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SUMMARY

Optical imaging has revolutionized our ability to monitor brain activity, spanning spatial scales from synapses
to cells to circuits. Here, we summarize the rapid development and application of mesoscopic imaging, a wi-
defield fluorescence-based approach that balances high spatiotemporal resolution with extraordinarily large
fields of view. By leveraging the continued expansion of fluorescent reporters for neuronal activity and novel
strategies for indicator expression, mesoscopic analysis enables measurement and correlation of network
dynamics with behavioral state and task performance. Moreover, the combination of widefield imaging
with cellular resolution methods such as two-photon microscopy and electrophysiology is bridging bound-
aries between cellular and network analyses. Overall, mesoscopic imaging provides a powerful option in the

optical toolbox for investigation of brain function.

INTRODUCTION

The use of various imaging modalities to monitor the electrical
activity of neurons has provided essential insights into the work-
ings of the nervous system. Early studies made use of autoradi-
ography to map neuronal signaling indirectly by reading out
metabolic activity (Thompson et al., 1983; Tootell et al., 1988).
Activity-dependent changes in blood flow provide the basis for
both intrinsic signal imaging and functional magnetic resonance
imaging (Grinvald et al., 1986; Logothetis et al., 2001), tech-
niques that have broadly shaped our understanding of brain
function. More recently, the development of molecular probes
that couple neuronal signals to fluorescence have revolutionized
neuroscience, contributing to discoveries at the cellular and
network levels (Lin and Schnitzer, 2016). Indeed, the impressive
breadth of spatial and temporal scales over which neuronal ac-
tivity is generated and organized remains an ongoing challenge
to current research efforts. Single cells integrate thousands of
synaptic inputs and are, in turn, connected into local microcir-
cuits. These circuits are further organized into dynamic networks
that may conceptually span the entire nervous system. In the
mammalian neocortex, such large-scale networks are thought
to provide the basis for cognition and complex behavior (Damoi-
seaux et al., 2006; Rubinov and Sporns, 2010; Stafford et al.,
2014). A number of imaging strategies have emerged in recent
decades for investigating distinct niches of spatiotemporal dy-
namics. However, there are limited methodologies that can pro-
vide high spatial and temporal resolution combined with the
extremely large field of view necessary for answering questions
about network function. In this Primer, we provide an overview of
mesoscopic fluorescence imaging, a rapidly developing
approach that directly addresses this challenge. We define
mesoscopic imaging as a widefield, single-photon, fluores-
cence-based modality that can monitor activity across multiple

Gheck for
Updates

millimeters of tissue at video frame rate. This approach enables
recording from the entire dorsal neocortex in awake, behaving
rodents. Here, we will summarize some of the central methods,
highlight advantages and limitations, and discuss some recent
biological discoveries that have emerged through this imaging
modality.

MESOSCOPIC FLUORESCENCE IMAGING OF CORTICAL
ACTIVITY

Fluorescent Imaging of Neuronal Calcium
Recent groundbreaking work from many laboratories has devel-
oped a number of distinct genetically encoded fluorescent indi-
cators capable of reporting intracellular calcium (Ca*) (Chen
et al., 2013; Dana et al., 2016), transmembrane voltage (Hoch-
baum et al., 2014; Villette et al., 2019), and extracellular trans-
mitter molecules including glutamate, acetylcholine, and norepi-
nephrine (Feng et al., 2019; Jing et al., 2018; Marvin et al., 2018).
Most of these probes are fully compatible with widefield micro-
scopy and will undoubtedly provide critical new insight into ner-
vous system function. However, for the present Primer on meso-
scopic imaging, we will primarily focus on fluorescent Ca?*
sensors as the most common exemplar of this growing field.
Fluorescence refers to the emission of photons by molecules
that have previously absorbed light, typically of shorter wave-
length. Excitation and emission spectra are highly dependent
on the chemical properties of the individual fluorophore, a
feature widely exploited in the development of fluorescent re-
porters for neuronal activity (Chen et al., 2013; Hochbaum
et al., 2014; Jin et al., 2012; Lin and Schnitzer, 2016). In general,
such indicators shift their sensitivity or spectral range as a func-
tion of their atomic conformation. For example, membrane-teth-
ered sensors that undergo conformational shifts in response to
changes in local electric fields can provide a readout of
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transmembrane voltage. Many of the earliest studies using wide-
field imaging to monitor cortical function in vivo made use of
voltage indicators, revealing spontaneous and sensory-evoked
patterns of activity that spread over large regions (Ferezou
et al., 2006, 2007; Mohajerani et al., 2010). Complementary to
voltage sensing, a variety of engineered molecules shift their
fluorescent properties upon binding ionic Ca2*. As neuronal de-
polarization can drive the opening of voltage-gated Ca®* chan-
nels, the large signal-to-noise afforded by many Ca®* indicators
has made them a critical, albeit indirect, sensor of activity at the
cellular and network scale (Chen et al., 2013; Higley and Saba-
tini, 2008). Given the key role of Ca®* indicators in many recent
studies using mesoscopic imaging, we will discuss this class
of probes in greater detail.

