 signal increase (i.e. infarcted areas, > 2 x standard deviation) in the comatose rats, as compared to 9 healthy
anesthetized controls (middle column); and regions of interest overlaid in the rat brain atlas for reference (right column). (B) TTC-stained brain slices of a repre-
sentative comatose rat compared to its mirrored T2-weighted MRI (right and left panels respectively). Areas of histopathological infarction in the comatose animals
correspond to regions of T2 signal increase (arrows). (C) Statistically thresholded overlay (visible voxels present a p-value <0.025, false discovery rate corrected),
color-coded based on the Z-score from a 2-sample t-test between the T2-weighted intensity map of the comatose vs. control group. White boxes delineate slices with
significant infarcts in arousal nuclei identified in comatose animals. (D) Normalized T2-weighted signal intensity within arousal nuclei of the pons and midbrain, as
well as within regions of the forebrain, in comatose rats (n = 11) as compared to control rats (n = 9). Error bars represent standard error of the mean. Abbreviations:
DR: dorsal raphe; GP: globus pallidus; LC: locus coeruleus; LDTg: latero-dorsal tegmental nucleus; MnR: median raphe; mRt: mesencephalic reticular formation; MS:
medial septum; PAG: periaqueductal gray; PBc: parabrachial complex; PCRt: parvicellular reticular nucleus (~parafacial zone). PnO: pontis oralis (oral part); PTg:
pedunculo-pontine tegmental nucleus; S1: primary somatosensory cortex; VTA: ventral tegmental area. **: p-value<0.005, *: p-value<0.01.

the network (Lohmann et al., 2010). From each rs-fMRI scan, ECM gen- network (cingulate and retrosplenial cortex) (Lu et al., 2012). Finally, we
erates a map with the relative connectivity values of each voxel within used primary somatosensory cortex to compare the connectivity changes
the brain (Lohmann et al., 2010). The ECM analysis was performed on of primary versus higher-order cortices. The corr2 MATLAB function was
every rs-fMRI scan at each post-coma time (15 min rs-fMRI scans were used to calculate the correlation between seeds for each animal at each
generated every hour after coma induction), which identified several time. The average correlation value in rats scanned at specific post-coma
regions showing an increase in connectivity rank as the function of time times was used to show the time-dependent degree of connectivity be-
(Fig. 5). First, all datasets were aligned using AFNI software (3dVolreg, tween specific ROIs. Fig. S6 shows a map with all the regions used during
3dAllineate) and a mask was manually drawn for each slice to cover the voxel-wise and seed-based rs-fMRI analysis presented in Fig. 6.
midbrain, forebrain and all cortical regions (cerebellum and brainstem To analyze the motion profiles of the MRI scans, three rotational
excluded). Next, Lipsia software was used to detect and correct motion motion regressors (motion report output from the vmovcorrection func-
artifacts (vmovcorrection, vcovariates, vresiduals). A despiking step was tion (Lipsia)) were used to acquire a final value representative of the
also included (vdespike), and time filtering was applied (vpreprocess) to degree of motion (Spisak et al., 2014) detected in each MRI scan. Briefly,
keep frequencies between 0.1 and 0.01 Hz. After pre-processing, ECM the three column vectors (“regressors”) were fitted into the following
was performed (vecm) to measure a relative correlation value of each function using MATLAB:

voxel with the rest of the brain. A linear fitting of the time-dependent
correlation values for each voxel was computed in AFNI (3dNLfim). Motion profile = Y _\/dx(t) + dx,?(¢) + dx3> (1)
The result was a brain map in which the intensity at each voxel depicted !

the slope of the concatenated correlation values of different post-coma
times, indicating the recovery rate of functional connectivity, which
constitutes a novel method to represent connectivity dynamic changes in
a single brain map. Only voxels where the error of the fitting was below
5% were included in the future steps of analysis (i.e. averaging or sta-
tistical tests). Fig. S5 shows a schematic with all the (pre)processing
functions used in AFNI and LIPSIA during rs-fMRI analysis. Fig. 5A and
Fig. S5 show the main steps involved in the ECM analysis for acquisition
of the slope map.

For region-based analysis of connectivity at different post-coma
times, we analyzed the mean BOLD signal time-courses (pre-processed
with motion correction, despiking and 0.1-0.01 Hz time-filtering) of 7
subcortical ROIs that were selected a priori based on the current literature
in mammals arousal systems (Scammell et al., 2017): basal forebrain,
striatum, globus pallidus, central thalamus, reticular thalamus and pos-
terior lateral hypothalamus. We also performed region-based analysis on
association cortical regions that are components of the rat default mode

where x; = regressor; and d(x) (in MATLAB: diff(x)) returns a new vector
of length = length(x)-1 that is the result of subtracting adjacent elements
in x.

Control animals anesthetized with 2% isoflurane exhibited variable
motion profiles at different scans along 5 h of scanning. After calculating
the motion profile of each scan, the fMRI datasets were re-ordered in an
increasing motion profile order, to mimic the motion profile trend of
animals evolving from coma, and the slope map was acquired in the same
way as for the comatose group (Fig. S7).

Finally, in order to test for differences between groups, a 2-tailed, 2-
sample t-test was run on MATLAB (ttest2) for quantification and on AFNI
(3dttest++) for visualization (i.e. statistic brain maps). Note that, while
false discovery rate was corrected in the anatomical datasets using
“—clustsim” (previous section), the functional connectivity slope maps
were subjected to a different procedure to ensure reliability of the re-
ported results: as the final measure is not connectivity but increase of
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connectivity (relative measure from one scan to the next), we masked out
all voxels where the linear fitting of the concatenated connectivity values
rendered an error above 5%. The final t-test was, therefore, applied to a
set of volumes (slope maps) from which unreliable voxels across different
scans had been screened out in a previous step.

3. Results

3.1. Diffuse injury to the brainstem tegmentum by ET-1 injection produces
coma in the rat

Given the high neuroanatomic variability of infarcted areas in
brainstem coma patients (Parvizi and Damasio, 2003; von Campe et al.,
2003; Demel and Broderick, 2015; Kolukisa et al., 2015), we injected a
vasoconstrictor, ET-1, into the parenchyma of the pontomedullary (PM)
junction to alter the vascular network that irrigates the rostral brainstem
tegmentum (Fig. 1D, E and H). The diffuse brainstem lesion induced
coma in the animals. Fig. 11 shows physiological changes in blood pres-
sure, ventilatory pressure and cortical activity observed during coma
induction through ET-1 injection. In contrast to other strategies,
ET-1-mediated brainstem injury caused coma in ~90% of the animals,
with 47% of those exhibiting a long-lasting coma with possibilities of
recovery (Fig. 1J).

Noteworthy is that all animals subjected to the procedure, indepen-
dent of the long-term outcome, experienced a transient drop of blood
pressure and cessation of spontaneous breathing. The fact that a
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subgroup of these animals (~10% of a total n = 76) woke up within the
next 5-15 min after withdrawal of isoflurane with focal infarcts in the
medulla and caudal pons, but no infarcts in the rostral brainstem
tegmentum (Fig. S2C), indicates that coma induction is not caused by ET-
1 induced medulla/caudal pons infarcts, or the brief period of hypoten-
sion (Fig. 1I). A second control with topical application of ET-1 on the
ventral brain surface (ie., more diffusible to the global cere-
brovasculature via the CSF) caused transient vasoconstriction
(10-20 min) of the major vessels (e.g., basilar artery or anterior inferior
cerebellar artery etc. Fig. S1G), and produced broad infarcts beyond the
brainstem regions (Fig. S2D), but did not result in a long-lasting coma,
with a much lower incidence of coma onset than the ET-1 injection cases.
Also, we observed similar hypotension without causing coma in a sub-
group of animals subjected to ET-1 injection that did not result in
brainstem infarction (described above and in Supplementary Note 3), in
rats undergoing BAO and, to an extent, in animals undergoing injection
of PBS in similar coordinates (Figs. S2A-B). While these animals showed
comparable hemodynamic changes during surgical manipulation of the
brainstem, the behavioral recovery was unambiguously different from
that of ET-1 treated rats (Fig. S2B and Fig. 1J), providing a negative
control condition for this model to rule out a generalized hypoperfusion
in the brain (similar to global ischemia) as the mechanism of coma. These
results demonstrate that the ET-1 injection provides a reliable surgical
procedure to induce coma in rats via diffuse injury of the rostral brain-
stem tegmentum.
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3.2. Comatose animals gradually regain neurological function that is
tracked by the Rat Coma Scale

To build upon prior efforts to characterize rat behavior during states
of altered consciousness (Reed et al., 2013; Taylor et al., 2016), we
developed a Rat Coma Scale (RCS) for quantitative assessment of rat
behavior (Table 1). The RCS was designed to be similar to the human
Glasgow Coma Scale (GCS) (Teasdale and Jennett, 1974), Full Outline of
Unresponsiveness (FOUR) (Wijdicks et al., 2011) score, and Coma Re-
covery Scale-Revised (CRS-R) (Giacino et al., 2004), to optimize the
translational relevance of the model (see Methods and Supplementary
Material). It is important to acknowledge here that there is no current
consensus regarding a definitive, gold-standard test that proves conscious
awareness in the rat; hence, we anticipate that the RCS will need to be
revised in the future as such evidence becomes available.

Rats in the behavioral study underwent repeated RCS assessments at
each time post-coma starting at ~30 min after ET-1 injection and until at
least 7 h post-coma, in intervals of 0.5-1 h. Prior to injection of ET-1, all
rats had a maximal behavioral score on the RCS with clear exploratory
whisking behavior. After injection of ET-1, the behavioral changes
observed in rats were consistent with the absence of arousal and
awareness, with apnea occurring in all rats entering the coma state
(artificial ventilation provided continuously). At the time of the first RCS
assessment, RCS scores ranged from 0 to 2 (median=1), with rats
showing, at most, motor reflexes (i.e. withdrawal of the limb in response
to painful stimulation). The pupillary light reflex was typically absent
during the first hour. Between 1 and 2h after coma induction, rats
recovered spontaneous breathing (but continued to receive mechanical
ventilation). At this time, the pupil reflex also returned in most rats.
During the following hours (typically at 2-3h post-coma), the pinna
reflex returned, as well as the corneal reflex in at least one eye. At hour
5-6 post-coma, some rats showed spontaneous movement of a limb or
lifting up the head, which lasted for 1 or 2s. Although recovery of the
righting reflex was not observed in most rats during the first 8 h, in a few
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cases it was possible to identify an attempt at keeping an upright posture,
which was defined in the RCS as partial righting reflex, characterized by
a slow righting movement of part of the body in response to bending the
animal around its longitudinal axis. Fig. 2A shows RCS scores for
comatose rats during the first 7 h post-coma and for sham animals, which
fully recovered within one hour after the sham surgery. Fig. 2B shows
category-specific RCS scores from 12 comatose rats, and Fig. 2D shows
the corresponding category-specific RCS scores for a representative
anesthetized rat under different anesthesia levels (0-4% isoflurane). At
7 h, the RCS score of the rats undergoing ET-1 injection was comparable
to those of healthy rats anesthetized with 1% isoflurane, which is
significantly higher than the RCS score of comatose rats at hour 1 post-
coma, indicating a clear sign of recovery (Fig. 2C). Two animals were
behaviorally assessed at 24 h, showing partial or complete righting reflex
and weak attempts to initiate walking, suggesting ongoing recovery in
neurological function. A video containing all reflexes tested in the RCS is
provided as Movie S2. Movie S3 shows an example of a comatose rat
recovering during the first 4 h.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.neuroimage.2019.01.060.

Double-blinded analysis was performed to assess the RCS scores from
multiple examiners to test the reliability of behavioral assessment
(Fig. S3, details in methods section).

To assess the level of stress in the animals, the blood corticosterone
content was measured at 3 h post-coma (RCS = 5-6), with levels com-
parable to those of the corticosterone measured in rats anesthetized with
1% isoflurane (125.4 +13.5 and 130.8 & 9.7 ng/mL, respectively).

3.3. Cortical activity evolves from isoelectricity to slow wave-predominant
rhythms during the first 4 h after coma induction

Cortical electrophysiological assessment was performed to confirm
the comatose state and rule out the possibility of a locked-in state caused
by damage to the descending motor pathways. Like the comatose state, a
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locked-in state may be characterized by an absence of behavioral re-
sponses (Tsao et al., 2005). However, individuals who are locked-in
retain arousal and awareness, and hence show normal or near-normal
cortical electrophysiological features (Hawkes and Bryan-Smyth, 1974;
Zeman, 2003). In the rats studied here, electrophysiological data recor-
ded from S1 demonstrated profound cortical suppression, which rules out
the possibility of a locked-in state. During surgery, prior to ET-1 injection,
rats showed burst-suppression events (Fig. 11, lower trace), typical of
deep anesthesia. Approximately 10-15 min after ET-1 injection, the iso-
flurane was withdrawn (after blood pressure drop and cease of sponta-
neous breath), and cortical activity increased (Fig. 11, lower trace), with a
spectrum that resembled EEG patterns typical from awake or lightly
anesthetized animals, although rats were completely unresponsive at this
stage and had no spontaneous breathing with short-term hypotension
(~15min, under ventilation and with sufficient O2 supplies). The para-
doxical increase in cortical activity remained until approximately
20-35 min after ET-1 injection. At this moment, the cortex became iso-
electric or transited to a burst-suppression pattern (Fig. 11, lower trace
and Fig. 3B and C). Cortical silence/inactivation was preceded by
spreading depression/depolarization in 3 comatose animals that were
subjected to recording of intracellular calcium and multi-unit activity
(MUA) during the induction of coma (Fig. S4). Interestingly, iso-electrical
lines were observed after cessation of the ET-1 vasoconstriction effect
(Fig. S1G) and the return to baseline blood pressure (Fig. 11), indicating a
delayed coma onset following the immediate physiological state changes.
The timing of cortical deactivation after injury to the tegmentum in this
rat coma model is different from the fast onset of isoelectricity (in
2-3 min following insults) observed after global ischemia (i.e. occlusion
of common carotid arteries (Pulsinelli and Brierley, 1979; Fortuna et al.,
1997) or cardiac arrest (Jia et al., 2006; Geocadin et al., 2000; Bauer
et al., 2013)). The initial period of isoelectricity (20-35 min after ET-1
injection) (Robert and Mumenthaler, 1977; Kroeger et al., 2013) was
observed in 83% of the rats. In the other 17%, sparse bursting spikes
(Lewis et al., 2013) were observed in the initial recordings, although a
short period of isoelectricity might have occurred before starting the
acquisition. The frequency of the bursting spikes increased as a function
of post-coma time, similar to the burst-suppression pattern observed in
rats anesthetized with 2-2.5% isoflurane (Fig. 3A), although the coma-
tose burst spikes were smaller in amplitude. Within 2-4 h, this pattern
evolved in most rats to a background of mainly delta and theta activity
(Fig. 3D). Fig. 3C shows the LFP recordings of a representative rat (same
animal as in Fig. 3B). Increased RCS scores correlated with LFP power
during coma recovery, with a correlation coefficient of 0.73 +0.06
(Fig. 3E). Phase-coupling analysis (Fig. 3F) demonstrated an increase in
the synchronization of the theta and alpha bands with delta phase as
animals recovered behavioral responses during the first 6 h post-coma
(Fig. 3G-H). These results demonstrate that cortical activity is regained
in a gradual manner after brainstem coma, with the most pronounced
changes occurring within the first 3-4 h.

3.4. Coma is associated with a diffuse brainstem tegmentum injury

To localize the brainstem lesions that caused coma, anatomical MRI
was performed in comatose rats 4-6 h after the surgery (ET-1 long-lasting
coma) and in healthy anesthetized control animals. Focal T2-
hyperintense lesions were detected in the comatose animals in several
pontine and midbrain arousal nuclei, including the mesencephalic
reticular formation, pedunculopontine tegmental nucleus, locus coeru-
leus, parabrachial nuclear complex, parvicellular reticular nucleus (par-
afacial zone), ventral tegmental area and the pontis oralis (pontine
reticular formation), among others (Fig. 4A and C). Fig. 4D shows the
differences in T2-weighted signal in specific ROIs in the comatose rats as
compared to healthy anesthetized animals. Histopathological stains of
brainstem tissue with triphenyl tetrazolium chloride (TTC) in rats that
had been scanned with MRI showed lesion patterns consistent with the
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MRI findings (Fig. 4B), confirming the validity of the T2-weighted MR
images for detection of infarcted brain tissue. In contrast to the brainstem
injury, the basal forebrain, basal ganglia, thalamus, hypothalamus and
cerebral cortex remained highly preserved (Fig. 4C and D), allowing
these structures to be functionally studied during coma recovery. These
results indicate that lesions involving arousal nuclei at the rostral
brainstem tegmentum are crucial for the coma induction observed in the
rat coma model.

3.5. Subcortical nuclei reconnect during the acute phase of coma recovery

Rs-fMRI was performed in the comatose animals at several post-coma
times and in a healthy anesthetized control group at similar time in-
tervals to track potential changes in brain connectivity during early re-
covery from coma. Longitudinal voxel-wise (ECM-based) and ROI-based
connectivity analysis was performed on the acquired functional scans
(see Methods).

Animals anesthetized with constant 2% isoflurane showed low global
connectivity fluctuation over time. In contrast, rats recovering from coma
showed several brain areas with a significant longitudinal increase in
signal temporal correlation (i.e. connectivity) with the rest of the brain
(Fig. 5C and Fig. 6A and B). This increase in connectivity was pronounced
in the thalamus, the basal forebrain and the basal ganglia, with signifi-
cant differences observed in the reticular thalamus, nucleus accumbens,
nucleus basalis of Meynert and striatum (i.e. caudate-putamen) (Figs. 5C
and 6A).

Similarly, in an ROI-specific seed-based analysis, a continuous in-
crease of correlation was identified between the paired basal ganglia to
central thalamus, or basal ganglia to reticular thalamic nuclei during the
acute phase of coma recovery, suggesting a crucial involvement of the
striato-pallidal-thalamic network (Fig. 6C and D). In addition, the central
thalamus gradually connected with the basal forebrain and with the
primary somatosensory cortex (S1) (Fig. 6C and D). The S1 and cingulate
cortex experienced their most significant increase of correlation at 4-5h
post-coma with the thalamic nuclei and the globus pallidus. An increase
in the correlation with the central thalamus at this time was also
observed from the retrosplenial cortex, although the latter did not show
net increases of connectivity with other regions. Notably, the posterior
aspect of the lateral hypothalamus did not show an increase of connec-
tivity with the other studied ROIs. All ROI-specific connectivity changes
during acute coma recovery are summarized in Fig. 6C.

4. Discussion

We report a brainstem tegmentum lesion model in the rat that creates
a comatose state of sufficient duration to enable longitudinal analysis of
animal behavior, cortical electrophysiology, and brain network func-
tional connectivity during coma recovery (a cost-benefit assessment of
the model is provided as Supplementary Note 4). We developed and
validated a behavioral scale, the Tiibingen-Boston Rat Coma Scale, to
quantitatively track coma recovery in the rat, analogous to coma scales
that are commonly used in clinical practice to track recovery in humans.
We found that increasing RCS scores were associated with increasing
electrophysiological activity in the cerebral cortex, which evolved from
transient isoelectricity to bursting spikes during the first hour post-coma,
and to continuous slow wave (i.e. delta-theta) activity within the first 3h
of recording. Concurrently, we observed an increase in global functional
connectivity in the thalamus, basal forebrain, and basal ganglia during
coma recovery. Seed-based correlation analysis revealed a reemergence
of connectivity between the central thalamus and the striato-pallidal
complex, as well as between the thalamus, basal forebrain, cingulate
cortex and retrosplenial cortex. These findings suggest an essential role of
the thalamus, basal forebrain, and basal ganglia in reactivating the ce-
rebral cortex and restoring behavioral responsiveness after ascending
brainstem inputs are disrupted.
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4.1. Relevance of a hyperacute model of coma and early
electrophysiological changes

The brainstem tegmentum lesion model of coma described here
provides a platform to elucidate mechanisms of coma pathogenesis and
recovery within a hyperacute 6-8 h time window that has particular
clinical-translational relevance. This is a time window during which
therapeutic interventions aimed at mitigating neural network disruption
and restoring consciousness are actively being investigated in patients
with brainstem injuries (Smith et al., 2013). Yet little is known about
acute changes in brain electrophysiology and functional connectivity in
the immediate aftermath of brainstem coma, because electrophysiolog-
ical and fMRI brain mapping studies are typically not feasible or safe to
perform during the initial resuscitation and stabilization of a critically ill
comatose patient (Edlow et al., 2017). This hyperacute time window (i.e.
the first two hours) is particularly relevant to the interpretation of our
electrophysiological recordings in the rat cortex, which revealed iso-
electricity followed by burst spikes. These findings are uncommon in
human comatose patients, except those whose coma is caused by global
hypoxic-ischemic injury (Synek, 1988; Bagnato et al., 2010; Brenner,
2005). However, a few exceptional case reports support the hypothesis
that a burst-suppression pattern may transiently occur after brainstem
injury. In one case, a patient experienced recurrent coma that manifested
electrophysiologically with a burst-suppression pattern and frontal
intermittent rhythmic delta activity upon BA spasm and rostral brainstem
ischemia (Frequin et al., 1991). It is also notable that a burst-suppression
pattern can be observed when the cerebral cortex is intact but isolated
from posterior structures in animals (Ingvar, 1955) and human subjects
(Henry and Scoville, 1952; Kharoshankaya et al., 2014). It is possible that
isoelectricity and bursting spikes have not been observed in human pa-
tients with brainstem coma because EEG data are not typically acquired
during the hyperacute stage of injury. Alternatively, it is possible that our
observations reflect species-specific electrophysiological dynamics
within the rat brain in the setting of a brainstem lesion. EEG studies of
human patients in the hyperacute stage of brainstem coma are needed to
clarify whether the human cortex undergoes a similar progression from
isoelectricity to burst-suppression before the emergence of a continuous
delta-theta rhythm. The immediate transient period of cortical excit-
ability following withdrawal of anesthesia after ET-1 injection (Fig. 1I)
possibly reflects a delay in cortical deactivation upon a potential ischemic
insult. Calcium imaging and multi-unit recording in three animals during
coma induction showed increased MUA firing rate followed by spreading
depression, and then full cortical silence (Fig. S4). The nature of this
cortical deactivation with respect to the physiological changes that mark
the onset of coma in our model will be further investigated.

4.2. Diffuse brainstem damage as the underlying cause of coma

The rat brainstem coma model is based upon injection of the vaso-
constrictor ET-1 into the dorsomedial brainstem tegmentum, which leads
to reduction in the diameter of pontine penetrator vessels branching from
the BA (Fujii et al., 1991). The vasoconstriction effect of ET-1 is mediated
by ET-1 receptors in the smooth muscle and endothelial cells of arteries
(Dashwood et al., 1989; Loesch, 2005). The resulting ischemic insult is
targeted to monoaminergic, cholinergic, and glutamatergic nuclei within
the brainstem tegmentum that are known to mediate arousal, and hence
consciousness, in animals and humans (Parvizi and Damasio, 2001).
Importantly, neurons and astrocytes both express ET-1 receptors (Schi-
nelli, 2006; Dashwood and Loesch, 2010), and therefore ET-1 interaction
with the local neuro-glial network may contribute to neuronal dysfunc-
tion. Nevertheless, ischemic infarction of the brainstem tegmentum, as
verified by radiological and histopathological analyses in this study, is
believed to be the primary mechanism of coma induction. A transient
period of global brain hypoperfusion cannot be ruled out in the present
study, but, if present, it is not the source of coma, as a group of animals
subjected to the same procedure and exhibiting the same hypotension but
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without dorsal/rostral brainstem infarction did not enter the comatose
state. Further supporting the brainstem-specific cause of coma is the fact
that animals in which the ET-1 diffused from the brainstem to broader
regions, causing massive injuries in the forebrain (Fig. S2D), had a lower
incidence of coma or experienced a much faster recovery.

Using the ET-1 approach to disrupt the brainstem vasculature, we
found that the neuroanatomic localization of the coma-causing lesion in
our rat model was consistent with that of coma-causing brainstem lesions
in prior animal and human studies, which have consistently highlighted
the critical role of the brainstem tegmentum in consciousness (Fuller
etal., 2011; Parvizi and Damasio, 2003; Fischer et al., 2016). Specifically,
we found radiological and histopathological evidence of infarction
within the mesencephalic reticular formation, ventral tegmental area,
pedunculotegmental nucleus, median raphe, locus coeruleus, para-
brachial nucleus, pontis oralis and parvocellular reticular nucleus (i.e. the
parafacial zone (Anaclet et al., 2018; Anaclet et al., 2014)) (Supple-
mentary Note 5). In contrast to the pathophysiological contribution of
this diffuse brainstem tegmentum lesion to coma induction, the infarc-
tion observed ventrally near the point of ET-1 injection is not believed to
contribute to coma induction, as animals subjected to ET-1 treatment but
not entering the coma state (ET-1 control cases, Fig. 1J “awake”) showed
local infarction at the level where the vasoconstrictor was injected (i.e.,
the caudal pons, Fig. S2C and Supplementary Note 3). The specific
contribution of each lesioned arousal nucleus to coma induction remains
to be further investigated, which is why we refer to the model as a
“diffuse brainstem tegmentum lesion” model of coma. In contrast to prior
studies targeting individual arousal nuclei within the brainstem
tegmentum, our coma model involves a large “diffuse” lesion that en-
compasses multiple arousal nuclei, which induced a robust comatose
state verified by behavioral and electrophysiological tests. The fact that
lesions involving individual arousal nuclei did not reliably cause coma in
previous works (e.g. lesions of the ventral tegmental area, locus coeru-
leus, tuberomammillary nucleus, basal forebrain or suprachiasmatic
nucleus caused alteration of the sleep-wake cycle but not coma (Blan-
co-Centurion et al., 2007; Gerashchenko et al., 2006; Tobler et al., 1983))
further suggests that a diffuse lesion involving multiple brainstem arousal
nuclei may be key to the pathogenesis of a long-lasting comatose state.
The similar anatomic boundaries of the infarcted brainstem region in this
rat coma model to that of coma-causing brainstem lesions in humans
(Parvizi and Damasio, 2003; Rosenblum, 2015; Edlow et al., 2013;
Fischer et al., 2016) suggest that this animal model is well suited for use
in future translational studies that will aim to identify the subcortical
circuits that facilitate recovery of consciousness in rats and humans with
coma-causing brainstem tegmentum lesions. Whether the diffuse topog-
raphy of brainstem tegmentum lesions is necessary for the development
of long-lasting coma will be investigated in future animal studies in
which focal lesions to different combinations of individual arousal nuclei
will be tested for their behavioral outcomes.

