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Abstract

Recent developments in optical microscopy, applicable for
large-scale and longitudinal imaging of cortical activity in
behaving animals, open unprecedented opportunities to gain a
deeper understanding of neurovascular and neurometabolic
coupling during different brain states. Future studies will
leverage these tools to deliver foundational knowledge about
brain state-dependent regulation of cerebral blood flow and
metabolism, as well as regulation as a function of brain
maturation and aging. This knowledge is of critical importance
to interpret hemodynamic signals observed with functional
magnetic resonance imaging (fMRI).
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Introduction

Advancing our ability to accurately infer microscopic
details underlying noninvasive imaging signals requires
direct measurement and manipulation of concrete,
cellular level physiological parameters. These measure-
ments are only available in model organisms such as
mice. Recent progress in large-scale microscopic imag-
ing technology and the development of genetically
encoded optical probes have enabled chronic imaging in
awake behaving mice. This opens the door for longitu-
dinal studies of brain neuronal, vascular, and metabolic
function across specific behavioral states that differ in
the processing capacity of cortical neuronal circuits.
Here, we highlight several novel neurophotonics tools in
the context of specific neuroscience problems that have
moved within reach of the greater research community.

Spontaneous large-scale cortical activity
and physiological underpinning of resting-
state fMRI
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The puzzling phenomenon of spontaneous large-
scale cortical activity

Spontaneous large-scale neuronal activity, and activity
that far extends beyond the boundaries of receptive
fields from punctate stimulation, is a long-recognized
aspect of neuronal dynamics that has received
renewed attention in light of its potential impact on
neurocomputation [1—3]. While large-scale patterns of
brain activity have been described since the earliest days
of electrophysiological measurements with awake ani-
mals, a striking advance occurred with the advent of
Blood Oxygenation Level-Dependent (BOLD) func-
tional Magnetic Resonance Imaging (fMRI) in resting
human subjects close to two decades ago (reviewed in
Ref. [4]). These fMRI studies revealed large-scale,
coherent fluctuations of the fMRI signal that
resemble the known pattern of functionally engaged
cortical regions [5—8]. The BOLD signal reflects he-
modynamics and O, metabolism rather than neuronal
activity per se [9,10]; therefore, the possibility that these
spatial patterns of temporally coordinated hemodynamic
fluctuations, dubbed ‘resting-state’ networks, reflect
spontaneous neuronal activity was initially met with
skepticism; however, today, a large body of experimental
evidence demonstrates that these signals are signifi-
cantly, albeit incompletely driven by neuronal activity in
rodents, nonhuman primates, and humans [11—26].

In mice, recent technological advances now allow
chronic imaging of the entire dorsal part of the cortex.
These advances include large field-of-view or multi-
region two-photon microscopes [27—30], mesoscopic
single-photon imagers [13,31], and novel techniques to
produce large cranial windows [32,33]. Combined with
genetically encoded calcium (Ca*") indicators of
neuronal activity [34], which record a trace of neuronal
spiking, these tools obtain a glimpse of the large-scale
spontaneous neuronal activity that contributes to
resting-state hemodynamic fluctuations [11,13—16].

Large-scale cortical neuronal activity and ascending
neuromodulation

One possibility for the generation of spontaneous large-
scale neuronal activity is that the dynamics reflect a
continuous ‘handshaking’ of synaptically connected
brain regions [4]; however, some of the observed co-
varying areas are not directly anatomically connected,
such as the primary visual cortex across the two hemi-
spheres. An alternative explanation for this neuronal
activity is common inputs [35], which include ascending
neuromodulation [4,36—38], such as cholinergic pro-
jections from the basal forebrain [39], adrenergic pro-
jections from the locus coeruleus [40,41], dopaminergic
projections from the ventral tegmental area and the
substantia nigra [42], and serotonergic projections from
the raphe nuclei [43]. These neuromodulatory systems
work in parallel to generate internal brain states that

differ in the attentional capability and processing ca-
pacity of cortical circuits [44,45].