Indicators for intracellular Ca®* are generally developed from
either synthetic buffers (e.g., BAPTA) or calcium-binding proteins
(e.g., calmodulin) that are covalently bonded to a suitable fluoro-
phore (Brain and Bennett, 1997; Nakai et al., 2001; Tsien et al.,
1996). For example, the widely used genetically encoded Ca2* in-
dicator (GECI) GCaMP is a fusion protein comprising calmodulin,
the M13 myosin light-chain kinase sequence, and circularly
permuted GFP (Chen et al., 2013; Nakai et al., 2001; Tian et al.,
2009). GCaMP increases its excitation efficiency upon Ca* bind-
ing, resulting in increased green fluorescence during neuronal ac-
tivity. Recent versions, including GCaMP6 and GCaMP7, provide
incredibly bright, faithful reporting of intracellular Ca*, and spe-
cific variants exist that are “tuned” for variations in affinity, signal
to noise, and decay kinetics (Chen et al., 2013; Dana et al., 2019).
In addition, the emergence of red-shifted GECls has expanded
the chromatic palette and enabled simultaneous imaging of mul-
tiple cell types expressing different indicators (Dana et al., 2016).
Nevertheless, there are some caveats associated with the appli-
cation of Ca®* sensors. Most notably, as buffers, these indicators
sequester intracellular Ca®* and prevent its interaction with
endogenous partners. This buffering reduces peak Ca®* concen-
tration, prolongs temporal decay, and expands diffusional spread
in response to transient activity (Higley and Sabatini, 2008). The
potential consequences of these actions for cellular health and
function will likely vary with indicator affinity, concentration, and
cell type and must be considered when interpreting imaging
data. For example, some (but not all) transgenic mouse lines ex-
pressing GCaMP®6 are reported to exhibit aberrant cortical elec-
trophysiology, including epileptiform activity (Daigle et al., 2018;
Steinmetz et al., 2017), although the exact mechanisms underly-
ing this pathology remain unclear.

Distinct Imaging Modalities for Probing Neuronal
Signaling

As noted above, biochemical and electrical signaling by neurons
spans multiple orders of magnitude in spatial and temporal
scale, bridging molecular, cellular, systems, and behavioral sub-
fields of neuroscience. A wide range of imaging modalities have
been applied, in conjunction with fluorescent reporters, to inves-
tigate neural function. However, this methodological diversity
means that finding the right match between tools and questions
can be critical. Differences in imaging systems largely arise from
variations in spatiotemporal resolution and invasiveness to the
subject (see Box 1 for additional details). For example, two-
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photon microscopy provides cellular and subcellular resolution
of neurons in awake, behaving mice. However, fields of view
are typically restricted to a few hundred microns, and imaging re-
quires a surgical opening through the skull for sufficient light
penetration and imaging quality. Temporal resolution in most
systems is limited to a few tens of frames per second due to
the relatively slow rate of raster scanning across the sample,
which may be insufficient to record fast events such as action
potentials. Single-photon microscopy (including mesoscopic
imaging) lacks the axial sectioning inherent to multiphoton mo-
dalities, and spatial resolution is highly limited by light scattering
unless indicator expression is sparse. However, imaging can be
performed (in some cases) through the intact skull, sampling
rates can be very high (>1 kHz for some cameras), and fields
of view can span several millimeters in diameter. Moreover,
many scientific questions do not require cellular resolution (see
below), and the relative simplicity of widefield imaging systems
enables the implementation of head-mounted microscopes on
freely moving mice (Rynes et al., 2020). In the following sections,
we will provide an overview of mesoscopic imaging, a subclass
of widefield, single-photon microscopy, that is currently experi-
encing rapid growth in neuroscientific applications.