4.3. Connectivity changes during early recovery post-coma

Our rs-fMRI functional connectivity results provide compelling evi-
dence of the neuroscientific and translational opportunities that are
created by the new coma model. Specifically, our findings add to a
growing body of evidence about the critical role of a striato-pallidal-
thalamic-basal forebrain network in promoting recovery from coma.
Consistent with the mesocircuit hypothesis (Schiff, 2010), rats recov-
ering from coma experienced a continuous increase in connectivity be-
tween the striatum, globus pallidus and thalamus, accompanied by an
increase in whole brain connectivity of these and basal forebrain nuclei.
The contribution of the basal ganglia to recovery of consciousness has
also been observed in humans emerging from anesthesia-induced coma
(Mhuircheartaigh et al., 2010; Crone et al., 2017). In this work, the
additional reconnection of the basal forebrain with the central thalamus
suggests a potential role of basal forebrain arousal nuclei in coma re-
covery, particularly from the nucleus accumbens and nucleus basalis of
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Meynert (although probably to a lesser extent than the thalamic-basal
ganglia interactions, as reported by the ROI-based analysis, Fig. 6D:
central thalamus graph). This observation is consistent with animal
studies showing that the basal forebrain plays a crucial role in emergence
from anesthesia (Zhang et al., 2016), in modulating sleep-wake circadian
rhythms (Xu et al., 2015) and in the overall arousal level of the brain
(Fuller et al., 2011; Anaclet et al., 2015).

In addition to reintegration of a striato-pallidal-thalamic-basal fore-
brain network, we also observed reintegration of a thalamocortical
network (Steriade, 1999) during coma recovery in the rat. This finding
builds upon prior studies showing that thalamocortical networks
contribute to recovery of consciousness after severe brain injury and
anesthesia (Laureys et al., 2000; White and Alkire, 2003; Ching et al.,
2010). However, while thalamocortical networks are widely considered
to be a substrate of consciousness (Laureys et al., 2000; Schiff, 2010;
White and Alkire, 2003; Akeju et al., 2014), there is ongoing debate as to
whether these networks are crucial for arousal or whether they primarily
mediate higher-order cognition (Fuller et al., 2011; Mhuircheartaigh
et al., 2010). Interestingly, we observed a longitudinal increase in
cortical connectivity not only in the central thalamic nuclei, which are a
key node of thalamocortical networks and whose electrical stimulation
promotes cognitive enhancement in animals (Shirvalkar et al., 2006) and
humans (Schiff et al., 2007; Monti et al., 2016), but also in the reticular
thalamic nucleus, which encapsulates the thalamus and gates thalamo-
cortical signaling (Steriade et al., 1986). Indeed, the reticular thalamic
nucleus exhibited one of the most significant increases in connectivity
during coma recovery of all the subcortical nodes that were studied
(Fig. 6). Given that the reticular thalamic nucleus contains GABAergic
inhibitory neurons whose optogenetic stimulation during the awake state
results in a slow-wave EEG (Lewis et al., 2015), thalamic bursts and
cortical spindles (Halassa et al., 2011), our observed correlation between
reticular thalamic nucleus connectivity and coma recovery may seem
counterintuitive. However, the reticular nucleus of the thalamus not only
inhibits excitatory thalamocortical neurons during sleep, but also inhibits
local inhibitory thalamic neurons during wakefulness, generating a net
increase in cortical activity (Steriade et al., 1986). A circuit-based elec-
trophysiological interpretation of our results is beyond the scope of the
present study, but our connectivity results suggest that during cortical
reactivation and coma recovery, inhibition of local inhibitory thalamic
neurons by the thalamic reticular nucleus predominates over its inhibi-
tion of excitatory thalamocortical neurons. Also noteworthy is that the
recovery of arousal during the acute post-coma stage may depend, to an
extent, on thalamocortical connectivity changes. Multi-electrode re-
cordings will be needed to further clarify the cortical neuronal syn-
chronization and desynchronization patterns during post-coma recovery.

Unexpectedly, we did not detect an increase in connectivity between
the hypothalamus and cerebral cortex during coma recovery. The hy-
pothalamus is a key hub in the arousal network (Moruzzi and Magoun,
1949; Economo Cv, 1930; Nauta, 1946; Saper et al., 2001), a homeostatic
control center (Saper et al., 2005), and has been shown to connect
extensively with the cerebral cortex (Saper, 1985). One potential expla-
nation for this reduced participation of the hypothalamus in recovery
from brainstem tegmentum coma is the inhibitory inputs it receives from
the reticular thalamus (Lewis et al., 2015) and the basal forebrain
(Halassa et al., 2011). Alternatively, the hypothalamus is a large and
heterogeneous region that contains diverse neuronal populations with
broadly different homeostatic functions (Saper et al., 2005; Luthi, 2016;
Leibowitz and Wortley, 2004). The challenges of imaging the hypothal-
amus in small animals have been previously reported (Van der Linden
et al., 2007). The lack of spatial specificity in rs-fMRI global connectivity
mapping may not allow to detect small clusters of hypothalamic neurons
that contribute to coma recovery. It is also notable that the ventral
location of the hypothalamus within the diencephalon is especially
vulnerable to potential magnetic field inhomogeneities derived from the
active breathing-induced resonance frequency offset (Van de Moortele
et al., 2002; Pais-Roldan et al., 2018). Finally, it is possible that the
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brainstem tegmentum lesion extended into the posterior aspect of the
hypothalamus without being detected by the T2-weighted MRI scan. The
use of more specific techniques, such as calcium imaging, that target
specific neuronal populations (e.g. GABAergic or orexinergic neurons)
and that are free of potential magnetic field artifacts may clarify the role
of hypothalamic networks in rats recovering from brainstem coma.

An additional insight regarding brainstem coma recovery in the rat
was generated by comparing the dynamic functional connectivity
changes across the evaluation periods in subcortical arousal nuclei and
different regions of the cerebral cortex. Whereas thalamic, basal fore-
brain, and striato-pallidal nuclei showed a continuous increase in con-
nectivity during recovery, a consistent increase in connectivity between
subcortical arousal nuclei with association cortices — particularly the
cingulate cortex - was only observed after hour 4 post-coma, which
corresponds to an epoch within the recovery period when more complex
behavioral responses may become noticeable (e.g. righting reflex) and
when background activity reappears in the electrophysiological re-
cordings. Interestingly, a recent study reported a critical role of the
prefrontal cortex (specifically the prelimbic cortex, an area immediately
ventral to the cingulate cortex in the rat) on the transition to wakefulness
from general anesthesia (Pal et al., 2018). Given that the cingulate cortex
is an integrative hub for cognition (Newman et al., 2015; Lavin et al.,
2013) and a key node of the rat default mode network (DMN) (Lu et al.,
2012), our results suggest a link in the rat brain between reemergence of
behavioral responses in the later phase of coma recovery and reintegra-
tion of subcortical and cortical networks that support arousal and
awareness. Though the connectivity properties of the rat DMN are only
beginning to be understood, there is compelling evidence in humans that
reemergence of DMN connectivity is essential for recovery of con-
sciousness after severe brain injury (Threlkeld et al., 2018; Norton et al.,
2012). It is also notable that the region of association cortex that is
believed to represent the hub node of the DMN differs in animals and
humans. Whereas human rs-fMRI and diffusion MRI studies indicate that
the posterior cingulate and precuneus (ie. posteromedial complex)
comprise the hub node of the DMN, it is the retrosplenial cortex in rats
that is believed to play this role. The cingulate cortex has been identified
as a region of association cortex that modulates cognition in rats (Ebitz
and Platt, 2015; Joshi et al., 2016; Cao et al., 2016; Gompf et al., 2010;
Wu et al., 2017), but evolutionary differences in the cingulate anatomy
(e.g. rats do not possess Brodmann areas 23 and 31), and phenomeno-
logical differences between rodent and human consciousness (Boly et al.,
2013) indicate that there are likely fundamental differences between the
rat DMN and human DMN. Inferences pertaining to the translational
human relevance of connectivity findings in the rat DMN must therefore
be interpreted with caution. Nevertheless, our multimodal observations
of cortical reactivation after brainstem coma provide evidence for a
reintegration of subcortical arousal networks and the DMN in the rat
brain. This cortical reactivation, and its accompanying behavioral
improvement, appears to rely upon a constellation of subcortical arousal
nodes within the thalamus, basal forebrain, and basal ganglia, along with
cortical nodes within association regions of cerebral cortex.

5. Limitations and future directions

Several limitations pertaining to the multimodal analysis of brain
function should be considered when interpreting the results of this study.
Although the use of rs-fMRI to study brain function has been applied to
rodents (Pawela et al., 2008; Shim et al., 2013), it remains challenging to
account for potential artifacts associated with spontaneous breathing in
non-anesthetized animals. This spontaneous breathing could lead to By
field inhomogeneity, such as the voluntary respiration-induced reso-
nance offset, and special care is needed to dampen these motion artifacts
(Van de Moortele et al., 2002; Pais-Roldan et al., 2018). Although several
regression steps were used to acquire a reliable analysis, motion artifact
remains an issue in the acquisition of rs-fMRI once the animal recovers
spontaneous breathing. To investigate the degree of interference between
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motion and the observed results, we calculated the motion profiles of the
fMRI scans acquired from the comatose rats and from control rats anes-
thetized with 2% isoflurane. The varying motion profile observed in the
control rats was in a range similar to that observed in the comatose rats,
which allowed us to re-order the scans in a way that the motion content at
each time matched that observed during coma recovery. The slope map
for the re-ordered control scans was then re-calculated, which provided a
“motion reference” map (Fig. S7). This motion reference map was sub-
stantially different from the coma recovery slope map, diminishing
concern about motion interference in our data.

It is also important to emphasize that the network-based connectivity
results reported here are based upon macroscale measurements of large
groups of neurons. Circuit-based insights into the connectivity and
functional dynamics of individual subcortical neurons within the arousal
network will require future studies with neuron-specific techniques. This
limitation is particularly relevant to the interpretation of our hypotha-
lamic connectivity results, which unexpectedly did not show an increase
in global connectivity during coma recovery, as discussed above. With
regard to the rs-fMRI analysis of brain network function, it should also be
noted that the whole-brain ECM-based connectivity was a relative mea-
sure among brain voxels. The highlighted voxels in the slope connectivity
map are the ones in which the dynamic connectivity degree increased the
most in comparison with others (the ECM analysis provides a rank, not an
absolute value). Thus, functional nuclei that contribute to coma recovery
might not have been readily identified here if they were overshadowed
by the more significant connectivity changes observed in the thalamus,
basal forebrain, and basal ganglia (see Supplementary Note 6 for a more
detailed discussion about the interpretation of the ECM analysis).

Although converging evidence from our control studies suggests that
coma induction is attributable to the diffuse brainstem tegmentum
lesion, we acknowledge that a pathophysiologic contribution to coma
induction from global cerebral hypoperfusion cannot be definitively
ruled out. Future studies should clarify the potential existence and extent
of such injury in the present model. Nevertheless, the observation that
10% of the ET-1 treated cases (i.e. waking animals) experienced similar
systemic hypotension and even, in some cases, diffuse ET-1-induced in-
farcts through the brain, demonstrates that an episode of global hypo-
perfusion, if present, is not the main cause of coma in this rat coma
model.

6. Conclusion

We developed a method to induce coma via a diffuse brainstem
tegmentum lesion in adult rats and provided verification of brainstem
lesion anatomy, behavioral assessment and examination of brain elec-
trophysiology and network connectivity. Unlike other approaches, this
animal model makes it possible to perform multimodal analysis longi-
tudinally during the hyperacute phase (first 6-8 h) of natural coma re-
covery in the rat, which is currently not feasible in human patients in the
clinical environment. The rs-fMRI connectivity analysis identified a
crucial interaction between the thalamus, basal forebrain, and basal
ganglia in reactivating the cerebral cortex during coma recovery. Future
lines of study dedicated to stimulating specific thalamic, basal forebrain,
and basal ganglionic subcortical arousal nuclei will aim to clarify their
relative contributions to coma recovery. Establishing a reliable coma
model in the rat may ultimately facilitate the development of targeted
therapies aimed at promoting recovery of consciousness in humans with
brainstem injuries.
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SUPPLEMENTARY FIGURES:

Figure S1

Fig S1. Surgical procedure and vasoconstriction effect of ET-1. (A) Surgical bed designed for rats with dorsal
implants and retractors to expose the basilar part of the occipital bone. (B) Typical setup of an anesthetized,
mechanically ventilated rat during injection of endothelin-1 (ET-1) into the brainstem. (C) Beginning of the surgery
from the ventral aspect of the neck. In the picture the Thyrohyoid muscles were dissected and the trachea could be
observed. (D) Exposure of the basioccipital (under the trachea) and approximate coordinates from the lower edge of
the bone (in mm) to drill the craniotomies. (E) Craniotomy drilling. (F) View of the craniotomy sites lateral to the
basilar artery (BA), whose inferior-superior course along the midline is shown in schematic form as a red line
superimposed on the bone, during injection of ET-1. (G) View of the BA and its branches with a craniotomy
performed over the whole basioccipital in an anesthetized rat, at different times after delivery of 800 nL of 400 pM

ET-1.



Figure S2
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Fig S2. Anatomical and behavioral outcome of 3 different experimental conditions. (A) Anatomical T2-weighted
MRI and view of the ventral brainstem vasculature in an animal with BAO, sham surgery or ET-1 mediated
vasoconstriction. (B) Representative neurological score of differently treated animals at 2 times after surgery. (C)
T2-weighted MRI showing infarction limited to the injection point in a rat subjected to ET-1 injection that did not
enter coma (rat belonging to the “no coma induction” group of ET-1 treated animals -see Fig 1J-). (D) T2-weighted
MRI showing massive infarction in different brain regions in a rat subjected to ET-1 injection that did not enter the

long-lasting coma state (rat belonging to the “brief coma” group of ET-1 treated animals -see Fig 1J-).



Figure S3
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Fig S3. Reliability of the RCS. (A) Overall inter- and intra- reliability of the RCS. (B) Intra-rater reliability (intra-
class correlation coefficient) of each category of the RCS. (C) Inter-rater reliability (Fleiss kappa) of each category
of the RCS. Abbreviations: bs: brainstem reflexes; resp: respiration; RR: righting reflex; whisk: whisker function.

Error bars represent the standard error of the mean.



Figure S4
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Fig S4. Electrophysiological and calcium-related changes during coma induction. The figure shows the LFP
spectral decomposition, multiunit activity (MUA, small black vertical lines) and intracellular calcium concentration
(blue trace) from layer V of the barrel cortex in 3 different animals subjected to the procedure of coma induction
through ET-1 injection. At first, animals are anesthetized with 2-2.5% isoflurane during injection of ET-1, then the
anesthesia is withdrawn (red arrows). The animal will only have spinal motor reflexes during the next ~60 minutes,
and the cortical activity will exhibit only burst-suppression patterns during the first 1-2 hours post-coma, but an initial
period of cortical hyper-excitability is observed for a short amount of time after withdrawal of the anesthetic,
followed by a massive wave of calcium internalization, denoting cortical spreading depression/depolarization.
Multiunit activity exhibits burst firing at the onset of the depolarization wave, which marks the beginning of
isoelectricity/burst suppression patterns. Note the different durations of the paradoxical cortical hyper-excitability
period (P.C.H.) in the different animals. Insets at the right bottom of each plot show the representative shape of one

multi-unit.



Figure S5
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Fig S5. Methodology for rs-fMRI processing for acquisition of the slope (recovery) map. Abbreviations: reg:

registration; ECM: eigenvector centrality mapping.



Figure S6
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Fig S6. ROIs selected for rs-fMRI analysis. Abbreviations: Acb: nucleus accumbens; B: nucleus basilis of Meynert;
BF: basal forebrain; C-Pu: caudate-putamen; Cg: cingulate cortex; CThal: central thalamus; DB: diagonal band of
Broca; GP: globus pallidus; LH: lateral hypothalamus; MS: medial septum; PO: preoptic nuclei; RS: retrosplenial
cortex; RThal: reticular thalamus; SI: substantia innominata; S1: primary somatosensory cortex; VP: ventral

pallidum.



Figure S7
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Fig S7. Validation of the rs-fMRI regarding the potential motion interference. The slope map of a control group
of healthy anesthetized rats with similar motion profile is provided. Different colors and line types in the motion

profile graphs represent different animals of the same group.



SUPPLEMENTARY VIDEOS:

Movie S1. Surgical procedure for brainstem coma induction.
Movie S2. RCS tested in the rat.

Movie S3. Behavioral progression of a comatose rat.



SUPPLEMENTARY NOTES:

SUPPLEMENTARY NOTE 1

Surgical procedure for basilar artery occlusion (BAQO)

The anesthetized rat (2-2.5% isoflurane) was positioned in dorsal recumbence. After shaving the ventral neck, a
longitudinal incision was made on the skin, the Thyrohyoid muscles were dissected, the trachea was left to a side and
the basilar aspect of the basilar bone was exposed. An electric drill was used to delineate and remove a skull window
or approximately 2 x 3 mm to expose the basilar artery (BA). The dura mater was removed. 6-0 silk suture was used
to occlude the BA at 2 to 4 points, above and below the anterior inferior cerebellar artery. The wound was closed,

painkiller was provided and isoflurane was switched off to assess behavior of the animal.

SUPPLEMENTARY NOTE 2

Behavioral assessment of coma recovery with the Tiibingen-Boston Rat Coma Scale (RCS)

Similar to the clinical practice of using behavioral scales to categorize states of altered consciousness in brain-injured
patients, we developed a Rat Coma Scale (RCS) to provide standard and reproducible behavioral assessments across
different animals. A variety of rodent neurological examination scales have been proposed for the assessment of
neurological function after different models of brain injury such as stroke (Schaar, Brenneman et al. 2010) or recovery
from general anesthesia (Reed, Plourde et al. 2013, Taylor, Van Dort et al. 2016). Nevertheless, none of them was
intended to be used during the acute comatose state. Human coma scales such as Glasgow Coma Scale (GCS), Full
Outline of UnResponsiveness (FOUR), and Coma Recovery Scale-Revised (CRS-R) provide a method to measure
human behaviors and reflexes in coma and related states (Avezaat, Braakman et al. 1977, Wijdicks, Bamlet et al.
2005, Di Perri, Thibaut et al. 2014). Nevertheless, these human scales cannot be directly translated to rats, as certain
behaviors cannot be reliably tested in small animals. For instance, the GCS, FOUR, and CRS-R all include an analysis
of patient responses to verbal commands, which cannot be applied in an assessment of rodent behavior. The design

of a rat-specific coma scale was, therefore, necessary to investigate coma in a rat model.

We aimed for the RCS to be an adaptation of the commonly used GCS, FOUR, and CRS-R human scales to the rat.
Behaviors and reflexes that could be reliably measured in rats, as in humans, were included in the RCS. These
included brainstem reflexes, respiratory function, and eye responses. We also incorporated several rat-specific

behaviors into the RCS, based upon prior studies demonstrating the utility of tracking these behaviors during
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transitions in states of consciousness. These included whisker function and the righting reflex, which has been used
as an analog of human loss of consciousness (Hallam, Floyd et al. 2004, Alkire, McReynolds et al. 2007, Sukhotinsky,
Zalkind et al. 2007, Nguyen, Li et al. 2009, Taylor, Van Dort et al. 2016). Another important difference between the
human and rat scales pertains to the opening and closing of the eyes. Although rats close their eyes during sleep, their
eyes remain open under anesthesia, and most of the rats undergoing the coma-induction procedure remained with
eyes open during the entire study (despite eye ointment being placed over the cornea to prevent eye drying).
Therefore, the condition defined by Eyes Closed, scoring low in humans, needed to be modified in rats, as open eyes

are compatible with an unconscious state in these animals (e.g. during anesthesia).

At early times (less than one hour after surgery), most animals exhibited exclusively motor withdrawal reflex,
consistent with acute coma (Schott and Rossor 2003). Unlike the human coma scales, for which volitional behavioral
responses reliably indicate cerebral cortical function, we relied on an additional method to detect cortical activity
(LFP) in the rat. Identification of a cortical isoelectric line or spike-bursting pattern supported a comatose diagnosis

and excluded other paralyzed but conscious states such as locked-in syndrome.

Importantly, a new measure that may indicate pain localization was observed in some healthy animals. Specifically,
we observed that when the examiner pinches the left or right ear of the animal, the animal may turn its head toward
the site of stimulation, suggesting a pain localization response. This behavioral measure was not included in the RCS
described here because it is not a test for which there is prior evidence and because it was not tested in all the animals
of this study. Nevertheless, this measure should be considered as part of a revised RCS in future studies, as it could

improve the sensitivity of the scale for differentiating behavioral states in the rat.

Some animals were observed to develop certain behavioral abnormalities after injection of ET-1, not considered in
the RCS, including momentary tremors of the head, ears, and whiskers, tongue swelling, proptosis, or convulsions
(Saposnik and Caplan 2001). Animals experiencing convulsions were euthanized and not included in subsequent

analyses.

Intra-rate and Inter-rater reliability of the RCS:

To assess the inter-subject and intra-reliability of the RCS, 5 raters (4 of them unrelated to the project and one co-
author, but not the main investigator) were trained on the RCS with Movie S2. For assessment of the inter-rater
reliability, 23 videos containing the assessment of the animal were shown to 5 blind raters, who were asked to score
each of the videos following the RCS criteria. Fleiss kappa was calculated using MATLAB at a significance level of

o= 0.05. The final inter-rater reliability value was calculated as the averaged Fleiss kappa from each category of the
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RCS. For assessment of the intra-rater reliability, 10 pairs of videos were shown to 5 blind raters. Each paired video
was either a duplicated video or a different video recorded within 5 minutes after its correlate in the same animal.
The intra-class correlation coefficient (ICC) was calculated using MATLAB at a significance level of a = 0.05. The
ICC was calculated for each category, based on all raters’ paired scores, with the final intra-rater reliability value
calculated as the averaged ICC for all categories. The overall intra-rater reliability of the RCS based on the audio-

visual material resulted in an ICC of 0.9. The overall and subscale reliability of the RCS can be found in Fig S3.

SUPPLEMENTARY NOTE 3

Control studies in relation to a potential contribution of hypopnea and hypotension in the development of

coma

The transient drop of blood pressure and loss of spontaneous breath observed during injection of ET-1 in rats that
entered the coma state might be regarded as potential factors underlying coma induction. It is worth noting that sham
animals subjected to injection of PBS in the same coordinates also experienced transient hypotension, presumably in
relation to the interference with the medullary centers that control blood pressure near the site of injection.
Importantly, a subset of animals in which ET-1 injection was performed did not enter the coma state or did so for a
very short period of time (“no coma induction” and “brief coma”, Figure 1J: ET-1 and Table S1). These animals
serve a valuable control to understand the extent to which hyponea and hypotension influence the coma state in the
reported model. In these animals that could awake after injection of ET-1 , the blood pressure dropped and the
spontaneous breath was lost during injection (all animals were ventilated), similar to what is observed in the comatose
animals. However, these ET-1 control animals with brief or no coma induction woke up several minutes after
withdrawal of the isoflurane. Anatomically, the MRI of some ET-1-treated animals with no coma induction showed
infarcts focused on the area of injection (AP ~ -11 mm), which implies that lesion of the nuclei at the level of the
injection point is not the cause of coma. Diversified infarcts in the forebrain were occasionally observed in ET-1-
treated animals that experienced only a brief coma, indicating that a diffuse injury produced by ET-1 does not trigger
coma in rats. Notably, all rats showed normal SpO2 values during and after induction of coma. The physiological
and anatomical findings observed in the “ET-1 + no coma induction” and “ET-1 + brief coma” control groups

indicate that hypotension and respiratory depression are not the main cause of coma in the rats.

12



SUPPLEMENTARY NOTE 4

Cost benefit of the rat brainstem coma model

Although ~90% of the animals subjected to the procedure entered a coma state, only ~50% of the animals showed
an initial deep comatose state with subsequent gradual recovery (the other ~50% died before regaining neurological
function, developed seizures or exhibited a short period of coma only). It is possible that most animals that did not
enter the coma state (or did so for a very short time) were not subjected to the optimal dose of ET-1. The potency of
ET-1 has been observed to differ from one batch to another, and therefore, determination of the optimal volume is
subjected to preliminary tests (involving additional animals). We would expect a much higher success rate (i.e., more
comatose animals that can be used to track recovery from coma) under conditions of controlled drug efficacy (e.g.

by testing the potency of ET-1 before each animal experiment).