Although state-dependent neurovascular coupling re-
mains largely unexplored, arousal states, including rapid
eye movement (REM) and nonrapid eye movement
(NREM) sleep, have been shown to strongly modulate
hemodynamic signals in mice that naturally fall asleep
during imaging [46]. This finding is in agreement with
the known vasoactive role of neuromodulatory trans-
mitters that can act on vascular receptors [47] in addi-
tion to the modulating activity of neuronal circuits.
Pharmacological activation of these receptors, including
those selectively expressed in microvessels, was
demonstrated to affect cerebral blood flow (CBF) and
the BOLD signal [48].

Electrophysiologically, brain states of attention, arousal,
and vigilance are manifested by ‘desynchronized’
cortical local field potential (LFP), where the power of
low-frequency rhythmicity (<30 Hz) decrements and
the power of high frequencies or y-band rhythmicity
(~30—90 Hz) increases [49]. The power of the y-band
oscillations cofluctuates in brain regions with a shared
function. In resting mice, the state of arousal fluctuates
continuously on the scale of tens of seconds; this sup-
ports the idea that ultraslow (~0.1 Hz) fluctuations in
the y-band power may be reflecting internal brain state
dynamics [50].

Recently, using optical imaging methods, Mateo et al.
[12] have demonstrated in an awake mouse study that
these ultra-slow frequency fluctuations in the ‘y-band
power, that is, variations around 0.1 Hz, will entrain the
dynamics of vasomotion in pial arterioles. This coupled
the slowly varying amplitude of the ongoing ‘y-band
rhythm to the resting-state fMRI signal [12] (Figure 1).
This finding is apparently at odds with a recent study in
awake monkeys showing that pharmacological inactiva-
tion of the basal forebrain, a center for cholinergic
innervation, selectively diminished only spatially very
broad hemodynamic correlations within the affected
hemisphere, while finer scale correlations remained
[39]; however, the effect of inactivation depended on
the level of arousal and suggests possible engagement of
other neuromodulation systems, including intrinsic
cholinergic neurons in the cortex [51], to compensate
for cholinergic ‘denervation’.

The activity of specific neuromodulatory afferents in the
cerebral cortex can now be directly measured, in real
time in animals, with sensitive optical probes for the
respective neurotransmitters [52], including acetylcho-
line [53,54], norepinephrine [55], dopamine [55,56],
and serotonin [57]. This formidable advance in molec-
ular engineering offers direct sensing of these neuro-
transmitters’ release in the cerebral cortex. With these
tools, one can ask which of the respective
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Figure 1
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Coupling of y oscillations and vasodilation in mouse cortex. (a). Setup with the head-fixed awake mouse. (b). Two-photon image of surface
vessels. (c). Local field potential (LFP) spectrogram. (d). Overlaid time series of y-band power and vessel diameter. (e). Cross correlation of the two

time series; diameter lags by 1.9 s. For details, see Ref. [12].

neuromodulatory circuits coordinate neuronal and
vascular/hemodynamic patterns of cortical activity in the
context of naturally occurring brain states, as recently
observed with brain-wide coexpression of optical probes
for acetylcholine and neuronal intracellular Ca’* [58].
These measurements can also be combined with
another recent neurophotonics highlight: optically
transparent surface electrode arrays [59—62]. These
arrays offer simultaneous space-resolved LFP recordings
to bridge novel optical readouts to the ‘gold standard’
electrophysiological measures of brain waves that have
been traditionally used to characterize brain states
[63,64].