Widefield “Mesoscopic” Imaging

Fluorescent Ca* imaging has been used to measure neuronal
activity at a variety of spatial scales, ranging from single synap-
ses, to local populations of individual neurons, to large-scale
neuronal networks spanning multiple brain areas. Here, we focus
on mesoscopic imaging, a widefield approach that has seen
rapid development and implementation due to its relative ease
of application and power to reveal novel aspects of neuronal
network organization in behaving animals.

Mesoscopic imaging offers a powerful compromise between
spatiotemporal resolution and field of view. Fluorescent signals
are collected from the brain surface, either through a cranial
window or intact skull, and image formation occurs via a micro-
scope-coupled camera. Typical fields of view can span
>100 mm? with a camera resolution of >512 x 512 pixels, re-
sulting in single pixels corresponding to the spatially averaged
activity of neurons located over a few tens of microns. Imaging
is often performed at 10-50 frames per second, though higher
rates are possible with newer cameras or pixel binning. Overall,
this approach provides a readout of local circuit activity across
the entire dorsal surface of the mouse neocortex with spatio-
temporal resolution far surpassing other approaches with
similar fields of view, such as intrinsic signal and functional
magnetic resonance imaging (Grinvald et al., 1986; Scholvinck
et al., 2010).

An additional advantage of mesoscopic imaging is the appli-
cation of genetically encoded indicators, providing cell-type-
specific expression and multi-color options for combined imag-
ing of distinct cellular populations or signal types. For example,
several transgenic mouse lines exist in which the Ca?* indicator
GCaMP&6 is expressed pan-neuronally or under the control of the
forebrain-specific excitatory promoter Thy1 (Dana et al., 2014;
Madisen et al., 2015). In addition, transgenic mice harboring a
conditional allele for GCaMP6 (Daigle et al., 2018; Madisen
et al., 2012) can be crossed to lines in which Cre recombinase
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Neural activity comprises both electrical and biochemical signals that can be monitored using a variety of optical approaches that
differ in their ability to resolve spatial and temporal components. Advantages and disadvantages of each method must be weighed
against specific experimental goals. Here, we briefly summarize several approaches with complementary benefits and limitations.
We also identify a non-comprehensive list of representative studies to illustrate the different strategies, and additional references
are found in the main text.

Widefield Fluorescence Imaging
Widefield imaging refers to a modality in which the entire sample is exposed to excitation light. Signals are typically collected and
images formed via a camera (i.e., CCD or sCMOS). Temporal resolution is limited by the kinetics of the indicators and the camera
frame rate, which can span a few frames per second to >1 kHz. Spatial resolution is limited by the microscope optics and pixel
density of the camera. Many studies using small (<1 mm?) fields of view have resolved individual neurons, collecting signals
through an objective placed above the tissue or via an inserted lens. This modality has also given rise to head-mounted systems
for monitoring brain activity in freely moving animals. Given the inherent lack of optical z-sectioning with widefield illumination, as-
signing emitted photons to a single imaging plane (versus multiple cells in close vertical register) can be a limitation. Mesoscopic
widefield imaging, which trades spatial resolution for much larger fields of view (>100 mm?), is a complementary approach. Thus,
single cells are not resolved, but activity across wide areas (e.g., the entire dorsal cortical surface) can be imaged simultaneously at
high frame rates. Selected references: Ackman et al. (2012); Aharoni et al. (2019); Barson et al. (2020); Kim et al. (2016); Kingsbury
et al. (2019); Musall et al. (2019); Senarathna et al. (2019); Skocek et al. (2018); Vanni et al. (2017).

Multiphoton Fluorescence Imaging
Multiphoton imaging (including two- and three-photon variants) relies on exciting molecules with focused, high-intensity light that
results in absorption of multiple infrared photons, followed by emission in standard visible ranges. The focused spot is scanned
across the sample, and signals are collected via photomultiplier tubes. Images are formed post hoc by alignment of the collected
signal with the known location of the focal position. Scanning is typically performed with galvanometric mirrors, and frame rates are
limited in most cases to <100 Hz. These systems rely on high numerical aperture objectives that are usually limited to small fields of
view (<1 mm?). However, spatial resolution is high (<1 um), providing excellent imaging of cellular and subcellular structures. More-
over, multiphoton imaging provides inherent optical z-sectioning as only molecules near the focal plane are excited. Recent de-
velopments have increased the functional field of view by use of multi-beam scanning or translating the imaging window across
different positions. Multiphoton imaging systems typically much more expensive than their widefield counterparts due to the ne-
cessity for complex microscopes and laser light sources. Selected references: Barson et al. (2020); Denk and Svoboda (1997);
Smith et al. (2013); Sofroniew et al. (2016); Stirman et al. (2016); Wang et al. (2020b); Xu et al. (2012).