An important consideration is that some animals developed tremors or convulsions shortly after coma induction,
which hinders identification of the neural correlates specific to coma and may constitute an end-point in animal
experiments (although it is also notable that human coma is often associated with convulsions as well (Mauguiere,

Blanc et al. 1979, Hannawi, Abers et al. 2016)).

An additional challenge emerges from the way in which this surgery is performed (dorsal recumbency, in contrast to
the common stereotaxic-based procedures), which requires customized rat beds (see Fig 1A). Theoretically, the same
results could be achieved by injecting the compound from the dorsal surface of the skull (common cerebral injection),
but due to the depth of the target site, this alternative may present other disadvantages (e.g., damage to the 4" ventricle

and larger targeting errors -the BA is a clear landmark in the ventral surface of the brainstem-).

Despite the complexity of this procedure, it is worth emphasizing that, unlike previous attempts at producing a
brainstem coma model, our ET-1 approach creates a sustained comatose state, which enables multimodal analysis of
brain physiology during coma recovery. Approaches acting at the neurotransmitter level without causing brainstem
infarction, like GABA agonists, may produce a global brain dysfunction that is transient and readily reversible.
Similarly, pentobarbital delivered directly to the brainstem causes an anesthesia-like state lasting only 12-15 minutes
(Devor and Zalkind 2001, Abulafia, Zalkind et al. 2009). Sodium channel blockers like lidocaine injected into the
subarachnoid space in rats likewise produce a transient unresponsive state that is reversed after stopping the infusion
of the drug (Yamada, Kaga et al. 1994). The ET-1-induced brainstem tegmentum lesion, on the other hand,
successfully yields a comatose state of sufficient duration to study the physiology and mechanisms of coma

recovery.
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The brainstem coma model can be applied to an adult rat in less than 2h, including preparation of the animal (e.g.
catheter placing) and until withdrawal of the anesthesia, and it can be merged with other techniques such as
electrophysiology, optic fiber-mediated calcium imaging or optogenetic stimulation. Thus, this work creates
opportunities for novel insights into acute recovery from coma, a subject that has not been possible to study with

prior models.

SUPPLEMENTARY NOTE 5

Anatomical verification of brainstem lesion in the rat coma model

The anatomical findings are concordant with recent optogenetic rodent studies targeting the adrenergic neurons in
the locus coeruleus (LC) and electrophysiological studies focused on the cholinergic and orexinergic neurons of the
pedunculopontine tegmental nucleus (PPT) and laterodorsal tegmental nucleus (LDT), which demonstrated their role
in regulating the brain state in favor of arousal (Xi, Morales et al. 2001, Petrovic, Ciric et al. 2013). Besides LC, PPT
and LDT, the parabrachial complex (PB) and the parafacial zone (PZ, including the parvicellular reticular nucleus)
were also infarcted in this model. The cell-specific lesion of the PB-precoeruleus complex in rats leads to a sub 1Hz
EEG signal, mimicking a coma-like physiological state when a large region of the basal forebrain is lesioned (Fuller,
Sherman et al. 2011). Meanwhile, the GABAergic neurons in PZ were reported to promote slow wave sleep through
their inhibitory projection to PB (Anaclet, Ferrari et al. 2014), which send glutamatergic projections to the basal
forebrain to maintain cortical activation and wakefulness (Anaclet, Lin et al. 2012, Kaur, Pedersen et al. 2013). Due
to the ET-1 mediated ischemic insult of the pons, the rat brainstem coma model also showed lesions located at the
mesopontine area covering the nucleus pontis oralis, in which focal injection of cholinergic agonists (Katayama,
Tsubokawa et al. 1986) or anesthetic (Devor and Zalkind 2001, Reiner, Sukhotinsky et al. 2007, Abulafia, Zalkind
et al. 2009) could lead to drug-dependent loss of consciousness or anesthesia induction. The ET-1 induced
vasoconstriction could spread to the midbrain area and produce infarcts to the raphe nuclei (mainly the medial aspect),
the ventral tegmental area (VTA), and the mesencephalic reticular formation. Direct optogenetic stimulation or focal
injection of calcium chloride to the dorsal raphe promoted wakefulness in rodents, which was reduced during
chemogenetic inhibition of the raphe neurons (Cui, Li et al. 2016, Cho, Treweek et al. 2017). A recent study also
showed that electrical or optogenetic stimulation of VTA shortened the recovery time from general anesthesia (Solt,

Van Dort et al. 2014, Taylor, Van Dort et al. 2016).
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SUPPLEMENTARY NOTE 6

Interpretation of the ECM-analysis

The ECM-based connectivity analysis of the rs-fMRI provided a normalized measure of whole brain connectivity
that was relative among brain voxels and not an absolute value. For instance, a negative value in the recovery map
would not necessarily mean that the voxel connectivity decreases, but only that its connectivity does not increase as
much as others’ (it could just not change, or increase at a lower extent). That said, the negative connectivity slope
observed in the caudal brain (occipital cortex/superior colliculus/caudal hippocampus, Figure 5B and 5C) might
reflect a delay in the regaining of functional connectivity with respect to other brain areas, potentially due to a special
susceptibility of this region to the ischemic insult. For the same technical reason, areas that might appear
overshadowed in the ECM-based analysis could as well contribute to brain recovery, although their tendency to

connect with other brain areas as the post-coma period progresses was not as evident as in the reported nuclei.
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SUPPLEMENTARY TABLE 1:

Animal group N. of animals

Use of the group

Data obtained

Main behavior results

Comatose rats show low
neurological scores and gradually
recover neurological function over

the next 8 hours

Main electrophysiology
results (LFP)
(behavior tracked, although
without pupil reflex testing)

Comatose rats suffer a short period
of isoelectricity followed by burst
suppression pattern and enter a
slow wave-predominant rhythm

after 2-4 hours

6
6
ET-1 injection +
long-lasting coma
(n=32 total) 14

(5 used in the
anatomic MRI group)

Main rs-fMRI results
(behavior tested before and
after rs-fMRI)

Certain nuclei in basal forebrain,
basal ganglia and thalamus
increase their connectivity along
recovery from coma, potentially
mediating reactivation of the
cerebral cortex

1
(5 used in the
rs-fMRI group)

Main anatomic
MRI results
(behavior tracked, although
at lower time resolution)

Several nuclei within the brainstem

suffer ischemia after injection of ET-

1 and are potentially responsible for
the behavioral unresponsiveness

ET-1 injection +

Not used for any analysis (most died before MRI was obtained or
during MRI acquisition)

Seizures are a potential side effect
of coma induction in this model
(13% of treated animals)

Technical failures (e.g. during
injection) and lesions outside the
brainstem do not cause long-lasting
coma in the rat

Cortical spreading depression
marks the onset of isoelectricity
after injection of ET-1

no recovery + death 20
ET-1 injection + Eutha.mlzed upor? apparlthn
. 10 of seizures, not included in
developed seizures .
analysis
ET-1 injection + Imaged (depending on
. 6 scanner availability) to be
brief coma
used as control
ET-1 injection + Imaged (depending on
- . 8 scanner availability) to be
no coma induction
used as control
Used to investigate the
ET-1 injection + coma 3 process of coma induction
induction recording with parallel LFP and
calcium imaging
Used as healthy control
Sham surgery 4 group for behavioral analysis
1

Animals injected with PBS instead
of ET-1 wake up during the first
40min after surgery. The effects

observed in comatose animals must
be due to the vasoconstriction and
not to the surgical procedure per se

(2 undergoing rs-fMRI
and 9 belonging to

Used as reference for assessment of anatomical and functional MRI

application of ET-1

Behavioral control

Anesthetized both rs-fMRI and from comatose animals
anatomical MRI
control groups)
A focal lesion to the
Basilar artery occlusion 13 Behavioral control basilar artery does not
produce coma in the rat
Topical Topical application of ET-1 does not

produce an injury focused on the
brainstem nuclei or a reliable coma

Table S1. Use of all animals included in this study. “Long-lasting coma” refers to animals that gradually recovered

neurological function during the first 6-8 hours, in contrast to “brief coma”, where animals recovered neurological

function within 1-2 hours. “No recovery + death”, where animals died without showing neurological recovery.
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ABSTRACT

Pupillometry, a non-invasive measure of arousal, complements human functional magnetic resonance
imaging (fMRI) to detect periods of variable cognitive processing and identify networks that relate to
particular attentional states. Despite the crucial role of animal models to link brain function to behavior,
e.g., the investigation of the neuronal correlates of pupil dynamics in rodents, a cross-scale view of the
brain state dynamics related to their behavioral output remains lacking. Here, we complemented whole-
brain resting-state fMRI in adult rats with cortical calcium recording (GCaMP-mediated) and
pupillometry to tackle the linkage between neurovascular coupling dynamics and arousal markers
across different scales. This multimodal platform allowed us to identify a global brain network that co-
varied with pupil size changes, which served to generate an index indicative of the brain state fluctuation
during anesthesia. Besides the global fMRI correlation with pupil dynamics and neuronal calcium
oscillation, a specific correlation pattern was detected in the brainstem, at a location consistent with the
noradrenergic cell group 5 (A5), which appeared dependent on the specific coupling between different
frequencies of the calcium signal fluctuation from the cingulate cortex, possibly indicating particular
brain states. The rat fMRI adapted to holding calcium recordings and pupillometry serves a fundamental
tool to track brain state changes across different scales, which also opens the possibility of performing

controlled behavioral research inside the MR scanner.

Significance statement:

Resting-state fMRI (rs-fMRI) performed in animals allows investigating the spatial correlation patterns
of the brain function, which presents oscillatory features according to varied brain states, even under
anesthesia. However, the link between particular global fMRI signal oscillations and fluctuations in the
level of arousal, which can be indexed by spontaneous pupil dilations, is seldom investigated in rodent
brains. Here, we established pupillometry with rs-fMRI and concurrent cortical calcium recordings in
anesthetized rats, enabling the arousal fluctuation analysis across multiple scales. A unique positive
correlation with pupil dilations was detected at the noradrenergic-cell-group 5 (A5) in the ventral
brainstem, which was associated with specific coupling between spectrally different calcium waves

measured from the cingulate cortex, possibly indicating a unique brain state.



INTRODUCTION

The brain state varies at low frequencies (<0.1 Hz) to mediate arousal or attentional states during rest
(1, 2). Studying such resting-state fluctuations at different scales makes it possible to identify the
neuromodulatory schemes underlying the spontaneous transitions between different brain states (3-
5)(6). Functional Magnetic Resonance Imaging performed during rest (rs-fMRI) can be used to extract
the temporal dynamics from different neuronal populations across the brain (7-9). The temporal
correlation between remote areas can be used to map baseline functional connectivity patterns that
portray so-called resting-state networks, which have been associated with particular
neuropsychological states and have a potential prognostic value in clinical disorders (10-12).
Alternatively, transitions between distinct brain states (e.g., sleep or attention) can be tracked as direct
changes in the global fMRI signal. Several human and non-human primate studies have demonstrated
that the global fMRI signal accurately reflects the momentary level of attention or arousal (1, 13, 14),
suggesting a critical role of the ubiquitous spontaneous oscillations in orchestrating the transition
between brain states. Additionally, human experiments where pupillometry was added to the fMRI
measurement have identified some potential neural correlates of arousal (15-17), yet the mechanisms

underlying spontaneous transitions towards varying brain states remain only partially understood.

Recently, experiments performed in rats have revealed key global signatures that precede brain state
changes during anesthesia by measuring the fMRI signal in parallel to the calcium-dependent neuronal
and astrocytic activity (4). The results obtained from these rodent experiments add to growing evidence
demonstrating the relevance of the fMRI global signal change within the framework of tracking brain
state fluctuations (1, 14). Neuron-vessel interactions underlying blood oxygen level dependent (BOLD)
contrast in fMRI have been investigated across scales using the multimodal fMRI platform in
anesthetized and awake animals (4, 18), demonstrating its great potential to be applied in behaving
rodents to track different brain states. Despite the ongoing efforts to set up an awake rodent multimodal
fMRI platform (19-21), the potential stress and motion-related artifacts lead to significant confounders
that draw reliable functional correlation features of the fMRI signal and harden its interpretation (22, 23).
In addition, a robust behavioral arousal measurement is still missing for rodents inside the MRI scanner
to correlate with the fMRI fluctuation, which could be further used to elucidate the linkage between
function and behavior at multiple scales. Here, as an intermediate step to the awake rodent multimodal
fMRI, we first aimed at adding pupillometry, an index of physiological arousal, to the existing multimodal
platform of anesthetized rodents, allowing for a detailed investigation of the dynamic correlation that

exists between the brain function and the pupil size-based arousal changes.

Eye blinks, unconscious eye movements and pupil size variations can report the level of arousal (1),
condition task performance and reflect the level of cognition processing (24), attention (25), fear (26) or
reward anticipation (27). Animal experiments performed on bench (e.g. electrophysiological studies)
have allowed to accurately test the relationship between pupil dilations and neural activity specific to
particular brain areas. Pupil fluctuations have been repeatedly linked to the activity of neurons in the

noradrenergic locus coeruleus (LC) (28, 29), and mark cortical state changes (30-34), which places the



pupil as an affordable arousal indicator to merge with other brain imaging schemes. These studies have
linked pupil dilations to desynchronized cortical activity (30) and depolarized states during walking-
related arousal (35). Pupillometry can be especially informative during anesthesia, where motor-driven
behavioral measurements are not accessible to the experimenter. Kum et al. showed that anesthetic
wash out (i.e. emergence from anesthesia) is accompanied by burst activity and mydriasis in rats (32),
suggesting that lighter unconscious states during anesthesia could be tracked by measuring the pupil

size.

Despite the existing rodent studies combining electrophysiological measurements with pupillometry, to
date there are no studies merging the pupil dynamics with the activity of neuronal populations and
concurrent whole-brain fMRI in rats. The goal of this work was to merge the bench measures with fMRI
to create a platform that allows investigating the link between the spatiotemporal changes in brain
activity and the transitory brain states that can be tracked with pupillometry. Here, GCaMP-mediated
recordings of neuronal activity from the cingulate cortex were acquired in parallel to whole-brain fMRI
in anesthetized rats subjected to concurrent pupillometry. Based on the rs-fMRI signal and its correlation
with the pupil dilations, we identified the presence of oscillatory brain states, which were specifically
represented by GCaMP-based neuronal calcium dynamics from the cingulate cortex. Besides tackling
the technical challenge of performing pupillometry in small animal MR scanners, we demonstrate the

potential of this platform to investigate arousal mechanisms at multiple scales.

RESULTS

Concurrent fMRI, neuronal calcium and pupil dynamics track brain state changes in the
anesthetized rat.

We used a small MRI-compatible camera to track the pupil dynamics from the rat eye in parallel to fMRI
and obtain a measure of arousal fluctuation during anesthesia (Sup. Fig. 1). The measure of pupil size
changes was introduced in a multi-scale analysis workflow as illustrated in Figure 1. Three main
recordings were obtained in parallel: 1) video recording of the pupil, 2) optical fiber calcium recording
(in the cingulate cortex, as well as in the barrel cortex in some rats), and 3) whole-brain fMRI imaging.
First, the vector representing the pupil size fluctuation was generated from the acquired video (see
Methods for details). This vector of the pupil dynamics was correlated to each fMRI voxel time course
to obtain a pupil-fMRI correlation map. In addition, another correlation map was created by comparing
the fMRI time courses with the 15t derivative of the pupil size (i.e. pupil dilations). Second, the pupil
dilations-fMRI correlation map, considered as a pupil-relevant spatial template, was correlated with the
original 4D fMRI (i.e. a time-varying volume) to create a specific spatiotemporal correlation time course
that provided an fMRI index of arousal, similar to what has been shown in previous rs-fMRI arousal
studies on non-human primates (1). Third, the pupil dynamics were studied in relation to the calcium
signal fluctuation from the cingulate cortex, in particular the 2-3Hz activity band, which showed the
strongest power throughout the calcium spectrum (the spectral analysis of the calcium signals is

explained in the Methods section) (4, 36). Finally, the time course of the fMRI arousal index was



compared with the calcium dynamics from the cingulate cortex. Supplementary Figure 2 shows a
summary pipeline with the main steps used in this work. The relationship between the fMRI signal and
its arousal index time course, as well as the pupil and calcium dynamics, is exemplified in

Supplementary video 1.

Figure 2 shows the brain state fluctuation detected with the multimodal platform in a representative
animal under anesthesia. Alternation between brain states was clearly linked to the transition from
constricted to dilated pupil or vice-versa (Fig. 2, top trace, and Sup. Fig. 3), which showed a strong
correlation with the whole-brain fMRI signal fluctuation and with the neuronal calcium signal oscillation
(Fig. 2, middle and bottom traces). It is noteworthy that the brain state dynamics varied across
different trials. This dynamicity can be presented by the index of pupillary unrest (PUI), which measured
the variability in pupil size per run (see Methods) (37). The PUIl was positively correlated with the
standard deviation of the pupil size, showing 43% of the total trails (n=71 of 10 rats) with a PUl above
1000 with salient low-frequency oscillatory patterns (Sup. Fig. 4). Together, this multimodal
measurement makes it possible to perform cross-scale correlation analysis to investigate the largely

varying arousal fluctuation in the anesthetized state.

Correlation analysis of whole-brain fMRI with pupil dynamics in the anesthetized rats.

Simultaneous fMRI and pupillometry allowed us to compute two pupil-correlated fMRI maps during the
anesthetized state. Fig. 3A shows the correlation map of the pupil size changes with the whole-brain
fMRI, presenting negative correlation to most of the cerebral cortex, thalamus, septal nuclei and the
superior colliculus, some of which have been previously identified as neural correlates of pupil dilations
during wakefulness (i.e. cingulate cortex or superior colliculus (38, 39)). While the change in pupil size
correlates with periods of arousal fluctuation during wakefulness (15), specific brain regions relevant to
the switch between arousal states can be potentially assessed by correlating the fMRI signal with the
derivative of the pupil size dynamic time course (16, 27, 40); therefore we also performed correlation
analysis between BOLD-fMRI and the 15t order derivative of the pupil size (i.e. pupil dilation/constriction
velocity, e.g., the purple trace in Fig. 2). Besides the negative correlation observed through most of the
brain, similar to the pupil-size correlation map (Fig. 3A&C), a positively correlated area was observed
in the brainstem region, which was not detected in the pupil-size correlation map (Fig. 3B&D). The
positively correlated brainstem nucleus overlapped with the rostral A5 area (Fig. 3D), which contains
primarily noradrenergic cells and projects to the major subcortical arousal nuclei through the reticular
formation pathway (41). It is worth noting that no significant positive correlation was observed in other
subcortical nuclei involved in arousal regulation, e.g. the LC (28), or the central and mediodorsal
thalamic nuclei (4, 42), which may be due to the highly variable brain state dynamics across the multiple

trials.

Validation of a pupil-fMRI derived index of arousal.

As shown in Figure 4, the momentary pupil-linked arousal can be inferred from each acquired rs-fMRI
volume by calculating its spatial correlation with the pupil-fMRI map. Consecutive spatial correlation
values can be concatenated to produce a vector of the time-varying fMRI arousal index (1). To specify

the neuronal correlates of the inferred arousal fluctuation, the power profile of the concurrent neuronal
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calcium signal was assessed in relation to the global fMRI arousal index and the pupil dynamic changes,
showing strong correlation features with both signals (Fig. 4E&G). The fMRI arousal index was
positively correlated with the pupil dynamics (Fig. 4B&C) but showed a negative correlation with the
power of the calcium 2-3Hz oscillation (Fig. 4D&E). In addition, the neuronal calcium recordings from
cingulate and barrel cortex in our anesthetized rats co-varied (negatively) with pupil size changes,
showing a decrease of the 2-3Hz power during dilations (Sup. Fig. 2 and Fig. 4G&H), consistent with
the negative correlation observed from the same cortical region in the pupil-fMRI correlation map. The
salient correlation features observed across multiple trials between the fMRI arousal index, the calcium
oscillation from the cingulate cortex and the pupil dynamics present a generalized three-way interaction

scheme to elucidate the arousal state changes in anesthetized rats (Fig. 4F).

Neurophysiological correlates of the pupil dilation-relevant brainstem activation.

Besides the power profile of the 2-3Hz band, investigations concerning the low-frequency calcium
oscillation (i.e. the baseline fluctuation at <0.1Hz) provided an additional dynamic feature to depict the
neurophysiological state of animals (Fig. 5) (36, 43). To better categorize the neurophysiological states
of the anesthetized rats, cross-correlation analysis of the baseline fluctuation and the 2-3Hz power
amplitude changes was performed, which identified a subset of trials with strong cross-frequency
coupling (Fig. 5B). However, approximately 60% of the trials demonstrated poor correlation or
uncoupled cross-frequency calcium dynamics (Fig. 5B), similar to the dissociation of phase and
amplitude coupling observed in previous EEG studies (44). We performed cluster analysis to sort trials
into two different groups according to their cross-frequency coupling features and compared the group-
pupil-fMRI correlation maps resulting from both neurophysiological states (Fig. 5C). Similar to the pupil-
fMRI correlation map acquired with all trials considered as part of the same set (Fig. 3A), a negative
correlation through most of the brain was observed from both groups (i.e. regardless of the
neurophysiological coupling), with no statistically significant difference observed between them (Fig.
5D, upper bar plot). However, the positive correlation between pupil dilations and A5 (brainstem) was
found significantly higher in the calcium-uncoupled group (Fig. 5D, lower bar plot). This result suggests
that, under anesthesia, the cortical neurophysiological state (determined as coupled or uncoupled

calcium signals) is specifically linked to the activation of A5 during pupil dilations.

Interestingly, the uncoupled frials exhibited higher pupil standard deviation than that of the coupled trials
(Fig. 5E, marked in the red box), i.e. the pupil was more dynamic when baseline and 2-3Hz calcium
fluctuations were uncoupled. However, no apparent relationship existed between the pupil standard
deviation and the pupil-fMRI correlation coefficients of A5 or the global brain area (Fig. 5F, R>< 0.2 in
all cases). The noradrenergic cell group A5 in the brainstem is involved in the regulation of the
cardiovascular system (41, 45, 46), which could supporta potential role of this nucleus in the modulation
of the pupil dynamics and the global fMRI signal fluctuation through sympathetic regulation.
Nevertheless, the fact that the degree of pupil dynamicity appeared independent from the level of pupil-
A5 correlation suggests that A5 itself is not a sole driver of the pupil dynamics or the global pupil-fMRI

correlation patterns. The cross-spectral calcium analysis in the context of the correlation between pupil



and whole-brain fMRI demonstrated that, under anesthesia, the cortical neurophysiological state is

specifically linked to the activation of A5 during pupil dilations.

DISCUSSION

In this work, simultaneous whole-brain fMRI and optical fiber-mediated neuronal calcium recording were
complemented with concurrent measurements of the pupil size to identify transitional brain states in
anesthetized rats. The pupil dynamics-whole-brain rs-fMRI correlation map demonstrated an overall
negative signal throughout the cortical and subcortical regions, but with specific positive correlation on
the noradrenergic cell group A5 located in the brainstem, which seemed particularly relevant to the
uncoupling between high and low frequency oscillations of the neuronal calcium signal and, possibly,
the standard deviation (i.e. dynamicity) of the pupil size (Fig. 5). Overall, the correlation found between
the pupil dynamics, the fMRI arousal index and the neuronal activity (recorded as GCaMP fluorescent
signal from the cingulate cortex, as well as in the barrel cortex) indicates reliable tracking of the brain

state fluctuation by the multimodal fMRI platform.

Despite the large variability of the brain state fluctuation among different trials during anesthesia (see
the diverse pupil dynamics observed from different animals on Sup. Fig. 4), robust negative correlation
was observed globally between the fMRI and the pupil dynamics across different animals (Sup. Fig. 5),
even when frials were sorted in two different groups based on their neuronal calcium oscillatory features
(Fig. 5C) (which did affect the detection of the positive signal on the brainstem). Our results suggest
that the pupil dynamics observed during anesthesia in rats are directly linked to the global fMRI signal
fluctuation, as well as to the alternating population activity observed as neuronal calcium transient
oscillations; in particular, the 2-3Hz power fluctuation (Fig. 2 and Sup. Fig. 3). A relationship between
pupil size and cortical activity, presumably linked to changes in arousal, has been reliably observed in
mice during wakefulness and during Non-REM sleep (30, 33, 34). These animals also transited between
periods of high amplitude and low-frequency neuronal firing coupled to constricted pupils and periods
of low population activity (i.e. more desynchronized states) linked to pupil dilations, in agreement with
our observations (Fig. 4G&H and Sup. Fig. 3). Also, the switch from desynchronized (low amplitude
fast activity) to synchronized (high amplitude slow waves) EEG in rats anesthetized with isoflurane (47)
or urethane (48) has been previously associated to the transition from pupil dilation to constriction. By
altering the concentrations of isoflurane, Kum et al. reported that changes of pupil size serve as a
precedent sign of the emergence from anesthesia, demonstrating a linkage between pupil dynamics

and transitions between brain arousal states (32).