The concept of the pial neurovascular circuit

A fundamental feature of cortical pial arterioles is that
their diameter naturally oscillates at a frequency around
0.1 Hz as a consequence of intrinsic ionic properties of
the vascular mural cells and propagation of dilation/
constriction signaling along the vessel wall [65,66]. This
signaling arrives from local cortical activity, subcortical
nuclei, and neuromodulatory inputs (reviewed in
Ref. [67]). The endothelial cells, which form the lumen
of every vessel and interact through low resistance gap

junctions to each other and to smooth muscle [68], play
a key role in communication from neurons to arteriolar
smooth muscle cells through retrograde electrical con-
duction along the capillary vessel wall [59]; therefore,
conceptually one can think of a ‘pial neurovascular cir-
cuit’ that is composed of a network of pial arterioles that
integrate different neuronal inputs to produce patterns
of coherent oscillations in arteriolar diameter across the
cortical mantle. These patterns contain regions that
oscillate at slightly different frequencies [69]; that is,
they parcellate into separate regions (Figure 2). The
fascinating possibility is that these large-scale vascular/
hemodynamic patterns may be invertible; that is, they
may permit inference of brain state and regional aspects
of neuronal processing with noninvasive measurement
modalities such as fMRI applicable to humans.

As a means to address the potential inversion of large-
scale vascular/hemodynamic patterns, future studies
will leverage multimodal fluorescence imaging and
fMRI in high-field animal scanners [70—73], using
awake behaving mice with chronic optical windows
[74,75], as a step towards human translation. With this
technological —progress, one can address how
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Figure 2
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Conceptual model of the pial neurovascular circuit that drives parcellation of hemodynamics across the cortex. Parcels correspond to regions
in which the BOLD signal oscillates as one but is asynchronous from neighboring regions. We hypothesize that these regions correspond to oscillations
in the diameter of pial arterioles (drawn as a hexagonal array). BF — basal forebrain; LC — locus coeruleus; VTA — ventral tegmental area; SN —
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Two-photon imaging of pO, and estimation of CMRO,. (a). Schematic illustration of the Krogh model parameters for extraction of CMRO.. (b).
Cortical vascular morphology approximating the model conditions. (c). Tissue pO, measurements; regions segmented for quantification are outlined in
yellow. (d). Radial gradient of pO, around the diving arteriole in (c). For details see Ref. [82].

hemodynamic patterns can mimic the underlying
neuronal activity characteristic of specific brain states
and, further, with what reliability brain states be inferred
from noninvasive fMRI readouts.

Neuromodulation and brain metabolism

Both cerebral blood flow and O, consumption
contribute to fMRI signals

The BOLD signal reflects neuronal activity through its
relationship with CBF and cerebral metabolic rate of O,
(CMROy) [10,76]. Computational studies have attrib-
uted most of the net energetic cost of the brain to
synaptic signaling [77]; therefore, the activity of
neuromodulatory synapses acting onto both excitatory
and inhibitory local cortical neurons is likely to increase
CMRO;; however, it has been proposed that neuro-
modulation may enhance the signal-to-noise ratio for
salient stimuli by suppression of background neuronal
activity, in part by altering the balance between local
excitation and inhibition [44,78]. In agreement with
this ansatz, a human positron emission tomography
(PET) study has shown a decrease in glucose utilization
within the default network [79], which is implicated in
introspective states after administration of the mono-
amine transporter blocker methylphenidate (Ritalin)
[80]. Thus, the question of the net metabolic cost of
neuromodulation remains elusive, and this cost is likely
to vary across different cortical regions.

"Traditionally, estimation of CMRO; required two mea-
surements related to blood flow and O, extraction
(reviewed in Ref. [81]). Recently, Sakadzic et al. [82]
introduced a new method for extraction of CMRO; that
is based on a single imaging modality, that is, two-photon

phosphorescence lifetime microscopy (2PLM), to pro-
vide measurements of the partial pressure of O, (pO;)
(Figure 3) (reviewed in Ref. [83]). The sensitivity of
this method has been significantly improved by the
arrival of a second-generation phosphorescent pO;
nanoprobe [84]. Combining 2ZPLLM with optical imaging
of the release of neuromodulatory neurotransmitters
[52] will help address the question of how CMRO;
corresponds to different brain states. These measure-
ments are also needed for bottom-up modeling of
BOLD fMRI signals [85], as well as an estimate of en-
ergetic costs that are covered by nonoxidative
metabolism.