Fiber Photometry
Arelatively new approach in fluorescence-based monitoring of neuronal activity, fiber photometry relies on exciting the sample and
collecting emitted photons through a fiber optic that can be implanted anywhere in the brain. Temporal resolution is essentially
unlimited, while there is no spatial resolution as all photons emitted from the target region are integrated into a single channel
in the fiber. Multiple wavelengths can be combined in the same fiber for imaging different cellular populations. Thus, photometry
can provide a relatively inexpensive yet powerful tool for monitoring neural activity in deep brain structures and is also readily com-
bined with other imaging and electrophysiology modalities. Selected references: Gunaydin et al. (2014); Meng et al. (2018); Pisano
et al. (2019).

is selectively expressed in distinct cell types, including diverse
classes of excitatory and inhibitory populations (Hippenmeyer
et al., 2005; Taniguchi et al., 2011). The use of viral vectors,
such as adeno-associated virus (AAV), has further broadened
the ability to target indicator expression to specific brain regions
or cell types. AAVs can drive robust expression of GCaMP6 in
cell bodies, dendrites, and axons within days to weeks, following
either local or systemic injection (Barson et al., 2020; Chan et al.,
2017; Chenetal., 2013; Hamodi et al., 2020). AAV-driven expres-
sion can also take advantage of recombinase-mediated cell-
type specificity, and targeting can be also enhanced by variation
in viral serotype or transcriptional regulators (Deverman et al.,
2016; Dimidschstein et al., 2016; Tervo et al., 2016). Finally, inter-
sectional viral strategies can be used to label projection-specific
subclasses of cells, using retrograde AAV-driven expression of
Cre recombinase and anterograde AAV-driven expression of a
Cre-dependent GCaMP6 (Tang and Higley, 2020; Tervo
et al., 2016).

Both commercial and custom-built imaging systems have
been used successfully for mesoscopic imaging. Indeed, the
relatively low cost of necessary hardware is a major advantage
of mesoscopic versus other modalities, such as multiphoton im-
aging. A low-magnification objective with a large field of view and
high sensitivity camera are the most essential elements (see next
section). While large fields of view encompassing the entire
cortical mantle generally require a head-fixed animal placed un-
der a stable microscope, ongoing development of small systems
are pushing the limits of mesoscopic imaging in freely moving
mice (Rynes et al., 2020). In the following section, we will provide
an in-depth discussion of approaches for collecting and
analyzing mesoscopic signals from the mouse neocortex.

ACQUISITION AND ANALYSIS OF MESOSCOPIC DATA

We will now outline a general experimental strategy for meso-
scopic imaging used successfully by our groups and similar to
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systems from other laboratories (Barson et al., 2020; Clancy
et al., 2019; Musall et al., 2019). We will also discuss some of
the component options that may vary across setups from
different groups. We emphasize that the ease of modifying or
adapting the approach to the individual needs of each experi-
ment is one of the powerful aspects of this imaging strategy
(Figure 1).

Mesoscopic imaging is generally carried out using mice
broadly expressing indicator throughout the neocortex. This
may include transgenic lines (e.g., Thy1-GCaMP6s, tetO-
GCaMP®6, or Vglut1-Cre;Ai162) (Daigle et al., 2018; Dana et al.,
2014; Wekselblatt et al., 2016) or mice injected intravascularly
at birth with serotype 9 AAV, which we showed results in wide-
spread expression (Barson et al., 2020; Hamodi et al., 2020).
Notably, we have also found that GCaMP6 expression restricted
to small cell populations (such as vasoactive intestinal peptide-
expressing interneurons, ~2%-3% of all cortical cells) still pro-
duces arobust transcranial signal. Prior to imaging (~1-2 weeks),
the subject is surgically implanted with a light-weight titanium
head post and the scalp is retracted. The skull surface can be
cleaned, coated in cyanoacrylate or clear dental cement, and
polished to reduce light scattering, with several groups either
thinning the skull or cementing a cover glass over the exposed
bone (Cramer et al., 2019; Kozberg et al., 2016; Silasi et al.,
2016; Valley et al., 2020; Vanni et al., 2017). We and others
have successfully carried out mesoscopic imaging through the
intact skull of mice as old as 1 year of age (Aruljothi et al.,
2020; Barson et al., 2020; Clancy et al., 2019; Cramer et al.,
2019; Gilad and Helmchen, 2020; MacDowell and Buschman,
2020; Musall et al., 2019; Peters et al., 2019; Shimaoka et al.,
2019; Valley et al., 2020; Vanni et al., 2017). However, other
groups have performed similar studies after replacing the skull
with a transparent window (Allen et al., 2017; Liu et al., 2019;
Rynes et al., 2020; Scott et al., 2018; Sit and Goard, 2020; Wek-
selblatt et al., 2016; Xiao et al., 2017), which increases optical ac-
cess but raises the possibility of inflammation or damage that
can alter normal cortical activity. Indeed, a direct comparison
of transcranial versus implanted window preparations is lacking
and represents a topic for further exploration by the field. For our
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Figure 1. Mesoscopic Imaging of Neural
Activity in the Mouse Neocortex