We report two findings based on the pupil dynamics-fMRI correlation analysis in rats under anesthesia.
One is the global negative fMRI signal related to the pupil dilations (Fig. 3B). The observation of cortical
regions anti-correlated with the pupil dynamics is in agreement with the arousal-based rs-fMRI signal
correlation patterns obtained from un-anesthetized non-human primates with eye-opening/closing
tracking (1). The reduced BOLD signal observed during pupil dilations in our anesthetized animals

coincided with suppressed calcium transient activity from the cortex (Fig. 4D), which is in agreement



with previous reports of lightly anesthetized rats (36). However, in contrast to the previously reported
anti-correlation between cortical and subcortical functional dynamics during vigilant brain states (1, 49-
52), the pupil-based fMRI correlation maps in our study show a rather global negative correlation feature
spread over both, cortical and subcortical regions (Fig. 3). In particular, the anti-correlation of the cortex
and thalamus observed by rs-fMRI at varied arousal states (53, 54) has not been revealed in the
anesthetized rats. Wang et al. have previously reported a positive BOLD response in the midline
thalamic nuclei preceding a massing global negative BOLD signal coupled to specific astrocytic calcium
transients in anesthetized rats (4). The lack of detection of this fast-positive thalamic BOLD signal from
the pupil-based fMRI correlation map may be caused by the largely varied indices of pupil unrest across
the different trials (Sup. Fig. 4). In addition, the massive global negative BOLD signal may overshadow
the phasic positive contribution from the thalamus. A future study integrating concurrent astrocytic
calcium signal recording into the multimodal fMRI platform will attempt to further investigate the anti-

correlation features of the cortex and the thalamus relevant to the brain state.

The second finding is the robust positive correlation observed in the A5 noradrenergic cell group from
the pupil dilations-fMRI correlation map (Fig. 3D). The neurons of this pontine nucleus send projections
to several midbrain areas involved in arousal and vital functions, including the periaqueductal gray and
the parabrachial nucleus (41, 55), and are suppressed during REM-like states induced by the
acetylcholine agonist carbachol and the alpha-2 receptor clonidine (56), which supports its potential
role related to arousal state fluctuation and pupil size regulation. Similar to the LC, the A5 noradrenergic
area may play an alternative regulatory role on arousal, as suggested from the multiple studies

associating noradrenaline to brain state modulation (57-59). Although brain state fluctuation and pupil

dynamics have been reported to be regulated through the noradrenergic projections from LC (28, 29),
we observed no significant positive correlation patterns in LC or their projection areas. This fact may
indicate that the temporal features of pupil dynamics did not serve as a strong linear regressor to fit the
neuronal activity-coupled fMRI signal particular to LC in the anesthetized brain (60, 61). Importantly, to
date, the existence of a causal link between LC and pupil modulation remains to be clarified (40). Further
strategies (e.g. noradrenergic specific cell targeting) will be needed to confirm and characterize the
unexplored relationship between the A5 group and the pupil dynamics. Additionally, similar to the
specific astrocytic-dependent fMRI activation pattern deciphered in anesthetized rats (4), knowledge
about the specific dynamic signaling underlying pupil dilations may be needed to identify functional
nuclei that may modulate pupil dynamics with particular firing and neurovascular coupling patterns. Also
noteworthy is that the A5 area is mostly positively correlated with the 1%t order derivative rather than the
direct pupil size (Fig. 3C), indicating that the activation of A5 is more relevant to the change than to the

maintenance of the brain state.

Besides specifying the neural correlates of the pupil dynamics (i.e. decreased population activity in the
cortex and generalized negative BOLD signal linked to pupil dilations), the concurrent neuronal calcium
signal fluctuating at ultra-low frequency allowed us to consider additional features to characterize the
brain state. The cross-correlation of the calcium baseline fluctuation and the 2-3Hz power profile

changes (similar to the phase-amplitude coupling described in EEG recordings (44, 62)), revealed two



distinguishable states in the anesthetized brain across multiple trials in our study (Fig. 5B). Besides the
highly correlated ultra-slow baseline with higher frequency components of the calcium signal, as
previously reported in anesthetized rats (36), we also identified cross-frequency uncorrelated features,
indicating a dissociated amplitude-phase coupling (44). In contrast to the robust global negative pupil-
fMRI correlation under both coupled and uncoupled neurophysiological states, the positive correlation
in A5 was only significant in the uncoupled calcium dynamic state, which was paired with a higher
standard deviation of the pupil dynamics (Fig. 5E). Given the role of A5 on the regulation of the
cardiovascular system, it could be hypothesized that activation of A5 potentially leads to bottom-up
impact on the cerebrovascular hemodynamic signals and the pupil dynamics (41), which could
strengthen the global negative fMRI correlation feature observed here. However, the negative pupil-
global fMRI correlation values did not appear linearly dependent on the pupil-A5 correlation, neither
seemed the pupil dynamicity (i.e. pupil size standard deviation) reliant on the pupil-A5 relationship (Fig.
5F). Thus, A5 activation may represent a potent indicator of specific brain states under particular cross-
frequency uncoupling conditions in the anesthetized brain, but it does not serve as the major driver, or
at least not the essential factor, to modulate the brain state fluctuation. The mechanism behind the A5-
activation-related brain state fluctuation will be further investigated with circuit specific methods in future

studies.

CONCLUSION

Here, we merged pupillometry, as a marker of arousal, with whole-brain fMRI| and calcium recordings
from the cingulate cortex in anesthetized rats. We identified a quasi-global negative fMRI spatial pattern
that was correlated with pupil size changes and served as a template to produce an arousal fMRI index
during anesthesia. The neurobiological relevance of the inferred pupil-fMRI-based arousal index was
verified with the detection of closely coupled neuronal calcium oscillations in the cingulate cortex. In
addition, cross-correlation analysis of the low-frequency calcium baseline and the 2-3Hz power
fluctuation identified two distinguishable neurophysiological states, defined based on the coupling or
uncoupling of the calcium signals. While the global negative pupil-fMRI correlation was present under
both states, the positive correlation on the A5 noradrenergic group of the pons was mainly linked to the
neurophysiological state characterized by uncoupled neuronal calcium dynamics. The multimodal
platform (fMRI combined with optical fiber calcium recording and pupillometry) allows investigating the
pupil-dependent arousal state of the brain, which opens the possibility to link brain function and behavior
inside the MRI scanner and further enriches multimodal brain mapping to facilitate consciousness

research.

METHODS

10 adult Sprague Dawley rats were used to acquire the results of the current study (n=71 trials). All

animals were subjected to intracortical viral injection at 4 weeks of age to express the genetically



encoded calcium indicator, GCaMP6f, allowed to recover for one month and then subjected to a terminal
fMRI study under anesthesia, with parallel measures of the pupil size and of the calcium signals. In 8
of the 10 animals, the barrel cortex was additionally targeted to record calcium signals from a region of
the primary somatosensory cortex. All animal procedures were approved by the Animal Protection

Committee of Tubingen (Regierungsprasidium Tibingen).

Analysis of the multimodal data included temporal correlation between the pupil dynamics and the fMRI
signals, spatial correlation between each fMRI volume and the pupil-fMRI correlation map and cross-
correlation measures between the whole brain fMRI, the calcium signal at 2-3Hz or baseline and the
pupil size/pupil dilations. A scheme summarizing the main analysis pipeline can be found as
Supplementary Figure 2.

For details concerning surgical procedures, calcium signal acquisition, fMRI sequence and pupil

measures see Supplementary Methods.
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Figure 1. Multimodal GCaMP-pupil-fMRI platform. The scheme shows the setup used to acquire concurrent
neuronal calcium signals from the cingulate cortex (GCaMP-based), pupillometry and whole-brain fMRI, which
allowed building a pupil-fMRI correlation map and study the relationship between whole-brain patterns,

neurophysiological features and arousal states.
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Figure 2. Tracking brain state changes with pupillometry, fMRI and calcium imaging. The traces, map and
spectrum in this figure show an example of the measures obtained concurrently during a 15min scan in an
anesthetized rat. The top trace (black) shows the variable pupil size during the scan time (higher values represent
bigger pupils). The purple trace was computed by acquiring the 1stderivative of the pupil size, and it tracks periods
of pupil dilations (positive values) or consfrictions (negative values). The brain map shows, on its overlay, the
correlation values between the fMRI time-course of each voxel and the pupil change vector (a more detailed version
of the correlation map can be found in Fig 3). The red trace represents the time-varying similarity between the
brain configuration at each TR and the pupil-driven template, indicative of the degree to which the brain state is
governed by pupilfluctuations. The blue trace shows the power fluctuations of the 2-3Hz band of intraneuronal
calcium from the cingulate cortex, and below, the frequency content of the calcium signal is shown in bins of 2s
windows during the whole scan time. The black trace over the spectral decomposition of the calcium signal shows
again the fluctuations in the pupil size. Note the negative correlation between the pupil and the power of the 2-3Hz
calcium band. The averaged+standard deviation cross-correlation measure between these two signals across 71
trials from 10 animals is plotted in the upper right inset within this subplot.
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Figure 4. Acquisition and properties of the pupil-governed brain state time course. A. Schematic showing
how the pupil-governed time course (rs-fMRI spatial correlation with template) was computed for each fMRI scan.
B. Four pairs of time-courses from different animals are shown to exemplify the similarity between the fluctuations
in the pupil size (black traces) and the fluctuations in the fMRI spatial correlation with template (red traces). C.
Cross correlation between the pupil size and the rs-fMRI spatial correlation with the template (“fMRI sc”). D. Four
pairs of time-courses from different animals are shown to exemplify the strong inverse relationship between the
fMRI sc reflecting time-varying pupil-governed brain states (red traces) and the population activity at 2-3Hz from
the cingulate cortex (blue traces). E. Cross correlation between the fMRI sc and the power of the calcium
fluctuations in the 2-3Hz frequency band. F. Schematic summarizing the relationships between the 2-3Hz calcium
signal, pupil size changes, and fMRI spatial correlation with the template. G, H. Cross correlation between the pupil
size and the calcium signal (2-3Hz power) from the cingulate cortex (G) or the barrel cortex (H). Red dots on the
left graphs in C,E, G and H identify the maximum correlation value from each trial within a £30s lag. Right graphs

represent the averagetstandard deviation.
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values between both groups. The 3 row shows the results of a t-test between both groups (note the significant
differences encountered in the A5). At the bottom, a sagittal slice from each group of the above maps is shown for
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showing the relationship between baseline/2-3Hz correlation, lag of the maximum correlation value and standard
deviation of the pupil (SD pupil, also coding for the color in this figure). F. Scatter plots showing the pupil-correlation
values from the whole cortex (“global cor.”) and the A5 (“A5 cor.”) against the pupil standard deviation, color coded
based on the baseline/2-3Hz coupling. The coefficient of determination (R squared) was calculated for each pair
of data: R%(SD pupil-A5) = 0.04; R2(SD pupil-global signal) = 0.14; R2(A5-global signal = 0.08).
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SUPPLEMENTARY METHODS:

Procedure of viral injection

Anesthesia was induced in 4 weeks old animals with 5% isoflurane in the chamber. Anesthetized
animals were placed on a stereotaxic frame with ears and teeth fixed, where they breathed a mixture
of air and oxygen with vaporized 1.5-2% isoflurane through a mask. An eye ointment was placed over
the eyes to prevent from drying. The scalp was shaved and disinfected, a middle cut was made and the
skull was exposed. The fissure Bregma was identified and the right cingulate cortex was marked at
coordinates +1.2 mm AP and +0.5 mm ML (area 24b). For injections in the barrel cortex, the coordinates
were -2.4 mm AP and 4.9 mm ML. A pneumatic drill was used to make a ~0.8 mm diameter craniotomy
on the target coordinates. A 33G micro-syringe connected to a microinjection pump was lowered down
to a depth of -1.8 mm from the brain surface for injections in the cingulate cortex or -1.2 for injections
in the barrel cortex, and 600 nL of the viral vector AAV5.Syn.GCaMP6f.WPRE.SV40 were infused at a
rate of 200 nL/min. After injection, the needle was left in place for 8 min to avoid leaking and then it was
carefully removed. The craniotomy was covered with sterile wax, the skin was sutured, and animals

were treated with painkiller and antibiotic for 3 consecutive days to prevent infection.
fMRI preparation procedures

Adultrats were anesthetized with 5% isoflurane in the chamber and orally intubated with a 14G cannula.
A small animal ventilator (CW-SAR-830/AP) was used from this moment to ventilate animals at 60+1
breaths per minute with a mixture of 70% air and 30% oxygen. Surgical anesthesia was maintained at
2-2.5% isoflurane. The femoral artery and vein were cannulated with polyethylene tubing (PE-50, filled
with heparin to prevent coagulation), to monitor blood pressure and to serve as intravenous infusion
line, respectively. Animals were then positioned into a stereotaxic frame to proceed with the implantation
of the optical fiber for calcium imaging. The scalp was shaved and disinfected. A middle cut was made
to expose the skull and a ~1mm diameter blur hole was made over the coordinates +1.2 mm AP and
+0.5 mm ML to target the cingulate cortex, or -2.4 mm AP and +4.9 mm ML to target the barrel cortex.
A 200um optical fiber was carefully lowered 1.9 or 1.2 mm DV for cingulate or barrel cortex respectively
and fixed to the skull with cement. The implant was allowed to dry for 30-40 min. To avoid air-tissue
interfaces artifacts in the fMRI images, the ear canal of anesthetized animals was filled with a fluoride
paste. At the end of the surgeries, a bolus of ~80mg/kg alpha-chloralose anesthesia was infused
intravenously and isoflurane was discontinued. The animal was moved to the MRI bore and the venous
catheter was connected to an infusion pump that injected a mixture of alpha-chloralose (~25mg/kg/h)
and the paralyzer agent pancuronium (~2mg/ks/h) for the duration of the experiment. Rectal
temperature, ventilatory pressure, end-tidal CO2, arterial blood pressure and heart rate were constantly
monitored. Anesthetized animals were euthanized after the last fMRI scan following the approved

protocols.
Acquisition and pre-processing of calcium signals

The GCaMP fluorescence signal was detected through optical fibers by a photomultiplier, amplified,

and recorded using an analog to digital converter (Biopac -Goleta, CA-) at a sampling rate of 5000
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samples per second. Matlab (Natick, MA) code was used to read and synchronize the signals with the
fMRI data. Calcium signals were normalized by subtracting and dividing by mean ((F-F)/ F) to report
the level of GCaMP-mediated fluorescence signal change. In multimodal correlation analysis, all signals
were detrended and normalized to 1 for comparison purposes. Spectral analysis was performed on
Matlab using wavelet decomposition (2s sliding windows to map a frequency range between 0.5 and
10 Hz every second during the whole scan) and the power of the most salient frequency band (2-3 Hz)

was extracted.
Acquisition and pre-processing of fMRI

All MRIimages were acquired on a 14.1T / 26cm magnet (Magnex, Oxford) with an Avance Il console
(Bruker, Ettlingen) and a 12cm diameter gradient providing 100G/cm with 150us rise time (Resonance
Research). An elliptic trans-receiver surface coil (~2x2.7cm) was used in all experiments. Functional
scans were acquired using a 3D EPI sequence providing whole-brain coverage, with the following
parameters: 1s TR, 12.5ms TE, 48x48x32 matrix size, 400x400x600um resolution. Each scan was run
for 925 TRs (15 min 25 s). An anatomical RARE image was additionally acquired within each session
for registration purposes with the following parameters: 4s TR, 9ms TE, 128x128 matrix size, 32 slices,
150um in-plane resolution, 600um slice thickness, 8x RARE factor. During analysis, anatomical scans
from different animals were first registered to a template (a RARE scan from one of the animals) using
3dAllineate in AFNI, and the registration matrix was then applied to the EPI scans to align all the data
to the same coordinates. Co-registered volumes were then blurred by applying a 0.8 mm FWHM

Gaussian filter, normalized by mean and temporally filtered (0.005 to 0.15Hz).
Acquisition and pre-processing of pupil data

A customized MRI-compatible camera (dimensions: 25 mm x 25 mm x 15 mm + a lens of 10 mm
diameter x 20 mm) with the following features was used to acquire one video during each fMRI scan:
24 bits per pixel, 240x352 pixels, 29.97 frames/s, RGB24 format. Supplementary Figure 1A shows
the spatial configuration of all the components used for video acquisition of the pupil during the
multimodal fMRI experiment. The camera was held on an adjustable rat bed made in-house, with the
lens approximately 0.5 to 1 cm apart from the right eye of the animal (Sup. Fig. 1B). Amovable infrared
LED light source (peak wavelength = 850nm) was additionally positioned on the rat bed to provide a
good contrast of the pupil. 925 frames (corresponding to the fMRI acquisition volumes) were read and
processed using a customized Matlab script. Contrast enhancement and threshold-based image
binarization were performed in all frames. Different approaches were taken in subsequent steps to
detect the pupil depending on the contrast of the acquired video: 1. Images where the pupil got isolated
by simple contrast-threshold binarization were subjected to automatic object decomposition using
“regionprops” and the pupil was identified as the region closer to the center that was calculated in the
previous frame (the first approximate center was always pre-defined manually). An additional step to
ensure correct identification of the pupil following automatic segmentation involved checking that the
area of the candidate region lied within a pre-defined expected range (minimum and maximum diameter

pre-defined manually in the first frame of each video). 2. A second approach was used when the pupil

19



exhibited a good contrast only in a portion of its circumference (i.e. the whole circle could not be isolated
automatically after binarization). This approach consisted of detecting intensity changes in the binary
images along 3 chosen directions, starting from an approximate pre-defined center, to identify 3 points
of the circle that represents the pupil. 3. Frames where none of the previous two methods succeeded
to correctly identify the pupil were processed manually by defining 3 points along the pupil
circumference. Once the pupil was identified as a circle on a video frame, its diameter was calculated
and stored in a vector of length equal to the number of TRs. An additional step consisted of saving each
one of the processed video-frames as an image file with the identified pupil overlaid on it (using
“viscircles” over each original image). This step served to confirm the correct identification of the pupil.
Incorrect detections observed as outliers along the diameter vector were solved by interpolation of the
neighbor frames. If incorrect detection occurred in more than 2 consecutive frames, the script was run
again with adjusted parameters or manual detection to recalculate the pupil diameter in the missing
frames. Editable parameters included: contrast threshold for image binarization, center coordinates in
the first frame, minimum and maximum expected diameter of the pupil (in pixels) and the 3 directions

to build the gradient vectors that detect intensity changes in the binary image.

Pupillary unrest index (PUI)

Adapted from Ludtke et al. (37), we produced a measure of the variability of the pupil size by summing
up the cumulative differences between consecutive points of the smoothed pupil diameter vector (for
each trial, PUI = sum(abs(diff (smooth([Pupil diameter vector]))))). This measure provided a way to
quantify the dynamicity of the pupil during each fMRI scan (similar to the standard deviation of the pupil

size).
Multimodal analysis of the data

Acquisition of correlation maps

The pupil diameter vector (indicative of the pupil size at each time point) and its 15! derivative (indicative
of whether the pupil was suffering dilation or constriction at a given moment) were used as reference
vectors to generate fMRI correlation maps. For each frial, the 2 vectors were converted to 1d files and
read in AFNI by the function 3dTcor to calculate the correlation value between each 1d file and each
time course in the 3D fMRI scan. This produced 2 correlation maps per trial: one pupil size - fMRI
correlation map and one 1% derivative of the pupil - fMRI correlation map. One-sample t-tests were
performed on the correlation maps from 71 trials of 10 different animals to report significantly correlated

brain voxels with the pupil size or the 15! derivative of pupil size.

An additional step was taken to quantify the degree to which specific regions of the brain reflect pupil
dynamics by averaging the correlation values of voxels within 16 ROls. This was done using the AFNI
function 3dmaskave. The selected ROIls (3 primary cortices (somatosensory, auditory and visual), 5
different association cortices (orbitofrontal, pre-limbic, cingulate, insular and restrosplenial), 5 thalamic

areas (central, reticular, dorsal, ventral and lateral geniculate), septal area, superior colliculus and
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the previously acquired voxel-wise correlation maps. The correlation value for each ROl was subjected
to a one-sample t-test and the results were reported at 3 different significance levels (0.05, 0.01 and
0.001).

Acquisition of the pupil-governed brain state vector

Following a modified strategy from Chang et al. (1), a vector containing the momentary spatial
correlation between each TR acquisition volume and the averaged 1%t derivative-pupil correlation map
(template) was computed from each fMRI scan using 3ddot in AFNI. In Chang et al., this vector is
believed to extract the time-varying level of arousal from an fMRI scan. Due to our experimental
conditions (anesthetized animals), this vector is simply called throughout the text “fMRI spatial
correlation with template”, also referred as the “pupil-governed brain state vector” or the “fMRI arousal
time-course”. A video showing the relationship between this time course and the multimodal fMRI data

for one representative trial is provided as Sup. Video. 1.

Cross correlation analysis.

Cross correlation analysis was performed between the measures from different modalities using the
xcorr function in Matlab with a maximum lag of £30s. Results of the cross-correlation analysis are

reported as averaged correlation + standard deviation.
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SUPPLEMENTARY FIGURES:

Supplementary Figure 1. Adapted MRI rat bed for pupillometry measurements. A1, A2, A3. Images show
three different views of the camera holder (2), camera (3), light source holder (4) and light source (5) assembled
into the MR rat bed (1; the basic MRI rat bed contains two ear bars and one teeth bar). The light source consists
of a power-supplied LED (5a-5c¢) and a polycarbonate tube used as alight guide, attached to it (5d). In the pictures,
the LED is hidden at the end of the red tube (5b-5c; the black part is a shrinking tube surrounding the LED and
building the connection with the extension light guide). 5a is the cable that extends from outside the MRI room to
supply power to the LED and 5b is a rigid plastic cover to better control the positioning of the LED. The light guide
is attached to the LED to conduct the infrared light towards the eye of the animal (the LED would cause artifacts in
the MRl image if positioned near the head). The camera holder (2) allows to rotate the camera around a vertical
and a horizontal axis and to slide it front or backward. The light source holder (4) allows to control the position of
the light source through a modified ball-and-socket joint that enables rotation and sliding front or backward. B.
Images show how the camera and light source are positioned to perform pupillometry in a living rat. The position

of the light source needs to be finely adjusted to acquire good contrast of the pupil within the eye.
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Supplementary Figure 2. Schematic showing the main steps carried out during the analysis of the
multimodal pupil-calcium-fMRI data. Eye videos were processed using Matlab to extract the diameter of the
pupil at each scan time point (see Methods). AFNI was used to compute the fMRI correlation maps with the vector
of the pupil size or the 1st derivative of the pupil size (i.e. pupil dilations). The map resulting from the correlation
between the fMRI signals and the 1st derivative vector was considered as template. A new vector was generated
from the spatial correlation values between each acquisition volume and the template. Matlab was used for all
cross-correlation analysis with the calcium signals.
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Ca signal

Video frame

Supplementary Figure 3. Relationship between pupil size and calcium dynamics in a representative animal.
The figure shows the different states encountered during a 15 minutes trial, characterized by higher or lower
amplitude of the calcium signals and subsequent changes in the pupil size.
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Supplementary Figure 4. Variability of the pupil dynamics across trials. A. Histogram of the pupillary unrest
index (PUI) of all trials acquired throughout the study. The inset shows the relationship between the PUI and the
standard deviation of the pupil size. Different points represent different trials. B. Pupil diameter vectors of different

trials and their corresponding PUI.
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Supplementary Figure 5. Pupil dynamics-fMRI correlation maps from 6 different animals. The color on each
voxel represents the correlation coefficient between the fMRI time course and the time-varying 1st derivative of the
pupil size. Note the robustness of the negative correlation, especially on cortical regions, and the positive
correlation on the A5 group in the brainstem. The statistic map can be found on Figure 3B of this manuscript.