Neuromodulation and aerobic glycolysis

The energetic costs of neuronal activity are reflected in
the conversion of adenosine triphosphate (ATP) to
adenosine diphosphate (ADP), and the ATP is restored
through the oxidative metabolism of glucose. Glycolysis
metabolizes glucose to pyruvate with the production of a
small amount of ATP, and the pyruvate is subsequently
shuttled to mitochondria for oxidative phosphorylation
(OXPHOS) and the production of much more ATP, that
is, about 15 times that of glycolysis. Under resting or
unstimulated conditions, the cerebral metabolic rates of
glucose (CMRglc) and CMRO; are well matched at
5.5:1 [86] nearly six O, per glucose, which corresponds
to nearly complete oxidation of glucose [87]. Under
stimulation, however, CMRglc increases more than
CMROy; this suggests uncoupling between glycolysis
and OXPHOS (reviewed in Ref. [88]). The phenome-
non of glycolysis outstripping OXPHOS despite the
availability of O; is called aerobic glycolysis (AG).
Although excess glycolysis helps to provide additional

substantia nigra; ACh — acetylcholine; NE — norepinephrine; DA — dopamine; 5HT — serotonin; Glut — glutamate. The brain image is reproduced from

Ref. [114].
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ATP, this is a much less efficient route for ATP pro-
duction than OXPHOS. During AG, the intermediate
substrate pyruvate is converted to lactate, which is then
transported into the extracellular space. Indeed, an in-
crease in neuronal activity coincides with raising extra-
cellular lactate [89,90] or even export of lactate from the
brain under certain conditions [88]. All told, the
occurrence of AG when O, appears to be available is
puzzling. A recent thermodynamic analysis points to the
need to maintain the O,/CO; ratio in the mitochondria
as a means to increase the pyruvate concentration [91].
Yet, from the perspective of imaging, AG does not
consume O; and thus does not directly affect the BOLD
signal.

On the cellular level, it has been proposed that AG
preferentially occurs in astrocytes [92,93]. Further, it has

Figure 4

been hypothesized that OXPHOS and AG are com-
partmentalized between neurons and astrocytes, such
that astrocytes extract glucose from blood through the
action of glucose transporters on astrocytic endfeet and
break it down to lactate, which is secreted into the
extracellular space. The extracellular lactate is then
taken up by neurons and used as a substrate for neuronal
OXPHOS. This so-called ‘lactate shuttle’ hypothesis
[94] remains controversial. Experiments in cell cultures
and brain slices have shown that both neurons and as-
trocytes are capable of shifting between the oxidative
and glycolytic pathways depending on the experimental
conditions [95,96]. Iz vivo mouse studies have not
resolved this controversy, although some differences in
their results could be attributed to anesthesia [97,98].
Of special note, a recent study with awake mice
responding to a startle stimulus reported that lactate
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10 min

Lactate dynamics in cerebral neurons and astrocytes. (a). Setup with the head-fixed awake mouse. (b). Expression of genetically encoded probes
for lactate (Laconic) and Ca2* in the cerebral cortex. (c). High-resolution images of Laconic expression in cerebral neurons and astrocytes. (d). Time-
course of lactate changes in neurons, astrocytes, and the extracellular space (ECS) in response to a sniff of isoflurane (ISO). (e). Inhibition of B-
adrenergic receptors reduces the evoked response in neurons (top) and astrocytes (bottom). For details, see Ref. [98].

Current Opinion in Biomedical Engineering 2021, 18:100273

www.sciencedirect.com


www.sciencedirect.com/science/journal/24684511

transients in neurons and astrocytes were reduced by
blocking PB-adrenergic signaling (Figure 4) and that
these cellular lactate surges were impaired in transgenic
mice lacking the ability to store glycogen in the brain
[98]. These findings are in line with prior literature on
adrenergic control of glycolysis and glycogenolysis
(reviewed in Refs. [88,99]), suggesting that the relative
contribution of OXPHOS and AG to the energy meta-
bolism in the cerebral cortex, as well as the metabolic
partnership between cerebral neurons and astrocytes,
may be dependent on brain state.