(A) Schematic illustrating the imaging system for
acquiring mesoscopic fluorescence imaging data in
the mouse. Ca®* indicators are excited via output
from an LED engine (violet and blue), and emitted
(green) photons are collected through a large field-
of-view objective and imaged via sCMOS camera.
Reflected green light from a separate LED source
can also be used to measure hemodynamic signals.
The mouse is positioned on a running wheel for
A monitoring behavioral state, and a nearby display
can deliver visual stimulation.

(B) Example mesoscopic imaging frames showing
time-varying and spatially heterogeneous signals in
the awake mouse.

(C) Time series of activity corresponding to the
indicated regions of interest (ROI) indicated by cir-
cles in (B). Dashed lines indicate time of frames
shown in (B). Bottom traces indicate simultaneously
monitored pupil diameter and locomotion
(wheel speed).

| 4% AF/F
' 20 sec

experiments, mice are head-fixed above a freely rotating wheel,
and behavioral state is constantly monitored using wheel speed
(locomotion) as well as whisking and pupil diameter recorded
with a small camera placed near the animal (Barson et al.,
2020; Tang and Higley, 2020; Vinck et al., 2015).

The microscope setup can vary substantially between labora-
tories, although the essential components include an excitation
light source, an optical relay system, and a camera for image for-
mation. Fluorophore excitation is typically provided by a light-
emitting diode (LED) engine, often strobing different wavelengths
on alternating frames to excite multiple chromatically distinct in-
dicators or correct for activity-independent signal contamina-
tion. For example, GCaMP6 exhibits isosbestic excitation (equiv-
alent absorption for Ca?*-bound and -unbound forms) at violet
(~400 nm) wavelengths, providing a potential method for cor-
recting green fluorescence signals due to motion or hemody-
namic artifacts (Allen et al., 2017; Barson et al., 2020; Tian
et al., 2009) (see Limitations below for additional details on he-
modynamic artifacts). Custom-built microscopes often incorpo-
rate an inverted, tandem lens system that provides a low (<1.5%)
magnification and large field of view (Cramer et al., 2019; Gilad
and Helmchen, 2020; MacDowell and Buschman, 2020; Musall
et al., 2019; Peters et al., 2019; Scott et al., 2018; Valley et al.,
2020; Vanni et al., 2017; Wekselblatt et al., 2016; Zatka-Haas
et al.,, 2019). Alternatively, several commercial options (e.g.,
Zeiss, RedShirt Imaging, Olympus) provide mesoscopic systems
with added features and technical support, though at a higher
cost (Ackman et al., 2012; Aruljothi et al., 2020; Barson et al.,
2020; Gribizis et al., 2019; Matsui et al., 2016). Virtually all recent
studies collect emitted signals for image formation using scien-
tific CMOS cameras, which provide sufficient sensitivity with
large sensor sizes, high pixel densities, and very fast (up to
1,000 frames per second in some cases) acquisition rates.
Many modern cameras are capable of acquiring images at >4
megapixels. However, most groups use binning, either on cam-
era or in post hoc processing, to reduce final images to 512 x
512 pixels or less, increasing frame rates and reducing file sizes.
Indeed, 512 x 512 images, recorded at 12-bit depth and 30
frames per second, produce ~100 Mbs data, requiring sufficient
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Figure 2. Diverse Strategies for Parcellation of Cortical Regions for
Imaging Analysis

Two examples for parcellating (segmenting) mesoscopic imaging data
collected from a single mouse, showing the averaged response to a visual
stimulus (arrow). Using a standard atlas based on averaged anatomical and
molecular datasets, such as the Allen Institute CCFv3 (left) (Wang et al.,
2020a), allows straightforward alignment and grouped analysis for multiple
individual animals. A contrasting approach uses correlational analyses of ac-
tivity to group pixels into parcels that may be unique for a given individual (right)
(Mishne et al., 2018). Both methods can yield similar numbers of parcels but
often with markedly different boundaries.

computer memory and fast solid-state hard drives to avoid drop-
ping frames during acquisition. Depending on the field of view,
these parameters result in a single pixel representing ~100-
10,000 pm? of cortical area.