SUPPLEMENTARY VIDEO 1:

https://www.dropbox.com/s/bns0f5m3d8s69y1/supVideo multimodal bigP.mp4?dI=0
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Resting-state functional magnetic resonance imaging (rs-fMRI) combined with
optogenetics and electrophysiological/calcium recordings in animal models is becoming
a popular platform to investigate brain dynamics under specific neurological states.
Physiological noise originating from the cardiac and respiration signal is the dominant
interference in human rs-fMRI and extensive efforts have been made to reduce
these artifacts from the human data. In animal fMRI studies, physiological noise
sources including the respiratory and cardiorespiratory artifacts to the rs-fMRI signal
fluctuation have typically been less investigated. In this article, we demonstrate evidence
of aliasing effects into the low-frequency rs-fMRI signal fluctuation mainly due to
respiration-induced BO offsets in anesthetized rats. This aliased signal was examined
by systematically altering the fMRI sampling rate, i.e., the time of repetition (TR), in free-
breathing conditions and by adjusting the rate of ventilation. Anesthetized rats under
ventilation showed a significantly narrower frequency bandwidth of the aliasing effect
than free-breathing animals. It was found that the aliasing effect could be further reduced
in ventilated animals with a muscle relaxant. This work elucidates the respiration-
related aliasing effects on the rs-fMRI signal fluctuation from anesthetized rats, indicating
non-negligible physiological noise needed to be taken care of in both awake and
anesthetized animal rs-fMRI studies.
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INTRODUCTION

Low-frequency (< 0.1 Hz) fMRI signal fluctuation (LFF) related to spontaneous brain dynamic
signaling has been observed using a number of different brain imaging modalities (Biswal et al.,
1995; Obrig et al., 2000). Applying a series of data analysis including correlation, coherence and
independent component analysis of LFF during resting state scans has revealed distinct “resting-
state” networks (RSN) that represent potential functional connectivity across regions in the brain
(De Luca et al., 2005; Fox et al., 2009). The “default mode” network (DMN) is one of the RSNs
that has been reliably identified from resting-state fMRI (rs-fMRI) in the human brain (Raichle
et al., 2001; Greicius et al., 2003). Similar DMN spatial correlation patterns have been detected
in both anesthetized monkeys and rodents, using fMRI (Vincent et al., 2007; Mantini et al., 2011;
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Lu et al.,, 2012; Cabral et al., 2014; Stafford et al., 2014; Paasonen
et al., 2018). This has allowed translational studies to specify
the potential neuronal basis/underpins of the RSNs detected by
fMRI in animal models. Animal fMRI has played a critical role in
mapping the brain dynamics across multiple scales (Logothetis,
2002; Airaksinen et al., 2010; Hyder and Rothman, 2010; Mishra
et al., 2011; Pan et al., 2011; Schulz et al., 2012; Yu et al.,
2016; Yu, 2017; Albers et al., 2018; Wang et al., 2018). Multi-
modal animal fMRI platform has been developed by merging
fMRI with optogenetics (Lee et al., 2010; Liang et al., 2015; Yu
etal., 2016; Albers et al., 2018), for cell/circuit specific activation,
and with concurrent electrophysiological recordings (Goense
and Logothetis, 2008; Shmuel and Leopold, 2008; Scholvinck
et al,, 2010; Pan et al, 2013). Also, fMRI brain mapping has
been performed with parallel fiber optic measurements of the
brain dynamic signals through genetically encoded sensors (e.g.,
detection of calcium with GCaMP or even of glutamate with
GluSnRf) for identification of the LFF neural correlates (Schulz
et al, 2012; Xie et al,, 2016; Schwalm et al, 2017; Albers
et al,, 2018; He et al,, 2018; Jiang et al,, 2018; Wang et al,
2018). Thus, the multi-modal animal fMRI offers the possibility
of studying the multi-site neural components underlying the
RSNs.

Extensive efforts have been made to elucidate the confounding
issues of LFF in the human brain, especially in the correction of
motion artifacts from varied sources (Biswal et al., 1996; Welvaert
and Rosseel, 2012; Murphy et al., 2013; Chen et al, 2015a;
Jorge et al., 2015; Bright and Murphy, 2017). Besides the head
motion-caused artifacts (Yang et al., 2005), the cardiorespiratory
(CR) interference, e.g., the respiration-induced BO field offset
and cardiac pulsation etc., are the most dominant physiological
noise source to a broad frequency range of the fMRI signal
fluctuation (Hu et al., 1995; Noll et al., 1998; Van de Moortele
etal., 2002; Razavi et al., 2008; Birn et al., 2008a; Starck et al., 2010;
Birn, 2012; Murphy et al., 2013; Cordes et al., 2014). The CR-
relevant parameters including arteriole CO2 (Wise et al., 2004),
respiratory volume per time (RVT) (Birn et al., 2006, 2008b),
and heart rate variability (HRV) (Shmueli et al., 2007), oscillate
at frequencies < 0.1 Hz and directly interfere with the rs-fMRI
signal correlation features. In addition, the slow sampling rate
of fMRI could alias the high-frequency oscillation of the cardiac
signal, and even the respiration artifacts at TR > 2 s, which can
contaminate the low frequency range in human rs-fMRI studies
(Biswal et al., 1996; Lowe et al., 1998; Noll et al., 1998; Dagli
et al., 1999; Frank et al., 2001; De Luca et al., 2006). To solve
the aliasing problem, high sampling rate imaging schemes or
fMRI with specific TRs are needed to avoid the aliased oscillatory
signals in the < 0.1 Hz low frequency range (Frank et al., 2001;
De Luca et al., 2006; Posse et al., 2013; Cordes et al., 2014; Tong
et al., 2014; Reynaud et al., 2017). Advanced imaging schemes
and signal denoising methods have been developed to reduce
these artifacts in human rs-fMRI studies (Biswal et al., 1996;
Kiviniemi et al., 2003, 2005; Feinberg et al., 2010; Murphy et al.,
2013; Feinberg and Setsompop, 2013; Liu, 2016; Abreu et al,
2017; Bright and Murphy, 2017; Caballero-Gaudes and Reynolds,
2017).

The CR-relevant confounding issues have been less concerned
in animal rs-fMRI studies, especially in anesthetized animals
with head-fixation to remove a large portion of the motion-
relevant artifacts that are usually observed in awake human
subjects (Kannurpatti et al, 2008; Zhao et al, 2008; Biswal
and Kannurpatti, 2009; Pawela et al, 2010; Williams et al,
2010; Majeed et al., 2011). The respiratory rates of animals at
different anesthesia vary largely, which can alter the respiration-
related neck/chest motion patterns across different cases (Zhao
et al., 2008; Williams et al., 2010; Bukhari et al., 2017). In
many rs-fMRI studies using 2D-EPI sequences with different
TRs (0.1 s -single slice- to 2 s), the CR-relevant aliasing effect
was either reported negligible, or could be filtered out from
the < 0.1 Hz LFF ( Zhao et al,, 2008; Biswal and Kannurpatti,
2009; Williams et al., 2010). Under the same anesthesia (e.g.,
medetomidine), the respiration-relevant motion artifacts have
been reported to have different spatial patterns by different
studies, either located only at the brain edge voxels using
300 ms TR (Magnuson et al., 2015), or to spread through the
whole brain structure with severe aliasing interference at 3 s
TR (Kalthoff et al., 2011). To better interpret the RSNs in
animal rs-fMRI studies, the potential aliasing effect needs to
be characterized carefully to avoid confounding the < 0.1 Hz
LFF (Kalthoff et al., 2011). This is particularly critical for multi-
modal fMRI studies that adopt 3D-EPI sequences to achieve even
higher spatiotemporal resolution, so that more refined functional
patterns from smaller brain nuclei can be matched with other
imaging modalities in multi-scales (e.g., Wang et al., 2018) or
even in awake animal fMRI studies (Ferenczi et al., 2016). Thus,
for the implementation of a multi-modal fMRI methodology,
a quality control to prevent or correct the physiological-
related noise in the animal rs-fMRI signal is crucial to reliably
investigate the neural basis of the RSNs detected in the animal
brain.

In this study, we focused on deciphering the confounding
rs-fMRI signal oscillation due to the respiration-related artifacts
in anesthetized rats freely breathing or under ventilation with
or without a muscle relaxant. By systematically varying the TR
and the ventilation rates during the rs-fMRI acquisition, we
characterized the aliasing effects, showing altered interference
at different conditions. In addition, the frequency-specific
power map demonstrated the voxel-specific sensitivity to the
respiration-related motion artifacts with unique spatiotemporal
dynamic interference. Because the ventilation mechanism
enforces sinusoidal signals at very specific frequencies, it
helps narrow the broad respiratory bandwidth of the free-
breathing conditions, providing an efficient solution to avoid
the overlap of the aliased oscillation to the < 0.1 Hz fMRI
signal fluctuation. Furthermore, the muscle relaxant can
significantly reduce the respiratory-induced BO distortion
and its corresponding aliasing artifacts to the LFF. In
summary, this work provides a detailed view on aliasing
effects of the rs-fMRI signal fluctuation from anesthetized
rats, indicating a crucial CR interference issue needed to be
taken care of in both awake and anesthetized animal rs-fMRI
studies.
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MATERIALS AND METHODS

Simulations of the Physiological Noise
Sampling at Different TR for fMRI

In order to simulate the aliasing effect of the respiratory motion in
the fMRI signal acquired at a certain TR, a cosine wave oscillating
at frequencies near the common rat ventilatory rate was
created using Matlab (Mathworks, Natick, MA, United States).
The generated signal was then down-sampled at frequencies
equivalent to potential volume acquisition times (TR). The
resulting waves were plotted to illustrate the effect of sampling
an intruder ventilatory-driven signal at a certain TR.

Mathematical Explanation of the

Observed Aliasing Effects
The function f(TR) calculates the frequency freqS of a signal S
that results from sampling an original signal SO at a given TR.

1
f(TR) = abs(freqSO — k*ﬁ) = freqS

withk=1,23....

Supplementary Figure S1B shows an example of how a signal
(e.g., motion from breathing at 60.1 breaths per minute) can be
aliased by using typical TRs (i.e., TR > 0.5 s). When using a
sampling frequency equal to the peak frequency SO0, the resampled
signal (S) is flat (frequency = 0) (see Supplementary Figure S1A
middle inferior panel). In the practice, complete cancelation of
the signal is often not possible, when dealing with analog devices,
but by getting very close to the peak frequency, an extremely slow
aliased signal can remain, which would lie out of the rs-fMRI
analysis (freqS < < < 0.01 Hz, Supplementary Figure S1B). By
knowing the specific rate at which the animals breathe (e.g., by
imposing a respiration rate with ventilatory support) it is possible
to choose an appropriate TR that minimizes the interference of
the aliased signal with the spectrum of interest (e.g., 0.01-0.1 Hz).

Animal Subjects, Procedures, and

Experimental Design

In order to test whether aliasing occurs in the fMRI signal upon
spontaneous breathing, nine adult (300-400 g) male Sprague
Dawley rats were included in the study and their fMRI signal
was assessed under anesthesia at three different conditions:
(1) spontaneous breathing through a mask; (2) ventilated,
not paralyzed; and (3) ventilated and paralyzed. All animal
procedures were approved by the Animal Protection Committee
of Ttibingen (Regierungsprasidium Tiibingen).

All animals were initially anesthetized with 5% isoflurane
in chamber. In order to track changes in the blood pressure,
the femoral artery was catheterized and connected to a blood
pressure transducer (Biopac, Goleta, CA, United States). As in
further steps the effect of a muscle relaxant was to be assessed, the
femoral vein was also catheterized and connected to an infusion
pump. The inner ear cavity was filled with paste to avoid air-
tissue interfaces near the brain. A closed-loop heating system was
used to keep the rectal temperature at 37°C during the entire

experiment, ensuring stable physiological conditions. The end-
tidal CO2 was also controlled throughout the experiment using a
Respironics-Novametric monitor. A chest transducer was placed
under the chest of the animal and constantly used to monitor
breathing through a Biopac acquisition system, at 5000 samples
per second.

During acquisition of the fMRI, 6 animals were kept
anesthetized with 1.5-2% isoflurane, 1 animal was anesthetized
with alpha-chloralose (25 mg/Kg-h), 1 with urethane (1 dose
of 1-2 g/Kg) and 1 with medetomidine (0.05-0.5 mg/Kg-h), to
rule out the contribution of a specific anesthetic to the observed
effects. First, the not-yet-intubated animals were transferred to
the 12 cm horizontal bore of a 14T MRI scanner and breathed
oxygen-enhanced air (~30% oxygen) through a mask. In the
second part of the study, animals were intubated and maintained
at a constant ventilatory rate that could be varied between
scans. A last study was carried out in animals anesthetized with
isoflurane with concurrent intravenous infusion (~1-2 mg/Kg-h)
of the muscle paralyzer agent Pancuronium (typical fMRI setup).
All animals were euthanized right after the fMRI study based on
the termination procedure from the approved protocols.

fMRI Acquisition

To detect the BOLD signal in the anesthetized animals, 2D and
3D Echo Planar Imaging (EPI) sequences were used, covering
a field of view (FOV) of 224 cm x 192 cm x 192 cm
with a matrix size of 56 x 48 x 32, achieving a resolution
of 400 pm x 400 um x600 wm (all the data shown in the
main figures correspond to 3D EPI, unless stated otherwise -
Supplementary Figure S7 is an example of a 2D EPI-). In order
to determine whether different TRs modified the frequency of the
aliased signal, the TR was varied between scans (TE was kept at
9.75 ms). A phantom containing Phosphate Buffered Saline (PBS)
was located over the animal’s head to compare the signal detected
inside the brain with a signal experiencing similar motion in an
inert tissue. A surface coil of diameter 2.2 cm was used to transmit
and receive the RF signals. For anatomical registration purposes,
RARE images were also acquired using a TR of 4000 ms, TE
of 9.025 ms, FOV of 224 x 1.92 x 1.92 and matrix size of
128x128x32 (resolution of 175 pm x 150 pwm x 600 wm). Table 1
summarizes the conditions and fMRI parameters used in our
study.

Analysis of the Data

The purpose of the analysis was to determine the influence of the
respiration in the fMRI time course. Therefore, both signals (i.e.,
the chest—-derived motion trace and the fMRI time-course), were
considered for analysis.

Assessment of the Spatial Distribution of

the Interference

The amplitude of the fluctuations in the BOLD signal was
considered as an indicator of the level of contamination in the
data. In order to detect the brain areas most vulnerable to the
respiration-related interference, a power map was created in
AFNI (Cox, 1996), by calculating the BOLD signal change at
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TABLE 1 | Experimental conditions.

TR (s) No V V-54 V-56 V-58 V-59 V-60 V-61 V-62 V-64 V-66
0.5 wo P w&oP

0.8 wo P w&oP

0.9 wo P w&oP

1 wo P wo P wo P wo P wo P w&oP w&oP w&oP w&oP w&oP
11 wo P w&oP

1.2 wo P w&oP

1.5 wo P w&oP

2 wo P w&oP

The table summarizes the parameters used in our study in terms of ventilatory frequency (in beats per minute), TR, and the use of a muscle relaxant (Pancuronium). No
V, not ventilated (using mask); V-N, Ventilated (at the rate N, in breaths per minute); B, Pancuronium (wo: without, w & o, with and without).

each voxel. The function 3dPeriodogram was used to obtain 1024
frequency components and their corresponding power in each
functional scan. 3dTstat was used to average the power of the
frequencies in the range of 0.005 to 0.4 Hz in each voxel, resulting
in a color-coded power map. In order to compare different
animals and to average maps together, all scans were registered
to a template using 3dAllineate. First, the anatomical datasets
were aligned, and later the registration matrix was applied to the
functional scans.

Comparative Analysis Between Chest
Motion and fMRI Signal

In order to compare the respiratory-driven chest motion and
the fMRI time-course, both signals were plotted in temporal
and frequency domains. fMRI time courses were extracted by
manually drawing a mask of 4 voxels from inside the brain
and from a phantom placed over the animal’s head. The AFNI
function 3dMaskave was used to compute the average of the
4 voxels and output a 1D file. To extract single voxel time
courses, the AFNI function 3dmaskdump was implemented.
The time courses were then read in matlab using dlmread. In
order to create a signal that simulates the chest motion detected
from the fMRI, chest movement traces were down-sampled to
1/TR for each fMRI acquisition and included in the analysis.
The fast Fourier transform (fft) function of matlab was used
to calculate the power spectral density (PSD) from the original
chest movement trace, from the down-sampled chest trace, and
from the fMRI time courses. The full width at half maximum
(FWHE) of the peak aliased frequency was calculated on the
enveloped chest and fMRI spectra using matlab, to assess their
similarity in terms of bandwidth and differentiate between mask
and ventilation conditions. A two-tailed not-paired ¢-test was
performed to assess the differences between groups. Errors in
figures represent standard error of the mean.

Analysis of the Variance

To quantify the degree of variability that is incorporated to a
group of scans solely based on the aliasing effect (i.e., variability
of the fMRI signal upon using different ventilatory rates or
TRs), spectral signal similarity was evaluated for each pair of
conditions (e.g., time course acquired at TR = 1 vs. TR = 1.2 s,
or time course acquired from the animal ventilated at 60 bpm

vs. 61 bpm) by using the corr2 function in matlab applied
to the PSDs. Correlation matrices were built to visualize the
effect across all different conditions. Signal amplitude (i.e., BOLD
signal change) was calculated as the standard deviation within
the time course. A two-tailed not-paired t-test was performed
to assess the difference in averaged signal amplitude (indicative
of signal contamination) between fMRI time courses from
spontaneously breathing animals vs. paralyzed animals. Errors in
figures represent standard error of the mean.

Power Spectrum Characterization
In order to have a measure of the spectral specificity of the
respiration-induced interference at different conditions (i.e., how
wide the contaminated frequency range is or how much it spreads
from a center frequency in an animal breathing through mask or
mechanically ventilated), a map showing the fractional amplitude
of low frequency fluctuations (fALFF) at specific frequency bands
was generated using the function 3dRSFC (Zou et al., 2008), to
cover a bandwidth of 0.01 Hz at the peak aliased frequency and
the immediate lower and higher spectral components. To further
verify the effect of ventilating the animals on the width of the
frequency range subjected to respiratory-driven interference, the
matlab function bandpower was used to calculate the average
power within a 0.01 Hz bandwidth centered at the peak aliased
frequency or the immediate superior and inferior neighbors.
A two-tailed paired t-test was performed to assess the difference
in power between the peak and the neighbor frequencies. Errors
in figures represent standard error of the mean.

Table 2 provides the p-values obtained from the different
t-tests performed during analysis.

RESULTS

Identification of the Aliased
Respiration-Driven Artifact in

Anesthetized Rats

A 3D EPI-fMRI method was used to study the potential
interference between the animal respiration and the rs-fMRI
signal in anesthetized rats. Figure 1 illustrates the potential
disruption of BO field homogeneity due to the respiration-
induced movement of the chest/neck, which results in distorted
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TABLE 2 | p-values.

Figure 2E Mask chest Mask brain Vent,noP chest Vent,no P brain

Mask chest 0.70 2.52*10" -8

Mask brain 0.70 7.00%10" -6

Vent, noP chest 2.52*10"-8 0.015

Vent, no P brain 7.0010" -6 0.015

Figure 2F Mask-peak Mask-neigh Vent,noP-peak Vent,noP-neigh Vent,P-peak Vent,P-neigh
Mask- Peak 2.5%10" -2 0.90 4.02*10"—-12

Mask- neigh 2.5%10" -2 9.68*10"—11 2.83*10-14
Vent,noP-peak 0.90 8.91%10" -4 2.97%10" -4

Vent,noP-neigh 9.68* 10" —11 8.91%10"—4 1.10%10* -3

Vent,P-peak 4.02¥10"-12 2.97*10" -4 4.4010" -4

Vent,P-neigh 2.83*10"-14 1.10%10*-3 4.40¥10" -4

Figure 5D noP P

noP 1.13*10" -5

P 1.13*10"-5

The table summarizes the p-values obtained from the t-tests performed during analysis, organized by figures.

EPI images with characteristic periodic patterns in ventilated
rats without muscle relaxant. It is worth noting that the
periodic motion artifacts can be detected in animals under
different anesthesia (e.g., medetomidine, urethane, isoflurane,
and alpha-chloralose) (Supplementary Figure S2). Since muscle
relaxants avoid the movement of the chest/neck, they reduce the
respiration-induced B0 offset during fMRI acquisition, therefore,
3D EPI images show little distortion in paralyzed rats under
ventilation (Figure 1C).

To specify the aliasing effect that occurs when the respiratory
cycle is sampled at a given TR (see simulated data in
Supplementary Figure S1), the respiratory signal (i.e., the chest
movement) was recorded simultaneously with the rs-fMRI signal
in anesthetized rats under three conditions: (1) not-ventilated,
spontaneously breathing through mask, (2) ventilated, without
muscle relaxant (i.e., not paralyzed), and (3) ventilated, with
muscle relaxant (i.e., paralyzed). In Figure 2, the TR of the 3D
EPI-fMRI was 1.2 s, i.e., 0.83 Hz. As shown in the PSD of the
respiratory signal, the freely breathing rat (i.e., not ventilated
-breathing through mask-) exhibits a broad frequency peak
centered at ~1 Hz (“chest”, Figure 2A). The FWHM of this
broad peak in non-ventilated rats is ~0.06 Hz + 0.004 Hz
(Figure 2E). The aliasing effect of this respiratory signal at
a sampling rate of 0.83 Hz causes a slow oscillatory signal
at the 0.17 Hz £ 0.03 Hz, which is observed in both, brain
voxels and phantom voxels positioned at the top of the rat
head (Figure 2A). A strong correlation between the peak
frequency observed from the aliased (i.e., down-sampled) chest
motion and the fMRI time course of both, brain and phantom
voxels, suggests that the artifacts originate from the respiratory-
induced BO offset and not from brain functional dynamic
signals. Similarly, the fMRI signal from rats ventilated at 1 Hz
shows clear aliasing effect at 0.17 Hz, but the bandwidth of
the aliased signal, assessed as the FWHM of the aliased peak,
is much sharper than the observed in not-ventilated animals

(Figure 2E, p-value = 710" —6), in both brain and phantom
voxels (Figure 2B). The aliased signal is significantly reduced in
paralyzed ventilated rats (Figures 2C,F).

Prevalence and Characteristics of the
Aliased Signal Across Different

Ventilatory Conditions

To specify the spatial distribution of the respiration-related
motion artifacts on the 3D EPI images, the mean voxel-wise
power map (0.005-0.4 Hz) was calculated for each group
(Figure 2D), showing that dorsal cortical areas and ventral brain
regions are more sensitive to the motion artifacts. However,
no generalized spatial patterns of motion artifacts can be
achieved; instead, the respiratory-related motion and, hence,
the interferential signal, varies across animals (Supplementary
Figure S3). The significantly lower power estimate at the
peak frequency in the paralyzed group (p-value = 2.9*10"—4,
compared to the non-paralyzed ventilated condition) suggests a
reduced aliasing effect in animals without spontaneous breathing
(Figure 2D, bottom map, and Figure 2F). Figure 2F and
Supplementary Figure S4 demonstrate the differences in power
between the aliased center frequency and the collateral frequency
bands at three conditions (mask, ventilated and ventilated
paralyzed). Figure 2F shows the averaged power within a
bandwidth of 0.01 Hz calculated at the peak and the neighbor
frequencies across different animals, showing a significantly
sharper effect (i.e., less contribution of the neighbor frequencies)
in ventilated animals, compared to freely breathing rats (p-
value = 9.68*10" —11). Supplementary Figure S4 provides the
fALFF maps specific for the peak and neighbor frequency bands
in a representative animal. The power estimates in the adjacent
frequency bands are much lower when the animal is ventilated,
in comparison to the free-breathing condition. This indicates that
ventilation can prevent the spread of respiratory-motion aliasing
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FIGURE 1 | Effect of the spontaneous respiration on the BO field. (A,B) The schemes illustrate the BO field at the iso-center of the MR bore in the presence of a
paralyzed (A) or a non-paralyzed animal (B). Note how the BO is relatively homogeneous when a paralyzed animal is passively ventilated due to the lack of large
body motion and how BO inhomogeneities emerge upon active breathing involving diaphragm, intercostal and neck muscle movement during the respiration (B).
(C,D) Coronal sections from a 3D EPI sequence acquired at 1.2 s TR, showing the effect of the BO (in)homogeneity in a paralyzed (C) and spontaneously breathing

animal (D). Note the distortions in the images acquired from the non-paralyzed animal, compared to the paralyzed condition.

effects along a broader frequency bandwidth (Figures 2E,F
and Supplementary Figure S4). This is particularly important
when the conventional TR at 1s is used, which causes the
aliasing oscillatory effect at < 0.1 Hz to directly interfere with
the low-frequency rs-fMRI signal fluctuation (Supplementary
Figure S5). This result demonstrates that ventilation can be used

to confine the aliasing oscillatory effect to a sharp frequency
range.

Characterization of the Spatial and
Temporal Patterns of the
Respiration-Driven Aliasing Effects on
rs-fMRI: Influence of the TR and the
Ventilatory Rate

The features of the aliased oscillation were evaluated in non-
paralyzed animals at multiple voxels across different parts of the
brain and a phantom located over the animal’s head. Different
voxels exhibited different signal interference, in both, mask-
breathing and non-paralyzed ventilated animals (Figures 3B,C,
4A,B), which demonstrates a highly varied effect of the
respiration on the rat fMRI signal. In order to reduce the potential
interference of the aliased respiration on the LFF (< 0.1 Hz),
different TRs were used (0.5 s to 2 s), demonstrating that the
aliasing oscillation can be shifted along the spectrum in non-
ventilated animals (e.g., to be out of the < 0.1 Hz low-frequency

range) (Figure 3D and Supplementary Figures S1B, S5).
Similarly, to avoid the interference to the < 0.1 Hz rs-fMRI
signal fluctuation, the ventilation rate could be altered in
mechanically ventilated animals with fixed TR (1 s, Figure 4C
and Supplementary Figure S1A), as an alternative strategy for
anesthetized animal rs-fMRI studies without employing muscle
relaxant agents.