A number of targetable genetically encoded optical
probes for cellular metabolism have been recently
developed, including those for lactate and pyruvate
[100], glucose [95], nicotinamide adenine dinucleotide
(NADH) [101], and adenosine triphosphate (ATP)
[102]. Nevertheless, microscopic measurements of
CMRglc currently remain beyond reach. This inability
follows from the need to account for the rates of meta-
bolic reactions rather than measure the instantaneous
concentrations of metabolites [88]. A probe of extra-
cellular concentration of secreted metabolites, such as
lactate, would be a welcome addition to neurovascular
research.

Aerobic glycolysis and aging

The brain has a relatively high metabolic rate during
development that gradually decreases with maturation
and aging. A meta-analysis of human PET studies has
concluded that AG peaks in young, 3- to 5-yr-old, chil-
dren [103], although it remains unclear whether con-
sumption of glucose in excess of oxygen by developing
brains should be attributed to the support of neuronal
activity, biosynthesis, or both [88,103,104]. Interest-
ingly, the immature cortex often exhibits an ‘inverted’
hemodynamic response, represented by a weaker blood
flow increase compared to the CMRO;, increase prior to
maturation of neurovascular coupling mechanisms
[105]. Upregulation of AG could partly offset the need
for increased CMRO; for increased ATP production and
help prevent a sustained oxygenation drop during brain
states with a high level of metabolism, such as the rapid
eye movement (REM) sleep [106,107].

Glucose metabolism, oxygen consumption, and cerebral
blood flow all decrease in the aging brain [108]. Human
PET studies that concurrently measured Oz and glucose
consumption have shown that age-related decreases in
brain glycolysis exceed the decrease in oxygen con-
sumption, which results in selective loss of AG
[103,104]. In parallel, a number of recent human
neuroimaging studies on aging have demonstrated a
weakening of cortical oscillations, including those in the
Y-band [109,110]. This suggests a decline in neuro-
modulatory neurotransmission, although decreased
tissue volume in aging can also modulate these signals. A

Underpinning fMRI through neurophotonics Machler et al. 7

decrease in Y-band activity was also observed in a recent
study of Jessen et al. [111] in aged mice, paralleled by a
2-fold increase in stimulus-induced CMRO;. These
studies, taken together, suggest that age-dependent
dysregulation of neuromodulatory signaling could un-
derlie the deficit in AG that leads to an increase in
OXPHOS to sustain metabolic loads. The increase in
OXPHOS may, in turn, lead to oxidative stress and
mitochondrial dysfunction that is a hallmark of aging
[112].

Understanding the relative contribution of OXPHOS
and AG in brain maturation and aging, along with
regulation of the respective pathways by neuro-
modulation, will lead to insights into brain energetics
and age-specific metabolic departures. In mice, we now
can start to address these issues using longitudinal op-
tical imaging of neuromodulators and metabolites and
concurrent electrophysiological recordings with opti-
cally transparent electrode arrays.

Conclusions

We have highlighted several recent neurophotonic ad-
vances that offer a novel, unprecedented view on cell-
type-specific and brain-state-specific mechanisms that
drive and modulate brain metabolism and fMRI signals.
Of particular interest is the ability to understand the
phenomena of parcellation of the ~0.1 Hz vasomotor
oscillations in BOLD fMRI. This provides a basis to
identify separate regions in the human [69] and mouse
[113] brain and is used to define default networks [79].
The high spatial and temporal resolution of neuro-
photonic tools, in combination with the lower resolution
but brain-wide imaging capability of MRI, is a potent
combination to delineate the biophysics of fMRI in
terms of brain activation and brain state. These efforts
provide a path to at least probabilistically solve the in-
verse problem of deducing brain state, as well as aspects
of neuronal computation, from de novo BOLD fMRI
images.
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