Examination of the Variability and
Magnitude of the Aliasing Effect on the
rs-fMRI in Ventilated Rats: Influence of
Muscle Relaxants

The fMRI signal is an indirect measure of neuronal activation
and therefore, any variability introduced by external sources
is undesired and should be minimized. In order to assess the
degree of variability between data acquired under different
ventilatory rates or different TRs (i.e., different aliasing effects),
and to determine whether the use of a paralyzer agent could
reduce the differences across scans, fMRI time courses were
acquired at different sampling and ventilatory conditions with
and without the muscle relaxant Pancuronium (Figure 5). In
ventilated rats anesthetized with constant 2% isoflurane and
without muscle relaxant, the fMRI time courses acquired at
different TRs exhibited a large between-scan spectral variability,
compared to groups of scans performed during infusion of the
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conditions: two-tailed not-paired t-test. (*): p-value < 0.005.
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paralyzer agent (Figure 5B). Similarly, the spectral correlation
between scans acquired at different ventilatory rates was lower in
spontaneously breathing animals (Figure 5F). The magnitude of
the aliased-motion artifact, estimated as the standard deviation
within the fMRI time course, was calculated across animals,
revealing a significantly lower contamination of the fMRI signal
in the paralyzed condition (Figure 5E, p-value = 1.13*10"—5).
These experiments demonstrate that the respiration-induced
interference on the fMRI signal and the subsequent inter-scan
variability can be ameliorated by providing a muscle relaxant
during the fMRI study. In agreement with this, the seed-based
correlation analysis of rs-fMRI acquired from ventilated rats
without muscle relaxant (no denoising procedure) showed highly
varied correlation patterns throughout the brain, in contrast
to the more specific correlation pattern observed from rats
ventilated and paralyzed with a muscle relaxant, which identifies
RSNs more reliably (Supplementary Figure S6), as previously
reported (Williams et al., 2010; Lu et al., 2012; Hsu et al., 2016;
Bajic et al., 2017).

DISCUSSION

In this study, the aliasing effect due to respiration-induced
BO distortion was systematically characterized in the rs-fMRI
of anesthetized rats at varied fMRI imaging and respiratory
controlling conditions: different TRs, altered respiration rates,
free-breathing vs. ventilation (with or without muscle relaxant).
The ventilation scheme was found to significantly narrow the
broad respiratory frequency bandwidth of the free-breathing
anesthetized rats (from FWHM=0.06 Hz to FWHM=0.01 Hz)
and reduce the potential aliasing interference on the < 0.1 Hz
fMRI signal fluctuation, which can be further reduced by the
muscle relaxant. The characterization of the spatial and temporal
dynamic features of the aliasing effects due to BO distortion
from individual animals allows choosing appropriate TRs or
ventilation rates to avoid the aliased oscillation within the 0.01-
0.1 Hz range of the fMRI signal. This may be particularly useful
in fMRI studies intended to study brain dynamics in awake
animals, which are becoming a common platform to investigate

Frontiers in Neuroscience | www.frontiersin.org 7

November 2018 | Volume 12 | Article 788


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Pais-Roldan et al.

Respiration Artifacts in Rodent rs-fMRI

Power (FFT)

20 40 60 80

100 120 140 160

artifactual oscillations changes according to the chosen TR.

1500|
"\ " \ ; \ l' '\
1500|
1500| .- — — T e
~ - - )
: (SN RN AR A
_g1500| # - > R \
) ) 3 ’ 4
H
= 1500
(=]
-d
o
o
1500
1500_
1500
1R=05s TR=08s TR=09s TR=1s TR=11s TR=1.2s TR=15s TR=2s
)
531500
a‘ ANl
o
—_ 0 20 40 600 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60s
o
= 2300
o
£3
£2 |
“w
= 0 05 10 05 10 05 10 05 10 05 10 05 10 05 10 05 1Hz

FIGURE 3 | Artifactual slow fMRI waves and TR dependency. (A) Location of the extracted voxel, fMRI time course and PSD from a 3D EPI acquired in an animal
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the range 0.005-0.4 Hz. (D) fMRI time courses acquired at eight different TRs in a spontaneously breathing animal (not ventilated). Note how the frequency of the

neurological processes without the potential confounder effects
from general anesthetics. Despite the benefit of being anesthetic-
free, imaging the awake brain involves the need of coping
with other sources of confusion variables like potential stress
or spontaneous voluntary movement of the limbs or body
and, inevitably, spontaneous breathing. While the stress and
voluntary motion can be avoided by exhaustive training with
the animal, the last one is a factor inherent to and inseparable

of the awake condition. Therefore, faced the unfeasibility of
applying a muscle relaxant to these animals, it is critical
to understand the implications of imaging a spontaneously
breathing rodent before acquiring rs-fMRI data and, if possible,
choose adequate parameters that allow an easy discrimination
between neurological and artifactual signals (e.g., deviating the
aliased signal from the spectral range intended for analysis by
choosing a convenient TR). Given the physiological noise of the
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rs-fMRI detected from anesthetized rats, this work suggests that
the denoising methods developed for human fMRI (Hu et al,,
1995; Glover et al., 2000; Birn et al,, 2014; Caballero-Gaudes
and Reynolds, 2017) should be adapted and implemented in the
routine rs-fMRI animal studies.

Divergence Between the Aliasing
Interference in Humans and Rodents

Human cardiovascular and respiratory signals in the young adult
fluctuate at 0.66-1.66 Hz and 0.16-0.33 Hz, respectively (Fleming
et al., 2011). Human respiration can, therefore, be sampled if
relatively short TRs are used (< 1.5 s), preventing aliasing. In
contrast, the cardiovascular oscillations constitute a clear source
of aliasing in human fMRI (TR needs to be ~0.3 s to sample
the human heart rate appropriately) (Hu et al., 1995; Kiviniemi

et al., 2005; Feinberg et al., 2010; Hugger et al., 2011). Despite
the similarity between the neurological signals of human and
rodents (e.g., EEG spectrum), the heart and respiratory rates
are approximately 5 times faster in the rat (5-8 Hz and 0.9-
1.5 Hz, respectively), with their respiratory cycle matching the
human cardiac cycle (Zhao et al., 2008; Williams et al., 2010).
The spectral features of the rat cardio-respiratory signals imply
the need of correction methods to avoid aliasing in the 0.01-
0.1 Hz fMRI signal. Here, we have shown how the respiratory
interference can be detected and shifted away from the rs-fMRI
analysis by changing the ventilatory rate or the rate of fMRI
sampling (i.e., TR). This is possible due to the fact that the aliased
frequency depends on the frequency of the interference (i.e., the
respiratory rate) and on the sampling rate (i.e., the TR), which
is a consequence of the Nyquist Sampling Theorem, stating that
if the rate of sampling is less than twice the signal frequency,
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the correlation values between the spectra from the different time courses acquired at different TRs (under the same ventilatory rate) in a spontaneously breathing
animal (i.e., ventilated not paralyzed, as in “A”), shown on the lower left half of the matrix, and in a ventilated paralyzed animal (as in “C”), shown on the upper right
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redundancy). High values indicate a higher correlation between time courses (i.e., low variability, as observed between time courses from paralyzed animals). (D) The
bar plot shows the averaged amplitude of the BOLD signal change (indicative of the level of interference) in non-paralyzed ventilated animals and in paralyzed
ventilated animals (N = 26 time courses, acquired at variable TRs, from 4 animals, for each of the two conditions). (P) Pancuronium. (E,G) The graphs show the time
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right half of the matrix (the matrix is not symmetric, instead it incorporates one half of the “non-paralyzed” matrix and one half of the “paralyzed” matrix, to avoid
redundancy). High values indicate a higher correlation between time courses (i.e., low variability). (*): p-value < 0.005.

aliasing occurs, with fyias = | fresp-0*feamples 7 = 1, 2, ...,
fsample = 1L/TR (Holst, 1996; Kiviniemi et al., 2005). Future studies
using fast imaging schemes (e.g., line scanning with 50 ms TR
Yu et al., 2014) could be used to characterize the cardiovascular
contributions to the fMRI signal in rodent studies.

3D vs. 2D EPI fMRI Methods

In this work, we demonstrated the aliasing effect of the
respiratory-driven artifacts in the rat rs-fMRI acquired as 3D
EPI, which is a highly efficient sequence to acquire whole-
brain fMRI signal. Nevertheless, a significant portion of the
animal and human fMRI studies are performed with multi-slice
(2D) EPI (Keilholz et al., 2004; Bruno et al.,, 2010; Magnuson
et al,, 2010; Williams et al, 2010; Lu et al., 2012; D’Arceuil
et al., 2013; Chen et al, 2015b), which is less sensitive to
physiological noise than its 3D counterpart (Lutti et al., 2013).
While 2D EPI slices are acquired consecutively within ~30 ms,
with each slice sensing a different dynamic BO field during a
small portion of the respiratory cycle, 3D EPI schemes sample
the whole brain slab in an additional phase encoding step,

which incorporates the B0 field distortion through the whole
respiratory cycle. This difference will certainly make the 3D
EPI method more sensitive to the BO field distortions due to
respiration. To account for the potential differences between both
imaging schemes, multi-slice 2D EPI was acquired in animals to
demonstrate the presence of a similar aliased respiratory signal in
both rs-fMRI paradigms (Supplementary Figure S7). Although
the abovementioned aliased signals could be detected in both
imaging schemes, the aliased signal interference remains but is
reduced in the 2D EPI method in comparison to the 3D EPI
[a more exhaustive comparison between the sensitivity of both
methodologies is beyond the purpose of the current study, for
a discussion on the topic see: (Goerke et al., 2005)]. While
physiological noise can be regressed out retrospectively from
2D EPI datasets by slice-selective correction methods (Glover
et al., 2000; Hutton et al,, 2011), other strategies, e.g., ICA-
based artifact removal (Griffanti et al., 2014), may be applied
to 3D EPIs to diminish the noise generated by the aliased
cardiorespiratory interference (Caballero-Gaudes and Reynolds,
2017).
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Complexity of the Respiration-Induced
BO Distortion Aliased Signal Throughout

the Brain

The B0 offset induced by respiration-related motion causes
dynamic B0 spatial distortion through the respiratory phasic
cycles. Figures 2D, 3C, 4B show how the oscillatory signals
due to motion-related artifacts dominate the fMRI signal
fluctuation of the cerebellum, cortex and hypothalamic area
across a frequency bandwidth (0.005-0.4Hz). Despite a major
susceptibility of the dorsal, occipital and ventral regions, the
distribution of the artifactual signals can vary between animals
with different respiratory motion (Supplementary Figure S3),
which shows the challenges of the generalized correction method.
Paralysis of the ventilated animal resulted in a significantly
reduced interference, as passive ventilation does not involve
recruitment of accessory muscles in the chest or neck of
the animal, which are the major contributors to the BO
inhomogeneities (Raj et al, 2001; Van de Moortele et al.,
2002). However, other physiological variables not coupled to
motion, such as the arterial CO2 signal (Wise et al., 2004),
can change with each respiratory cycle and its direct vascular
interference can be aliased into the rs-fMRI signal, even
in paralyzed animals. The aliasing of these signals would
cause a strong correlation between large vessels (Dagli et al,
1999). Besides the breathing-related physiological variables, an
enveloped blood pressure signal of frequency ~0.01-0.04 Hz
(Meyer waves, dependent on sympathetic activity) may also
appear and contaminate the BOLD signal near large vessels
(Diehl et al., 1995; Pfurtscheller et al., 2017). Importantly these
signals would not be a consequence of aliasing (e.g., generated
due to insufficient sampling) but may be caused by real cardiac-
induced slow fluctuations (Bhattacharyya and Lowe, 2004). The
ventral area (i.e., near the circle of Willis) highlighted in the
power map of Figures 3, 4 may also potentially indicate a
contribution of an aliased cardiorespiratory signal in the rs-fMRI
data.

Spontaneous vs. Imposed Ventilation

Free-breathing subjects may exhibit a broad respiratory
frequency bandwidth (FWHM=0.06 Hz) along the acquisition
time (Figures 2A,E and Supplementary Figures S5, S7, black
and red traces of the mask condition). This produces an equally
broad bandwidth of frequencies aliased into the fMRI signal
(Figures 2A,E and Supplementary Figures S5, S7, blue traces of
the mask condition). In 2D EPI, different slices within the volume
may be acquired at different phases of the varied respiratory
cycles along the scan time, which leads to mild aliasing periodic
patterns that could be diminished with slice-selective denoising
methods (Glover et al., 2000; Hutton et al., 2011). In 3D EPI,
the BO-offset throughout the varied respiratory cycles may
produce artifacts along the second phase encoding direction
that is harder to be corrected using the existing regression
methods. Ventilation of animals at constant rates during scans
forces the respiratory cycle to remain unvaried, therefore
avoiding phase difference between cycles and sharpening the
spectrum of the respiratory-derived motion within functional

scans (Figure 2E and Supplementary Figure 4b). By providing
ventilation at specific rates, the process of identification of
the aliased frequency is optimized, allowing to exclude the
given spectral components with band-stop filters. Furthermore,
paralyzer agents could be used to further dampen the respiratory
interference.

CONCLUSION

Here, we present evidence for an interference in the rs-fMRI
signal fluctuation from the respiration-related motion in animals
breathing through mask or artificially ventilated, which can be
observed as waves within a large frequency range depending
on the length of the particular respiratory cycle and on the
TR used to sample the fMRI signal (ie., aliasing effect).
The artifacts can be significantly dampened by using muscle
paralyzers like Pancuronium for anesthesied animals of terminal
studies. For the chronic or longitudinal studies, post-processing
methods with retrospective regression (Hu et al., 1995; Glover
et al.,, 2000), e.g., RETROICOR, can be used to attenuate the
respiration-induced artifacts, as has been routinely used for
human fMRI studies. Additionally, the use of a convenient
TR may further simplify the cleaning process by shifting the
aliased respiratory-driven artifacts to a specific frequency range
that can be filtered out from the analysis. Our observations
suggest that recording of respiratory cycles and blood pressure in
parallel to fMRI and data cleaning (i.e., removal of physiological
noise) constitutes a necessary step in small animal fMRI as
well, especially in awake or non-paralyzed anesthetized rodent
studies.
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Supplementary Figure 1. Simulation of the aliasing effect.
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(A) The graphs show the signal that would be observed after sampling a periodic movement (e.g.
respiratory-driven movement) at 1 s TR. Examples of different ventilatory rates are provided. If the
ventilatory rate matches the sampling frequency (1/TR), the resulting signal has frequency = 0, therefore it
can be canceled out. By using different ventilatory rates, the frequency of the recorded oscillation varies.
(B) Effect of the TR on the aliasing of a periodic signal (e.g. respiratory-driven movement) of frequency
1.0017 Hz (60.1 breaths per minute). If the signal was sampled at its exact frequency, a flat line would
remain (signal cancellation). By sampling it at a rate close to the ventilatory frequency (sampling the 1.0017
Hz respiratory signal at 1 Hz), a slow wave appears. The waveforms that result from down-sampling the
original signal vary their frequency depending on the chosen TR.



Supplementary Figure 2. Aliased ventilation in the fMRI time course observed under different
anesthetics.
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The ultraslow waves can be observed under different anesthetics when the muscle relaxant is not present.
The red arrow indicates motion, identified in the time course as a fast change of the BOLD signal, in
contrast to the slow aliased signal. TR = 1 s, ventilatory rate near 1 Hz (around 60 bpm).



Supplementary Figure 3. The power map from individual animals.
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The figure shows 4 individual examples of the power map acquired from animals under 3 different
conditions (breathing through a mask -up-, ventilated -middle-, or ventilated and paralyzed -down-). Note
how the power of the artifactual oscillations is higher in areas of the periphery, ventral aspect of the brain
and occipital lobe/cerebellum, although different patterns can be observed in different animals. When the
animal is paralyzed, a more homogeneous pattern is observed, which occurs at a much lower power
compared to the non-paralyzed conditions.



Supplementary Figure 4. Spectral resolution of the aliased respiration assessed with fALFF from
mask vs. ventilated non-paralyzed vs. paralyzed animals.
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spectrum. On the right, the fMRI time course and PSD of a brain voxel are shown. TR = 1.2 s, ventilatory
rate = 1 Hz (60 bpm) in the ventilated conditions.



Supplementary Figure 5. Aliasing of the respiration in the spontaneously breathing animal.

A

05s

08s

09s

2000

Spon. breathing — not ventilated (mask)

fMRI time course

fMRI spectrum

pAtAAY

MANVAANAY

4

k.
-
Y

MANNIWS

MANNAMANN

atdld

10 20 30 40 50 60
Time (s)

0.1 0.2 03
Frequency (Hz)

TR=1s

=12s

TR

Chest
movement

fMRI
brain:

Chest
movement

fMRI
-brain-

10

1000

10

1000

Spon. breathing — not ventilated (mask)

Time course
Signal amplitude
over time

Power spectral density

(FFT of time course)

d.s. chest chest
1
0 ¥ i i ;
1200 . : : : . . ‘
800} 100 brain
4001 {' 00 0‘05 0'1 0‘15 0'1 055 0'3
10 20 30 40 50 60 OWL 1 : 1 1 :
0.2 0.4 0.6 0.8 1 1.2 1.4
s : . . ; ; .
d.s. chest ‘Mest
Ak i
0 ‘
1200 w " w
66 brain
400
10 20 30 40 50 60 0 ot * ¥ ; * *
0.2 0.4 0.6 0.8 1 1.2 1.4

Time (s)

Frequency (Hz)

(A) The graphs show 1 minute of fMRI time course in a spontaneously breathing non-ventilated animal
acquired at 6 different TRs and the corresponding PSDs. (B) Two examples showing the chest movement
and fMRI signal in time and frequency domain, in an animal breathing through a mask, acquired at TR=1s
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Supplementary Figure 6. Variability of the resting state network identified from non-paralyzed vs.
paralyzed animals.
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(A) Seed-correlation maps acquired from two spontaneously breathing animals ventilated at 60 bpm (TR in
Rat1=1s,and TR in Rat 2 = 1.1 s). (B) Seed-correlation map in the same animals after infusion of the
muscle relaxant Pancuronium. The cingulate cortex and other prefrontal areas can be clearly identified in
the paralyzed animals (B) but are overshadowed in spontaneously breathing rats (A). (C) The graphs show
a representative fMRI time course from each rat and condition in A and B. P: Pancuronium. (D) Averaged
seed-based correlation map from 11 trials in 4 different animals anesthetized with 1.5-2% isoflurane and
paralyzed with Pancuronium. Colored voxels exhibit a statistically significant correlation, with p-value <
0.005 in a 1 sample t-test. Note the clear identification of cortico-cortical connectivity bilaterally.



Supplementary Figure 7. Aliased ventilation in multi-slice (2D) EPI.
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(A) The graphs show the time course and PSD of the respiratory chest motion and of the fMRI signal
acquired at 2 different TRs in 3 different conditions: animal not ventilated, animal ventilated not paralyzed,
and animal ventilated and paralyzed. d.s.: down-sampled to 1/TR. (B) The map shows the power
distribution of the aliased signal in the ventilated non-paralyzed animal (average of 8 scans from one
representative animal). Note the similarity of the aliasing effect between this figure and Fig. 2 (3D EPI), but
also the difference in the power maps (the effect is less prominent in 2D EPI).
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MRI-guided robotic arm drives optogenetic {MRI
with concurrent Ca2t recording

Yi Chen'?, Patricia Pais-Roldan'?, Xuming Chen'3, Michael H. Frosz® % & Xin Yu® '°

Optical fiber-mediated optogenetic activation and neuronal Ca2* recording in combination
with fMRI provide a multi-modal fMRI platform. Here, we developed an MRI-guided robotic
arm (MgRA) as a flexible positioning system with high precision to real-time assist optical
fiber brain intervention for multi-modal animal fMRI. Besides the ex vivo precision evaluation,
we present the highly reliable brain activity patterns in the projected basal forebrain regions
upon MgRA-driven optogenetic stimulation in the lateral hypothalamus. Also, we show the
step-wise optical fiber targeting thalamic nuclei and map the region-specific functional
connectivity with whole-brain fMRI accompanied by simultaneous calcium recordings to
specify its circuit-specificity. The MgRA also guides the real-time microinjection to specific
deep brain nuclei, which is demonstrated by an Mn-enhanced MRI method. The MgRA
represents a clear advantage over the standard stereotaxic-based fiber implantation and
opens a broad avenue to investigate the circuit-specific functional brain mapping with the
multi-modal fMRI platform.
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multi-modal brain mapping platform for animals has
Abeen established by merging the fiber optic-mediated
optogenetic activation and neuronal Ca?* recording with
functional magnetic resonance imaging (fMRI)!=>. Given its non-
magnetic properties, the optical fiber can be used in combination
with fMRI brain mapping without electromagnetic interference
with the radio frequency (RF) transmission and magnetic gra-
dient switching of the MR scanner®3%7. The increased cellular
specificity of genetic labeling reassures the advantageous usage of
optical fiber recording/imaging to track neural spiking activity in
the deep brain regions®-13. However, one emerged challenge is
how to precisely target specific functional nuclei in the animal
brain®14, The procedure of fiber optic implantation in rodent
studies has been commonly performed with conventional ste-
reotaxic devices?37-11L1415 but the success rate to precisely target
the deep brain nuclei remains low, especially for the functional
nuclei that cover only a few hundred microns space in the animal
brain, e.g., the central thalamic nulcei®. A solution to precisely
target the genetically labeled neuronal tracts or subdivisions of
functional nuclei could significantly improve the reproducibility
of basic scientific discoveries. Here, we report an MRI-guided
robotic arm (MgRA) positioning device to maneuver the real-
time fiber optic implantation into the animal brain inside a high-
field MR scanner (14.1 T), intended for parallel optogenetics and/
or calcium imaging and fMRI studies.

The genetic expression of channelrhodopsins (ChR2) has been
extensively applied to target-specific cell types in the deep brain
nuclei, such as the dopaminergic neurons in the midbrain®, the
orexin in the lateral hypothalamus (LH)!®!7 or noradrenergic
neurons in the locus coeruleus!8. The cell-type specific genetic
labeling ensures the optogenetic activation on neuronal ensem-
bles of interest assuming that the optical fiber is precisely located
at the functional nuclei. However, the stereotaxic device-driven
fiber optic implantation scheme shows little flexibility after the
fiber tips are fixed in the brain for either fMRI mapping, elec-
trophysiological recordings, or behavioral studies®1°. The precise
coordinates of a certain functional brain nucleus can vary
between different animals, and incorrect positioning may result in
largely altered functional activation and behavioral outcomes.
This systematic error, which is intrinsic to the blind optical fiber

a

14.1 T Scanner

Rat holder and head part of MgRA

Back part of MgRA

d

placement, can potentially conceal important discoveries and lead
to inappropriate conclusions in causality analysis. Using MgRA
assisted fiber-optic insertion in combination with real-time fMRI,
we can provide a step-wise optogenetic activation scheme to allow
multi-site targeting through a fiber insertion trajectory during the
fMRI study. This strategy can not only improve the precision, but
also provide a thorough view to examine the subtle differences in
the whole brain activation patterns when targeting the sub-
regions of the functional nuclei of interest.

Numerous efforts have been made to develop robotic posi-
tioning systems inside the MRI scanner for translational appli-
cation from animals to the clinical practice, e.g., deep brain
stimulation or brain tumor ablation?9-26. In contrast to the
growing access to robotic manipulation strategies inside large-
bore MRI scanners (e.g., 1.5 or 3T human scanner), there are
only a handful of works that have implemented remote control-
ling systems inside high field MRI scanners with smaller bore (>7
T, <12 cm gradient bore size), which have been applied to adjust
sample orientation within the B, field?” or to tune RF coil
arrays?8. To the best of our knowledge, there is currently no MRI-
compatible robotic control system to assist fiber optic insertion in
small bore high field MRI scanners (>9.4 T) for optogenetic fMRI
studies. Hence, as a proof-of-concept, we developed an MgRA to
provide a flexible positioning system inside a 14.1 T MRI scanner
which assists fiber optical brain intervention in animals. Besides
an ex vivo precision evaluation, we present a series of in vivo
studies showing the whole brain activity patterns upon optoge-
netic stimulation of MgRA-targeted nuclei in the LH or thalamus
in a step-wise manner and with simultaneous fiber-optic calcium
recordings to specify the region-specific optogenetic activation
patterns. In addition, the MgRA system can be applied for region-
specific deep brain microinjection. Here, we demonstrate a series
of high precision brain interventional applications in the context
of multi-modal neuroimaging using the MgRA system.

Results

Mechanical design of the MgRA with ex vivo operation. A
stepper motor-driven MgRA was designed for real-time control
of the insertion of an optical fiber into animal brains inside a 14.1

Fig. 1 3D view of the MgRA and its application in ex vivo studies. a Overview of the MgRA inside the 14.1 T MR scanner. b Schematic of the customized
animal holder and head part of the MgRA. Both MR compatible camera and surface transceiver coil are included for monitoring the fiber optic insertion
inside the MR scanner. ¢ Stepper motors implemented at the back part of the MgRA to control up to four degrees-of-freedom movement. The long arm
reaching 4.7 m away from the magnetic center point excludes the influence by the ultra-high magnetic field. d Schematic drawing of the Archimedean
spiral design to transmit the dorsal-ventral movement. e Snapshot of the mechanically controlled fiber optic movement videotaped by the built-in camera.
f Time-lapsed images showing the optical fiber targeting the hippocampus, thalamus, and internal capsule along the insertion trajectory. Scale bar, 2 mm.
g Three continuous MRI anatomical images with step distance 50 um (the MRI in-plane resolution is 50 x 50 um?, thus it can be seen that the distance

moved in each step is approximately 50 um). Scale bar, 50 um
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T scanner (Fig. 1a, 3D schematic view in Supplementary Movie 1,
Supplementary Fig. 1). The MgRA contains two key parts: the
front part (head of the MgRA) includes the driving pieces and a
customized rat holder (Fig. 1b), and the back part accommodates
the stepper motors to fulfill the optical fiber movement with
multi-degree of freedom (Fig. 1c). The coupling of the actuator
(back part) to the matching toothed pulley in the head was
achieved by a synchronous belt drive (Fig. 1c) in a form-fit
manner, without slippage and run at constant speed. Insertion of
the optical fiber in the dorsal-ventral direction into the rat brain is
executed using an Archimedean spiral mechanism to achieve high
precision and accuracy (Fig. 1d). With a built-in MRI compatible
camera, the insertion of the optical fiber could be monitored
outside of the scanner to verify the effectiveness, safety, and
feasibility of the MgRA (Fig. le and Supplementary Movie 2),
simultaneously tracked with anatomical MRI. The assembly of all
components provides the MgRA unique features in a portable
frame that can be easily located inside the MRI room substituting
the conventional subject table. A more detailed description of
MgRA can be found in Methods and Supplementary Figs. 11-13.

The MgRA was first evaluated in perfused brains embedded in
agarose (Fig. 1f), in order to simulate the procedure of
intracerebral fiber insertion in the living animal. The optical
fiber was first inserted into the agarose-embedded brain
preparation in a 100 um step-wise manner, and real-time MRI
images were acquired to monitor the movement trajectory and to
identify the location of the fiber tip (Supplementary Movie 3).
Precision of the MgRA was determined as the smallest step in the
dorsal-ventral direction that could be maneuvered based on the
remote stepper motor controlling. Figure 1g shows the step-wise
movement of the fiber inside the rat brain at 50 pm per step with
high-resolution MRI time-lapsed 2D images (Supplementary
Movie 4). It is worth noting that fiber insertion trajectories can be
optimized with special angles to target specific deep brain nuclei
or fiber bundles while avoiding disturbance of neural circuits,
projection pathways of interest or certain brain vessels. For
instance, an angled fiber optic insertion can be implemented to
target the internal capsule to preserve the ascending pathway of
the thalamocortical circuits (Fig. 1f and Supplementary Fig. 2). In
summary, MgRA-based fiber optic insertion in the ex vivo brain
verifies its functionality and demonstrates the stability in terms of
remote motor control.

In vivo MgRA-driven fiber insertion with optogenetic fMRI.
MgRA allows the insertion of optical fibers in vivo inside the 14 T
MRI scanner, which induces great advantages for optogenetic
fMRI studies>2%30. To locate the fiber tip prior to intracerebral
insertion inside the MRI scanner, two procedures were followed.
First, we implemented two MRI-compatible cameras to visually
locate the fiber tip, as well as the craniotomy on the animal skull
(Fig. 2a and Supplementary Movie 5). Second, a prior application
of a manganese-treated agarose gel was applied over the skull and
the sequential lowering of the fiber was monitored with real-time
anatomical MRI to locate the fiber tip as well as the craniotomy
hole on the skull to guide the fiber targeting inside the brain
(Supplementary Fig. 3). A more detailed description can be found
in Methods, Supplementary Fig. 3. Figure 2b shows snapshots of
the fiber tip outside the brain during the MgRA-driven fiber
insertion. Figure 2c demonstrates an example of the in vivo fiber
targeting of subcortical thalamic regions. Also noteworthy is the
bleeding-induced T2-weighted signal drop when the fiber was
inserted through the lateral ventricle (Fig. 2c). When a fiber tip
first reaches a ventricle, its pushing force causes deformation of
the surrounding ependyma, which can induce minor bleeding
from the choroid plexus. This observation should raise a note of

caution to target deep brain regions. The damage could be
reduced by decreasing the insertion speed, which can be
accomplished at approximately 20 um/s with the MgRA (Sup-
plementary Movie 5 and Supplementary Fig. 4).

Fiber optic insertions with customized angles can also be
applied with MgRA for the in vivo animal fMRI environment.
Figure 2d shows the step-wise fiber tip targeting to the
hippocampus and ventral posteromedial nucleus (VPM) of the
thalamus by inserting the optical fiber with a 40° angle from
the midline. Figure 2e demonstrates the whole brain BOLD fMRI
map upon optogenetic activation of either the hippocampus or
the VPM, based on the MgRA-driven step-wise fiber tip
localization. Thus, the implementation of MgRA in standard
opto-fMRI workflows provides flexibility to guide an optical fiber
along a certain insertion trajectory, allowing to target different
nuclei in a single fMRI experiment, and hence, to study whole
brain responses upon deliberate region-specific stimulation.

Whole brain fMRI with LH optogenetic activation. The MgRA
can be used to target the deep brain nuclei with much higher
precision for fiber optic-mediated optogenetic activation than the
conventional stereotaxic-based fiber implantation on bench. For
example, the LH is a heterogeneous nucleus with highly varied
cell types across a few millimeter space in the ventral brain3!. The
MgRA-driven fiber optic positioning provides a reliable and
precise targeting scheme for the LH optogenetic activation during
fMRI. Figure 3a shows ChR2 expression with the AAV viral
vector AVV9.CaMKIL.ChR2.eYFP into the LH and the fiber optic
trace to target the LH in the histological slice, as well as the MR
image showing how the fiber tip coincides with the traced site of
viral injection. The whole brain activation pattern upon the LH
optogenetic activation is presented in Fig. 3b, showing the blood
oxygen level dependent (BOLD) signal along the ascending pro-
jection to the basal forebrain from the LH. Figure 3c shows the
temporal evolution of the optogenetically evoked BOLD signals in
both LH and its projected basal forebrain regions with the mean
time courses acquired at different stimulation durations. Fig-
ure 3d shows the mean BOLD signal time courses from both
nuclei with varied optical light pulse frequencies and pulse widths
(whole brain functional patterns at varied pulse width are shown
in Supplementary Fig. 5). The BOLD amplitude dependency on
the light pulse parameters provides strong evidence for reliable
detection of the functional projections from the LH with opto-
genetic fMRI. It is also noteworthy that MgRA-driven fiber optic
implantation ensures highly comparable activation patterns in the
LH across different animals (results from 5 individual rats,
Fig. 3b), as well as the activation of areas in the basal forebrain
including the lateral preoptic area (LPO), medial preoptic area
(MPA), and the strial part of the preoptic area (StA) (the co-
registered brain atlas to the individual rat functional map,
Fig. 3b). Additionally, the evoked calcium and BOLD signals in
the barrel cortex (BC) were observed in these animals upon
somatosensory whisker stimulation (Supplementary Fig. 6),
which indicates a stable physiological state of the animal and
therefore validates the biological data acquired from these
experiments. These results indicate that MgRA provides high
targeting accuracy and effectiveness to target deep brain circuits
and produce optogenetically-driven brain activation in a highly
reliable manner.

Step-wise optogenetically driven fMRI and calcium recording.
The flexibility and high precision of MgRA-driven fiber optic
targeting was further verified in a series of experiments that
combined optogenetic activation with concurrent fMRI and cal-
cium fiber optic recording (Fig. 4a). This multi-modal fMRI
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Fig. 2 Evaluation of MgRA for in vivo studies and brain-wide opto-fMRI patterns in multiple targets. a Snapshot of the optical fiber (tip with 589 nm
wavelength laser light, yellow arrow) positioned above the burr hole (green arrow) on the skull of an anesthetized rat with the driving piece of the head
part. b Camera-based fiber optic movement for three steps outside the rat brain. The fiber tip delivers blue laser light (473 nm wavelength). The bright
ring-structure above the rat skull is the RF surface coil. Scale bar, 2 mm. ¢ Potential collateral damage from the choroid plexus when the fiber was lowered
to pass through the lateral ventricles, shown as a dark signal below the hippocampus. The step size was 300 um. Scale bar, 1 mm. d Left, histological image
demonstrates ChR2-mCherry expression in most of the thalamus and part of hippocampus. Red, ChR2-mCherry; blue, 4’,6-Diamidino-2-phenylindole
(DAPI). Right, the fiber tip targets the hippocampal area and the BOLD fMRI map shows the activated area primarily located in the ipsilateral hippocampal
structure. Scale bar, 2 mm. e The fiber tip targets the ventral postero-medial (VPM) thalamus and map of BOLD activity was detected in bilateral vibrissal
S1 cortex in response to blue light stimulation. (For both (d) and (e), 3D whole brain EPI: 400 pm isotropic resolution, 1.5 s repetition time; stimulation
block design: 8s on 37 s off; laser pulse: 10 ms, 5Hz, 3.7 mW,/200 um core diameter of fiber tip)

scheme with MgRA enables real-time feedback at the level of the
whole brain (via fMRI) and specifically from the fiber tip (via
optical fiber) regarding the activation of the projection structures
upon region-specific stimulation. Here, calcium imaging was
acquired from the neurons in the BC that received afferents from
the subcortical thalamic region by using the calcium reporter
GCaMP64>12; optogenetic stimulation was performed on the
VPM thalamic nuclei, after expression of the light-sensitive
protein ChR2 (Fig. 4b-d)?>%32. The recording fiber was directly
implanted to record the GCaMP6f-mediated calcium signal in the
BC, while the optogenetic activation fiber was controlled by the
MgRA inside the scanner with real-time anatomical and func-
tional MRI to track the insertion trajectory. The MgRA guided
the fiber tip to deliver the optogenetic activation at multiple sites
along the insertion trajectory (Fig. 4e and Supplementary
Movie 6). Evoked calcium and BOLD signals from the somato-
sensory cortex ipsilateral to the targeted thalamic nucleus
increased in a stepwise manner as the optical fiber was moved
closer to the VPM region, while, after the fiber bypassed the VPM
region, BOLD and calcium signal decreased accordingly
(Fig. 4f-i). There was a slightly different stepwise fMRI response
from the contralateral somatosensory cortex as well (Fig. 4h, i),
which has been previously reported with electrical
stimulation3334. To further demonstrate the reliability of MgRA,
five power levels of light pulses were used to trigger increased
BOLD and simultaneous calcium signals (Supplementary Fig. 7).
Moreover, by altering the frequency of the light from 0.5 to 5 Hz,
we could observe a fully recovered evoked calcium baseline signal
at 0.5 Hz and elevated calcium signals from 1 to 3 Hz, while at 5
Hz, the overall plateau amplitude was not further increased
(Supplementary Fig. 8). The BOLD signal increased with higher
frequency, but not at 5 Hz, which was consistent with the calcium
signal dynamics (Supplementary Fig. 8). Results from two addi-
tional rats with different or similar insertion trajectories

confirmed the reliability of the stepwise optogenetic activated
fMRI and calcium signals acquired using the MgRA (Supple-
mentary Figs. 9 and 10). These experiments further demonstrate
the unique capability of the MgRA to specifically target sub-
cortical nuclei, which, combined with cortical recordings in the
projection area, allow unequivocal stimulation of the target sites.

MgRA-driven Mn-injection into CL and LH. The MgRA can also
be used to guide the real-time microinjection with high precision
inside the MRI scanner. MnCl, solution was used as the MR contrast
agent and a modified MPRAGE sequence®® (Mdeft, ~4 min) was
implemented to detect the manganese-enhanced T1-weighted MRI
signal!>36-38  Ag shown in Fig. 5a, a hollow core optical fiber3-41
was used to target the central lateral thalamic nucleus (CL) and Mn
solution was delivered in two consecutive steps. The initial stop was
introduced to target the corpus callosum with a small dosage of Mn
delivery (Fig. 5b), illustrating the real-time guided injection to target
the callosal fibers with a few hundred micron thickness. When the
fiber tip as located at the CL (position was verified with a T2-
weighted MR image (RARE) overlapped with the brain atlas), Mn
solution was injected for three times to show dose-dependent signal
changes in the T1-weighted Mdeft images acquired before and after
Mn injection (Fig. 5b). This result demonstrates the real-time injec-
tion capabilities of the MgRA.

Besides the multiple stops along the single trail of injection
trajectory, the MgRA can be used to drive multi-trial microinjec-
tion, e.g., to the lateral hypothalamic nucleus from the same rat,
inside the MRI scanner. As shown in Fig. 5¢, the fiber tip was
guided to target the LH. The Mdeft images were acquired before
and after the injection (3 times, Fig. 5d, e), showing clear effective
Mn delivery to the LH. In addition, we continuously acquired
the Mdeft images within the first ~1 h following the injection,
showing highly robust and confined Mn-enhanced signal of the
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Fig. 3 MgRA-driven fiber optic targeting of the lateral hypothalamic nuclei with optogenetic fMRI. a Top: representative RARE anatomical image used to
clarify the optical fiber location driven by MgRA for optical stimulation in LH. Middle: representative wide-field fluorescence image illustrating robust ChR2-
eYFP expression focused on LH. Fiber optic insertion trace marked with white arrow. Scale bar, 200 um. Bottom: sagittal RARE anatomical image showing
the fiber optic trace (blue arrow) and virus injection trace (red arrow). b Top: average fMRI map of brain-wide activity during optogenetic stimulation of LH
neurons at 5 Hz, 20 ms pulse width, 15 s duration. Middle: averaged evoked BOLD map (left) and the same map from 5 individual rats (right) zoomed in on
the basal forebrain (BF) showing activation of the lateral preoptic nucleus (LPO) and medial preoptic area (MPA), overlaid with the brain atlas. Bottom:
average evoked BOLD map (left) and 5 individual rats (right) in lateral hypothalamic region, overlaid with the brain atlas. GLM-based t-statistics in AFNI is
used. Scale bar, 2 mm. ¢ Average time courses of significantly modulated voxels showing fMRI signal changes within the ipsilateral LH and BF (n=5
animals) upon optogenetic stimulation of block design: 15 s on/45 s off, 12 epoch, 20 ms light pulse, 5 Hz, 18.9 mW. The individual hemodynamic response
shows the average BOLD signal upon different stimulation durations (8 s in blue, 15 s in red). Error bars represent mean + SD across 5 animals. d Average
stimulation duration-locked time evolution for both LH and BF depicting the frequency-dependent hemodynamic responses at 3, 5, and 10 Hz with 8s
stimulus duration, as well as pulse-width-dependent hemodynamic responses at 5, 10, 15, and 20 ms with 15's stimulus duration, from one
representative rat

targeted regions with limited diffusion (Fig. 5f and Supplemen- microinjection can be used to improve the tract-tracing studies
tary Movie 7). The MgRA-driven microinjection was reproduced ~ with MEMRI!>36-38 a5 well as to optimize the real-time in vivo
in multiple animals, suggesting a highly robust performance of neuromodulation or molecular MRI by direct intracranial
the MgRA to target deep brain nuclei for injection purposes, as injection of drugs**~*4 and MRI contrast sensors for neuro-
quantified in Fig. 5g. The high spatial specificity of MgRA-driven  transmitters*>—4°.
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Fig. 4 MgRA-driven stepwise optogenetic activation of the thalamic nuclei with simultaneous fMRI and neuronal Ca2™ recordings. a Schematic drawing of
the experimental setup to conduct optogenetic fMRI with simultaneous fiber optic calcium recording. The optical setup was placed outside the 14.1T

scanner. Opto Laser: laser for optogenetics. b Schematic of the fiber optic insertion inside the rat brain (3D view) with MgRA-controlled optical fiber for
optogenetic activation (red) and a second optical fiber for calcium recording (green) in the barrel cortex. € The anatomical MRI images confirm the location
of the recording fiber and the stimulation fiber targeting the VPM thalamic region. The brain atlas is superimposed on the anatomical image (green). d The
immunostaining images show the ChR2 expression in the thalamic region (ChR2-mCherry marked in red), as well as the GCaMP6f expression (green) in
the vibrissal S1 cortical neurons (BC) with the fiber trace. Scale bar, 200 um. e Anatomical RARE MR images illustrate the fiber tip location at 6 steps, at a
step-size of 700 pm. f Percentage changes of the evoked calcium signal for 3 epochs upon light stimulation (3 Hz, 10 ms pulse width, 3.7 mW laser power,
85 on 37 s off block design). g Simultaneous BOLD signals for 3 epochs within the ipsilateral somatosensory cortex (see (h)). h Evoked BOLD fMRI map
when the fiber tip was positioned at 0 mm along the insertion trajectory (zero considered as the position that leads to the peak fMRI and calcium signals).
i Average amplitudes of the ipsilateral evoked calcium and BOLD signals of both hemispheres as a function of the fiber tip locations. Error bars represent

mean £ SD

Discussion

This work presents an MRI compatible robotic arm as the navi-
gation technique for accurate placement of optical fibers in multi-
modal fMRI studies in animals using ultra high-field MRI (14.1 T
scanner). The MgRA was first developed and improved with a
series of phantom tests and was posteriorly evaluated in vivo for
deep brain optical fiber placement. MgRA-driven optogenetic
activation at subcortical nuclei, e.g., LH and VPM, in a stepwise
manner not only demonstrates the high precision of MgRA to
target subcortical brain nuclei as deep as 8-9 mm from the skull
surface, but also increases the reproducibility of the region-
specific optogenetic activation for the whole-brain fMRI mapping
in combination with the concurrent fiber optic calcium record-
ings. Also noted is that the mobility range of the MgRA (10 mm

in the rostral-caudal and medial-lateral directions) is sufficient to
reach any brain structure in small animals for optogenetic f{MRI
and intracellular calcium recording. In addition, the MgRA was
applied for real-time microinjection to specific deep brain nuclei,
as demonstrated with an Mn-enhanced MRI method, demon-
strating its microinjection capabilities for contrast agent or drug
delivery with high precision inside the MRI scanner.

The main challenge when targeting deep brain structures is the
potential error that appears between the actual and the calculated
coordinates due to the variability in bregma location, skull
thickness/angles, and potential shift of brain structures within the
cranium after dura removal®®->2, This potential error is particu-
larly problematic when targeting some functional nuclei or neu-
ronal fiber tracts of the rat brain that are less than 2-300 um in
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Fig. 5 MgRA-driven Mn-injection into CL and LH. a Top: the representative RARE anatomical image used to clarify the optical fiber location driven by
MgRA for Mn injection in CC. Middle: the atlas overlapped RARE images to illustrate the fiber tip location at the CL. Eye cream is covering the craniotomy
(magenta arrow). Bottom: enlarged image of fiber location. b T1-weighted MPRAGE image (Mdeft) showing enhanced signal from Mn injection site in the
CC and CL with dose-dependency. ¢ Top: the atlas overlapped RARE images to illustrate the fiber tip location at the LH, Bottom: enlarged image of fiber
location. d T1-weighted MPRAGE image showing enhanced signal from Mn injection site in the LH with dose-dependency. e Sagittal view of RARE
anatomical image and MPRAGE image after MnCl, solution injection. f T1-weighted MPRAGE image at 1h and 1h 40 min after the injection. g The analysis
of MEMRI signal at no injection, 1injection, 2 injection, and 3 injection times, as shown in (b, d) (n = 5 injection points from 3 animals). Error bars represent

mean + SD

one of their dimensions, such as the central thalamic nuclei or
corpus callosal fibers®®>3. This problem can produce high
variability when we try to target the deeper brain nuclei, e.g., LH,
since longer trajectories are subjected to larger errors®14. In order
to optimize the positioning of the optical fiber into precise
coordinates of the rat brain, we propose to avoid the atlas-base
blind implantation by using a real-time feedback strategy that
allows visualization of the whole brain with MRI during fiber
insertion. We designed an MRI-compatible robotic arm which
allows lowering the optical fiber inside the rat brain with real-
time MRI scanning. By combining MRI guidance with the precise
control of four stereotactic parameters (radial angle,
rostral-caudal, dorsal-ventral, medial-lateral), the MgRA can
fine-tune the fiber positioning to conduct highly reproducible and
stepwise optogenetic fMRI studies.

The number of applications for robotic arms in animal
research is considerably increased as a result of their potential
combination with MRI. Examples include an MR image-guided
mini-DBS system for BOLD activation during subthalamic
nucleus DBS in nonhuman primates in a 3 T scanner?%, an angle
positioning system to increase the image signal intensity of
fibrous microstructure in a 9.4 T 12 cm-bore scanner?’, an inte-
grated system, driven by piezoelectric actuators, for auto-tuning
of a multichannel transceiver array at 7 T? or MRI-compatible
systems for focused ultrasound experiments in rodents in 3T
scanners°®>>, Here, we developed a stepper motor-controlled
compacted MgRA system in a 14.1 T horizontal MRI scanner
with built-in MRI compatible cameras and RF surface coils to
drive fiber optic insertion for optogenetic fMRI studies with
concurrent intracellular calcium recordings. To our knowledge,
this is the first time to combine the multi-modal fMRI neuroi-
maging platform with the MRI-guided robotic controlling system
for in vivo rodent brain functional mapping.

There are two key advantages that need to be highlighted from
the mechanical design of the MgRA system. In high-field MRI
scanners, the open space inside the magnetic bore above the
animal brain is usually less than 3-4 cm, which significantly limits
the kinematic design options for mechanical movement. Also, the

ultra-high field (>11.7 T) also limits the commercially available
motor supplies that avoid the electromagnetic interference with
the MR scanning. We designed the MgRA head-probe based on
an Archimedean spiral mechanism to achieve high precision and
accuracy to maneuver the optical fiber insertion at less than 50
pm step-size along the dorsal-ventral axis (Fig. 1g, Supplemen-
tary Fig. 11, and Supplementary Movie 4). This head-probe is
controlled by a synchronous belt drive, which can carry up to 4
degree-of-freedom movements inside the horizontal bore of the
14.1 T MRI scanner (Supplementary Fig. 12), and only occupies
1.5-2 cm space.

To deal with the MRI compatibility, in addition to
hydraulic>®>7 or pneumatic?”->8-60 actuators, other types such as
ultrasonic or piezoelectric motors, which have been the favorite
so far due to their non-magnetic core, short response time and
small size®1:02, could have been utilized. However, no commer-
cially available piezo motors are available for the 14.1 T MRI
scanner and it has been recently shown that piezo motors could
induce geometric distortions in MR images even at a lower
magnetic field strength®3%4. Also, different MRI sequences could
have effects on the behavior of ultrasonic motors®. To address
the compatibility issue, remotely actuated MR-compatible
manipulators were implemented using drive shafts, belts, chain
drive, and linkages to transfer the motion to the distant actuated
points®0-68, We have applied the long robotic arm to allow us to
apply the regular stepper motor to control the optical fiber
insertion. As shown in the Supplementary Movies 2-5, the
mechanical control of the optical fiber insertion remains highly
precise and reliable in both ex vivo and in vivo tests. Our MgRA
design not only provides a highly robust mechanical controlling
system, but also solves the MRI compatibility issue with a reliable
and economically affordable solution. We will further optimize
our MgRA system by shortening the robotic arm and imple-
menting the piezo motors with a safe distance to avoid electro-
magnetic interference.

Besides fulfilling the role of accurately placing the fiber tip at
the desired coordinates, the MgRA provides a flexible platform
(Fig. 1g) to identify, de novo, the ideal targets for deep brain
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stimulation in pre-clinical studies. This could be easily investi-
gated with the MgRA by moving the stimulating fiber and run-
ning opto-fMRI at different locations in one single study,
particularly for “hypothesis-free” brain activity mapping studies.
This application will be critical to optimize and specify the ideal
subcortical targets aiming at controlling pathological tremor or
searching for more reliable treatment for depression in animal
models®®-71. Importantly, certain effects inherent in the insertion
of electrodes or optical fiber into the brain can be visualized and
avoided using the MgRA strategy. One example is the case of the
potential collateral damage to the choroid plexus (Fig. 2¢) or
other blood vessels, which could be well monitored by real-time
imaging and avoided by changing the trajectory of the fiber. This
is a particularly relevant feature of the MgRA, as it contributes to
the maintenance of certain integrity of the surrounding tissue,
which is beyond the capabilities of the standard implantation
techniques with stereotactic devices and is crucial for potentially
translational studies, as raised in a report showing MRI-guided
cell transplantation into the brain’2.

Several limitations pertaining to the first version of the MgRA
should be considered when interpreting the results of this study
and for future optimization of the MgRA in high field MRI
scanner for animal imaging. Firstly, the angle/direction of the
optical fiber cannot be changed once that it has been placed
inside the brain parenchyma, as this would lead to excessive
tissue damage and/or bleeding. Instead, in case needed, the
optical fiber should be withdrawn and reinserted; thus it is
crucial to improve the algorithm to calculate the trajectory based
on the location of the optical fiber tip in the agarose covering the
craniotomy outside of the brain parenchyma. Secondly, it is
noteworthy that, because of the long arm to keep the stepper
motors work properly outside of the MRI scanner, the most
precise movement occurs along the ventral-dorsal direction
(Fig. 1g and Supplementary Movie 4). It will be an important
step forward to implement the piezo motors with a safe distance
to avoid electromagnetic interference, which would allow to
dramatically shorten the robotic arm and, consequently, to
optimize of the precision in all the axis. Thirdly, although we
acquired the 3D anatomical images of the rat brain, the major
registration procedure between atlas and MRI images is still
based on a 2D registration algorithm, which is applied to control
the fiber tip movement along the dorsal-ventral direction. In the
future development, we will provide a real-time 3D registration
system to take advantage of the full motor control movement
capability of the MgRA system to achieve a fully automatic
performance. Lastly, the precision measurement of the MgRA
can be directly evaluated based on the real-time anatomical MRI
images. However, the best resolution acquired so far in our MRI
scanner is 50 x 50 pm in-plane. The MRI spatial resolution is
much lower than the mechanistic movement precision provided
by the MgRA system. For future piezo-based micron-resolution
motor control system, the implementation of an optical encoder
inside the ultra-high magnetic field will be needed for the close-
loop feedback.

In summary, the real-time MRI-guidance in a robotic con-
trolling system is verified and practiced for the optical fiber brain
intervention in animals using the high field MRI scanner (>14 T).
This MgRA positioning system serves as a key component for the
future multi-modal fMRI platform merging concurrent fMRI
with optogenetics, fiber optic-mediated optical imaging, micro-
injection, and even electrophysiological recordings. The high
flexibility and precision of MgRA to target the deep brain nuclei
with neural circuit-specificity expands the brain functional
mapping studies from the cellular levels, to the neural circuit
levels, and eventually to the systems' levels in combination with
behavioral tests in animals.

Methods

MgRA system. The MgRA was manufactured by the Fine Mechanical and Elec-
trical Workshop in the Max Planck Institute for Biological Cybernetics, Tuebingen,
Germany. This system consists of a positioning module, the head of the MgRA, and
a custom-designed user interface. The positioning module (back part) accom-
modates the stepper motors (ST4118D1804-B, Nanotec, Germany) to fulfill the
optical fiber movement with multi-degree of freedom, and the head of the MgRA
(front part) includes the driving pieces, cameras, and a customized rat holder
(Fig. 1b). The coupling of the actuators (back part) to the matching toothed pulley
in the head was achieved by a synchronous belt (Optibelt OMEGA 3M, OPTI-
BELT, Germany) drive in a form-fit manner. The driving pieces with Archimedean
spiral mechanism were manufactured manually or with a 3D printer (Form 2,
Formlabs, Germany). The detailed design and components are shown in Fig. la—c,
Supplementary Figs. 11-13, with a table of all components and the European
patent as the following link: https://patentscope.wipo.int/search/en/detail.jsf?
docId=EP215319263&tab=PCTDESCRIPTION&maxRec=1000. The movements
include three dimensions like conventional stereotactic devices, as well as pitch and
yaw (manually). With MRI-compatible cameras (RS-OV7949-1818, Conrad Elec-
tronic, Germany), the user can watch the fiber insertion in real time, while the
robot is executing a maneuver. If any movement needs to be modified, the user can
start, stop, change, or resume the fiber movement at any time from the user-
interface. Most of the other components are constructed from fully MRI-
compatible materials like plastic, carbon fiber, and a minimal amount of non-
ferrous metals like brass and anodized aluminum to avoid eddy currents and
deterioration of magnetic field homogeneity. The MRI-compatible arm including
the head part and aluminum holder were placed inside the MRI scanner room.
Digital components including stepper motors (ST4118D1804-B, Nanotec, Ger-
many), the motor controller (SMCI33-1, Nanotec, Germany) and motor power
supply (NTS-24V-40A, Nanotec, Germany), were placed outside the scanner room
(Supplementary Fig. 1).

Viral injection. The study was performed in accordance with the German Animal
Welfare Act (TierSchG) and Animal Welfare Laboratory Animal Ordinance
(TierSchVersV). This is in full compliance with the guidelines of the EU Directive
on the protection of animals used for scientific purposes (2010/63/EU). The study
was reviewed by the ethics commission (§15 TierSchG) and approved by the state
authority (Regierungsprisidium, Tiibingen, Baden-Wiirttemberg, Germany). A
total of 21 male Sprague-Dawley rats were used in this study.

Intracerebral viral injection was performed in 3-4-week-old male
Sprague-Dawley to express the viral vectors containing the calcium-sensitive
protein (GCaMP for calcium recording) or the light-sensitive protein
channelrhodopsin-2 (ChR2 for optogenetics) in neurons. The construct AAV5.Syn.
GCaMP6f.WPRE.SV40 (2.818e13 genome copies per milliliter) was used to express
GCaMP in the BC and the constructs AAV9.CAG.hChR2(H134R)-mCherry.
WPRE.SV40 (2.918e13 genome copies per milliliter) and AAV9.CaMKIL.hChR2
(E123A)-eYFP.WPRE.hGH (1.19¢13 genome copies per milliliter) were used to
express ChR2 in the thalamus and LH, respectively. Rats were anesthetized with
1.5-2% isoflurane via nose cone and placed on a stereotaxic frame, an incision was
made on the scalp and the skull was exposed. Craniotomies were performed with a
pneumatic drill so as to cause minimal damage to cortical tissue. For optogenetics,
a volume of 0.6-1 pL was injected using a 10 uL syringe and 33-gauge needle. The
injection rate was controlled by an infusion pump (Pump 11 Elite, Harvard
Apparatus, USA). The stereotaxic coordinates of the injections were 2.5 mm
posterior to Bregma, 5.0 mm lateral to the midline, 0.8-1.4 mm below the cortical
surface to target the BC; 2.6-2.7 mm posterior to Bregma, 2.8 mm lateral to the
midline, 5.5-6.0 mm below the cortical surface for the ventral posterior medial
nucleus of thalamus (VPM); and 2.75-2.85 mm posterior to Bregma, 1.1 mm lateral
to the midline, 7.5-7.9 mm below the cortical surface for LH. After injection, the
needle was left in place for approximately 5 min before being slowly withdrawn.
The craniotomies were sealed with the bone wax and the skin around the wound
was sutured. Rats were subcutaneously injected with antibiotic and painkiller for 3
consecutive days to prevent bacterial infections and relieve postoperative pain.

Animal preparation for fMRI. Anesthesia was first induced in the animal with 5%
isoflurane in chamber. The anesthetized rat was intubated using a tracheal tube and
a mechanical ventilator (SAR-830, CWE, USA) was used to ventilate animals
throughout the whole experiment. Femoral arterial and venous catheterization was
performed with polyethylene tubing for blood sampling, drug administration, and
constant blood pressure measurements. After the surgery, isoflurane was switched
off and a bolus of the anesthetic alpha-chloralose (80 mg/kg) was infused intra-
venously. A mixture of Alpha-Chloralose (26.5 mg/kg/h) and pancuronium

(2 mg/kg/h) was constantly infused to maintain the anesthesia/keep the animal
anesthetized and reduce motion artifacts.

Fiber optic implantation and optogenetic stimulation. Before transferring the
animal to the MRI scanner, 2 craniotomies were performed. Briefly, the animal was
placed on a stereotaxic frame, the scalp was opened and two ~1.5 mm diameter
burr holes were drilled on the skull. The dura was carefully removed and an optical
fiber with 200 um core diameter (FT200EMT, Thorlabs, Germany) was inserted
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into the BC, at coordinates: 2.75-3.3 mm posterior to Bregma, 5.0 mm lateral to the
midline, 1.2-1.4 mm below the cortical surface. An adhesive gel was used to secure
the calcium recording fiber to the skull. The craniotomy for optogenetics (in VPM
or LH) was covered by agarose gel for robotic arm-driven fiber insertion inside the
MRI scanner. Toothpaste was applied within the ears to minimize MR suscept-
ibility artifacts for the whole brain fMRI mapping. The eyes of the rats were
covered to prevent stimulation of the visual system during the light-driven fMRI.

For optogenetic stimulation, square pulses of blue light (473 nm) were delivered
using a laser (MBL-III, CNI, China) connected to the 200 um core optical fiber
(FT200EMT, Thorlabs, Germany) and controlled by Master 9 (Master-9, A.M.P.I,
Israel). The light intensity was tested before each experiment, and was calibrated
with a power meter (PM20A, Thorlabs, Germany) to emit 0.6-40 mW from the tip
of the optical fiber for LH and thalamus. The power levels used for light-driven
fMRI studies did not induce pseudo-BOLD signal due to heating effects, by testing
in regions of interest both with and without ChR2 expression.

Immunohistochemistry. To verify the phenotype of the transfected cells, opsin
localization, and optical fiber placement, perfused rat brains were fixed overnight in
4% paraformaldehyde and then equilibrated in 15 and 30% sucrose in 0.1 M PBS at
4°C. 30 um-thick coronal sections were cut on a cryotome (CM3050S, Leica,
Germany). Free-floating sections were washed in PBS, mounted on microscope
slides, and incubated with DAPI (VectaShield, Vector Laboratories, USA) for 30
min at room temperature. Wide-field fluorescent images were acquired using a
microscope (Zeiss, Germany) for assessment of GCaMP expression in BC, ChR2 in
LH and VPM. Digital images were minimally processed using ImageJ to enhance
brightness and contrast for visualization purposes.

Optical setup. An OBIS laser was used as excitation light source (OBIS 488LS,
Coherent, Germany) with a heat sink to enable laser operation throughout the
entire specified temperature range from 10 to 40 °C. The light passed through a
continuously variable neutral density filter (NDC-50C-2M-B, Thorlabs, Germany)
and was reflected on a dichroic beam splitter (F48-487, AHF analysentechnik AG,
Germany). The beam was collected into an AR coated achromatic lens (AC254-
030-A, Thorlabs, Germany) fixed on a threaded flexure stage (HCS013, Thorlabs,
Germany) mounted on an extension platform (AMA009/M, Thorlabs, Germany)
of a fiber launch system (MAX350D/M, Thorlabs, Germany). The laser beam was
injected into the fiber and propagated to the tip. The emitted fluorescence was
collected through the fiber tip, propagated back and collimated by the achromatic
lens, passed through the dichroic beam splitter and filtered by a band-pass filter
(ET525/50M, Chroma, USA) and focused by an AR coated achromatic lens
(AC254-030-A, Thorlabs, Germany). A silicon photomultiplier module (MiniSM
10035, SensL, Germany) was applied to detect the emitted fluorescence. The entire
optical system was enclosed in a light isolator box. The photomultiplier output was
amplified (gain = 100) by a voltage amplifier (DLPVA-100-BLN-S, Femto, Ger-
many), digitized and detected by Biopac system (MP150 System, BIOPAC
Systems, USA).

MRI image acquisition. All images were acquired with a 14.1 T/26 cm horizontal
bore magnet interfaced to an Avance III console and equipped with a 12 cm
gradient set capable of providing 100 G/cm over a time of 150 us. A transceiver
single-loop surface coil with an inner diameter of 22 mm was placed directly over
the rat head to acquire anatomical and fMRI images. Magnetic field homogeneity
was optimized first by global shimming for anatomical images and followed by
FASTMAP shimming protocol for EPI sequence.

Anatomical images were acquired for approximate fiber location using 3D
FLASH MRA sequence with the following parameters: repetition time, 20 ms; echo
time, 2.82 ms; FOV: 2.28 cm X 2.28 cm X 2.28 cm, matrix = 114 x 114 x 114, spatial
resolution = 0.2 mm x 0.2 mm x 0.2 mm. A high-resolution RARE sequence was
used accurately identify the optical fiber in the coronal plane, with the following
parameters: repetition time, 1200 ms; echo time, 7 ms; FOV: 1.92 cm x 1.68 cm,
matrix = 128 x 112, resolution = 0.15 mm x 0.15 mm, slice thickness = 0.5 mm,
RARE factor = 8, averages = 16.

Higher resolution (50 um) RARE sequence, specifically for Fig. 1f, g, to
accurately identify the optical fiber in the coronal plane, with the following
parameters: repetition time, 1500 ms; echo time, 11.0428 ms; FOV: 1.92 cm x 1.56
cm, matrix = 384 x 312, resolution = 50 um x 50 um, slice thickness = 0.75 mm,
RARE factor = 6, averages = 6.

For Mn injections and Mn tracing studies, rats received 150 nL of 5 mM MnCl,
(MnCl,, Sigma-Aldrich, Germany) solution for three times delivered by a hollow
core photonic crystal fiber (diameter: ~240 pm)39-4!, manufactured by the Division
of Photonic Crystal Fibre Science at Max-Planck Institute for the Science of Light,
Erlangen, Germany. A magnetization prepared rapid gradient echo (MP-RAGE)
sequence3’ was used. Eight coronal slices with FOV = 1.92 x 1.92 cm, matrix 128 x
128, thickness = 0.7 mm, (TR = 4000 ms, echo TR/TE = 15/1.7 ms, TI = 1000 ms,
number of segments = 4, averages = 2), were used to cover the area of interest at
150 um in-plane resolution with total imaging time 4 min 16 s. A same field of view
T2-weighted RARE sequence was used with the following parameters: repetition
time, 3000 ms; echo time, 8.3333 ms; FOV: 1.92 cm x 1.92 cm, matrix = 128 x 128,

resolution = 150 pm x 150 pum, slice thickness = 0.7 mm, RARE factor =6,
averages = 4.

Functional MRI acquisition. Adjustments to echo spacing and symmetry, and B,
compensation were set up first. Functional images were acquired with a 3D
gradient-echo EPI sequence with the following parameters: echo time 12.5 ms,
repetition time 1.5s, FOV 1.92 cm x 1.92 cm x 1.92 cm, 48 x 48 x 48 matrix size,
spatial resolution = 0.4 mm x 0.4 mm x 0.4 mm. To reach steady state 10 dummy
scans were used. For anatomical reference, the RARE sequence was applied to
acquire 48 coronal slices with the same geometry of the fMRI images.

For fMRI studies, needle electrodes were placed on the forepaw or whisker
pads of the rats, and electric pulses (333 ps duration at 1.5 mA repeated at 3 Hz
for 4 s) were first used as stimulation to serve as positive control for the evoked
BOLD signal. Once that reliable fMRI signals were observed in response to
electrical stimulation, optical stimulation was performed. An optical fiber of 200
pm core diameter (FT200EMT, Thorlabs, Germany) was connected to a 473 nm
laser source (MBL-III, CNI, China) using a built-in FC/PC coupler to deliver
blue light pulses at 3-10 Hz, 5-20 ms pulse width with different durations. To
reach steady state 10 dummy scans were used and followed by 10 pre-
stimulation scans, 5 scans during stimulation, and 25 inter-stimulation scans for
10 epochs and 5 scans during stimulation and 35 inter-stimulation scans for 12
epochs for thalamus and LH, respectively. The stimulation control was
established using the BIOPAC system (MP150 System, BIOPAC Systems, USA)
and Master 9 (Master-9, A.M.P.L., Israel).

Data analysis. For evoked fMRI analysis, EPI images were first aligned to ana-
tomical images acquired in the same orientation with the same geometry. The
anatomical MRI images were registered to a template across animals, as well as EPI
datasets. The baseline signal of EPI images was normalized to 100 for statistical
analysis of the multiple runs of EPI time courses. The hemodynamic response
function (HRF) used the block function of the linear program 3dDeconvolve in
AFNI. BLOCK (L, 1) is a convolution of a square wave of duration L, makes a peak
amplitude of block response = 1, with the g(t) = t*e™" /[4*e™*] (peak value = 1).
The HRF model is defined as follows:

HREF(t) = int(g(t —s),s = 0..min(t, L))

In this case, each beta weight represents the peak height of the corresponding
BLOCK curve for that class, i.e., the beta weight is the magnitude of the response to
the entire stimulus block.

The fiber optical neuronal calcium signals were low-pass filtered at 100 Hz
using zero-phase shift digital filtering. The relative percentage change of
fluorescence (AF/F) was defined as (F — Fy)/F,, where F, is the baseline, that is to
say, the average fluorescent signal in a 2 s pre-stimulation window. The amplitudes
of the neuronal fluorescent signal in response to 4 s optogenetic stimulus (Fig. 4f)
were calculated as the average of difference in AF/F in a time window 300 ms after
stimulus. Error bars in Figs. 3¢, 4i, 5g, and Supplementary Fig. 10f represent
standard deviation.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The raw data can be provided upon email request to the corresponding author. Excel files
containing raw data and each quantitative plot included in the main figures can be found
in the Source Data File. For the design of the robotic arm, detailed information can be
directly downloaded through the official link of World Intellectual Property Organization
(WTPO): https://patentscope.wipo.int/search/en/detail jsf?
docId=EP215319263&tab=NATIONALBIBLIO&maxRec=1000.

Code availability

The Analysis of Functional NeuroImages software (AFNI, NIH, USA) and Matlab
(MATLAB, MathWorks, USA) were used to process the fMRI and simultaneously
acquired calcium signals, respectively. The relevant source codes can be downloaded
through https://afni.nimh.nih.gov/afni/. The related image processing codes can be
provided upon direct email request to the corresponding author.
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Supplementary Table (1)

Supplementary Table 1. List of Components of MgRA

Name

Information

Archimedean spiral driving design

Custom-designed, MPI for BC Mechanic Workshop

Bearings for back/forward

JSM-2022-20, Igus, Germany

Bearings for left/right

BB-625-B180-10-GL, Igus, Germany

Belts

Optibelt OMEGA 3M, OPTIBELT, Germany

Camera RS-OV7949-1818, Conrad Electronic, Germany
Carbon fiber tube (1) 7420182, R&G, Germany
Carbon fiber tube (2) 7420173, R&G, Germany

Charging condenser

Z-K4700/50, Nanotec, Germany

Cross table

Custom-designed, MPI for BC Mechanic Workshop

Encoder cable

ZK-NOE1-10-20000-S, Nanotec, Germany

Encoders

NOE2-05-B14, Nanotec, Germany

Gearbox

GPLE22-2S-12, Nanotec, Germany

Matching toothed pulley

Custom-designed, MPI for BC Mechanic Workshop

Motor controller

SMCI33-1, Nanotec, Germany

Platform for MgRA Custom-designed, MPI for BC Mechanic Workshop
Power supply NTS-24V-40A, Nanotec, Germany
Rat holder Custom-designed, MPI for BC Mechanic Workshop

Robotic arm holder

Custom-designed, MPI for BC Mechanic Workshop

Stepper motor

ST4118D1804-B, Nanotec, Germany

USB cable for motor controller

ZK-USB, Nanotec, Germany

Cable lengthening

Custom-designed, MPI for BC Electronic Workshop

Other pieces of MgRA

Custom-designed, MPI for BC Mechanic Workshop
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Supplementary Figures (13)

147 scanner

Supplementary Figure 1. MRI compatible MgRA mounted inside the 14T MRI scanner (picture taken from the control

room).
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Supplementary Figure 2. Examples of optical fibers with different core diameters driven by MgRA for in vitro
evaluation. @ The T2-weighted MRI images show 8 different locations of the optical fiber (400 um core diameter, black
stripe) along the insertion trajectory in a perfused rat brain embedded in the soft agarose with manganese. b A coronal rat
brain atlas diagram (reproduced from Paxinos and Watson, 2005). ¢ Optical fiber (200 um core diameter, black stripe)
was inserted vertically into the perfused rat brain. d The same atlas diagram whose structures are selected to label and
assigned a color code. e Anatomical image (left) is shown adjacent to the plate of atlas (right) after alignment. The Fiber

was targeting the central thalamus.
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Supplementary Figure 3. MRI-based relocation outside of the rat brain and the registration of coordinates. a Agarose

with manganese was applied to cover the skull (yellow arrow). By lowering the fiber into the agarose, we could calculate
the distance between fiber tip (green arrow) and burr hole (red arrow) from the anatomical images. The burr hole is filled
with agarose as well. b Brain atlas coordinates (Col, Paxinos & Watson rat brain atlas, 6th edition). ¢ MRI/DTI Atlas of
the Rat Brain (Co2, George Paxinos, Charles Watson, Evan Calabrese, Alexandra Badea and G Johnson, 1st edition). d

3D anatomical images of an individual rat.

For coordinates registration, agarose has been previously applied above the burr hole of the skull and the fiber tip
(previously positioned above the burr hole using the MgRA system under the guidance of the build-in camera inside the
MR scanner) can be directly imaged to determine its coordinates in the MRI images (Supplementary Figure 3a). Then,
an algorithm was designed to register a four coordinate system for the fiber tip position: Brain atlas coordinate (Col,
Paxinos & Watson rat brain atlas, 6th edition), MRI/DTI rat brain atlas (Co2, George Paxinos, Charles Watson, Evan
Calabrese, Alexandra Badea and G Johnson, 1st edition), MRI coordinate (Co3) and robotic arm coordinate (Co4). In
short, the Col is first transferred to the Co2 by the algorithm (Supplementary Figure 3b, c). By registering the 2D
anatomical images of individual rat (Co3) to the MRI/DTI brain atlas (Co2), the transformation between the Col and
Co3 is settled (Red arrow in Supplementary Figure 3c¢). Since the fiber tip position is directly detected in the MRI images
above the craniotomy, the related coordinate offset from the fiber tip to the targeted function nuclei can be calculated

based on the multiple transformation matrices.
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72 Supplementary Figure 4. The time-lapsed anatomical images to illustrate the optical fiber targeting the Lateral
73 Hypothalamus for opto-fMRI studies.
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Supplementary Figure 5. Whole brain activity maps in response to 15s LH optogenetic stimulation at different pulse
widths. a Anatomical image showing the position of the optical fiber for delivering light. b BOLD activation maps of a
representative animal exhibited a pulse width-dependent pattern in response to 20ms, 15ms, 10ms and Sms pulse widths

(5 Hz, laser power of 12.6 mW, 15 s on 45 s off, 12 epochs). GLM-based t-statistics in AFNI is used.
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Supplementary Figure 6. Sensory-evoked neuronal Ca®' recordings with simultaneous BOLD fMRI. a Representative
color-coded BOLD-fMRI in response to a block design whisker-electrical stimulation. GLM-based t-statistics in AFNI is
used. b The time course of evoked fMRI signal from BC-S1 ROI (see @) in the left hemisphere. C Average of

simultaneously optical fiber (red arrow in @) recorded Ca*' signals for one epoch (3 Hz, 4 s, 2 mA).
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Supplementary Figure 7. Laser power dependent BOLD signals in S1 with simultaneous Ca®* recordings (S1BF) upon
light exposure in VPM. a Representative percentage changes of calcium signal (top) and BOLD responses (lower) for 3
epochs detected at 5 different laser powers. At 0.6 mW, hardly any fMRI and calcium signal was detected. BOLD and

calcium signal increased proportionally with increased laser power. b Examples of whole brain activity maps at 0.6 mW,
3.7 mW and 6.8 mW.
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Supplementary Figure 8. Frequency dependent BOLD signals in S1 with simultaneous Ca”" recordings (SIBF) upon
light exposure in the Thalamus. a Examples of BOLD maps in response to 0.5 Hz, 3 Hz, 5 Hz. The strongest response
was induced by 3 Hz stimulation, instead of 5 Hz. GLM-based t-statistics in AFNI is used. b Averaged calcium signal
percentage change in one epoch. Evoked calcium spikes with almost full recovery to the baseline in 2 s per spike at 0.5
Hz. From 1 Hz to 3 Hz, the calcium signal was elevated through the 8 s stimulation period, while at 5 Hz, some of the
spikes per pulse were even missed and the overall plateau amplitude was not further increased. ¢ BOLD signal for 3
epochs upon stimulation (black line) was increased according to the increased frequency, but not at 5 Hz, which is

consistent with the calcium signal observation.
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Supplementary Figure 9. Optogenetic excitation of thalamic cells drives local and Somatosensory cortical positive
BOLD. a Top: Sketch showing the point of thalamic injection of AAV5.CAG.ChR2-mCherry and optical stimulation.
Lower: histological image of ChR2-mCherry expression in the thalamus (left); higher magnification (right). Red, ChR2-
mCherry; blue, 4',6-Diamidin-2-phenylindol (DAPI). b Opto-fMRI haemodynamic response (averaged across activated
voxels in Somatosensory cortical ROI, see ¢, whole brain top right) in both hemispheres during optical stimuli (5Hz, 4s
on 18.5s off, 10 ms pulse width, laser power 5.5 mW). ¢ BOLD activation at 3 different locations along the vertical

insertion trajectory. GLM-based t-statistics in AFNI is used.
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Supplementary Figure 10. Region-specific optogenetic activated neuronal Ca>" recordings with simultaneous BOLD
fMRI. a T2-weighted anatomical images illustrate five fiber locations. b Different BOLD fMRI in Somatosensory cortex
evoked by optogenetic stimuli in different thalamic regions. ¢ BOLD signals for 3 epochs (3 Hz, Laser power 4.2 mW, 8
s on 37 s off, 10 epochs) within ipsilateral Somatosensory cortex ROI (see b middle panel) corresponding to the different
locations. d Simultaneously recorded evoked calcium signal through the 8 s stimulation period. € Anatomical RARE MR
image illustrates the fiber tip location for calcium recording in Barrel cortex. f The average BOLD signals of ipsilateral

hemisphere at different fiber tip locations. Error bars represent mean£SD.
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Supplementary Figure 11. Detailed design for head part of the MgRA.
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Supplementary Figure 12. Detailed design of the MgRA (figures from the approved European patent). @ The schematic
view of the whole MgRA mechanical design including the cross table to mount the stepper motors. b The coupling of the
stepper motors (back part) to the matching toothed pulley in the head was achieved by a synchronous belt drive in a
form-fit manner. ¢ Custom-designed rat holder with a built-in MRI compatible camera, surface coil and head part of the
MgRA. d The components of the head part of the MgRA. For more details see the approved European patent as
following link:

(https://patentscope.wipo.int/search/en/detail.jsf?docId=EP215319263&tab=PCTDESCRIPTION&maxRec=1000).
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Supplementary Figure 13. Detailed design of the back part of the MgRA. a The coupling of the stepper motors (back
part) to the matching toothed pulley in the head was achieved by a synchronous belt drive in a form-fit manner. b The
encoder (NOE2-05-B14, Nanotec, Germany) is used with motor controller (SMCI33-1, Nanotec, Germany) so that the
stepper motor (ST4118D1804-B, Nanotec, Germany) can be run in a close-loop mode. All the images here are from
Nanotec, Germany. ¢ Multi-groove belt (optibelt OMEGA 3M, Optibelt, Germany) used to fit into a matching toothed
pulley. The image of synchronous belt is from Optibelt, Germany. d Closed belts can be cascaded to transfer the motion

(red arrow). All schematic figures shown here are from the approved MgRA European patent.
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