Mesoscopic data analysis generally follows a three-stage pro-
cedure that includes pre-processing, parcellation, and quantifi-
cation. As with acquisition systems, this approach is easily modi-
fied or expanded. Pre-processing often includes detrending,
noise reduction, and correction for signal contamination. Many
fluorescent reporters exhibit bleaching that produces a slow
change in both baseline and transient signal amplitude. This
time-dependent loss of fluorescence can be addressed by
low-pass filtering of the signal, followed by subtraction and
normalization of the original data by this “baseline” Fg, resulting
in standard AF/Fq values. Normalization by Fg also corrects for
variation in optical path length, indicator expression levels, exci-
tation intensity, and detector sensitivity, allowing for more robust
comparisons across microscopes and studies. Electronic and
photonic shot noise can be reduced by a combination of addi-
tional filtering and pixel binning. Imaging artifacts (e.g., hemody-
namic absorption) can be more challenging to address and typi-
cally require estimating the contaminating signal and correction
of the raw data (see Limitations below) (Barson et al., 2020; Ma
et al., 2016a; Tian et al., 2009).

Following pre-processing, the high dimensionality of the raw
data is typically reduced by grouping pixels together into com-
mon regions or parcels (Figure 2). Methods for parcellation are
actively being developed by many groups, although a common
approach is to use an anatomical reference atlas such as the Al-
len Institute CCFv3 (Wang et al., 2020a). For this strategy, the
cortex is segmented into common subregions based on projec-
tion patterns and molecular markers, and pixels are assigned to
a particular subregion based on gross alignment of the individual
brain to the reference atlas (Barson et al., 2020; Musall et al.,
2019; Saxena et al., 2020). This approach has the advantage
of standardizing measurements across individual animals and
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research groups. However, the accuracy of atlas-based parcel-
lation for individual animals is unclear, and aligning individual
brains to a reference can be difficult. Such alignment may be
made easier by registering surface blood vessels to post hoc se-
rial reconstructions (Orsolic et al., 2019). An alternative approach
is to use functional measures, such as spatiotemporal correla-
tions in activity between pixels, to formulate a parcellation that
can vary from animal to animal (Barson et al., 2020; Lake et al.,
2018; Mishne et al., 2018). This strategy has the advantage of re-
flecting underlying activity for the individual, but the number and
borders of functionally defined parcels may vary across animals
(or even across sessions within animal), raising challenges for
statistical analyses and interpretation. Hybrid approaches are
also possible, where activity is used to refine segmentation
seeded by a reference atlas (Saxena et al., 2020). Similarly,
mesoscopic imaging can be used to identify borders of retino-
topically defined visual areas, whose specific boundaries may
vary across individuals but are categorically conserved (Sit and
Goard, 2020). Finally, a recent study defined spatiotemporal mo-
tifs that reflected repeated patterns of activation in potentially
overlapping cortical areas (MacDowell and Buschman, 2020).
Perhaps most importantly, within-subject comparisons of func-
tional parcellations with complementary labeling strategies using
molecular or anatomical markers (Daigle et al., 2018; Wang et al.,
2020a) are lacking and would represent a critical step forward.

Quantification of mesoscopic data after pre-processing and
parcellation is clearly the most diverse and open-ended element
of analysis, and the specific approach employed will vary de-
pending on the nature of the scientific question under study.
The relative ease of this imaging modality allows investigators
to relate mesoscopic signals to behavioral-state variables (Bar-
son et al., 2020; Clancy et al., 2019), task acquisition and perfor-
mance (Musall et al., 2019; Orsolic et al., 2019; Wekselblatt et al.,
2016), sensory maps (Sit and Goard, 2020), and the develop-
ment of neural circuits (Burbridge et al., 2014; Gribizis et al.,
2019). We will summarize a number of recent biological findings
made possible through mesoscopic imaging in the subsequent
sections.

LIMITATIONS OF MESOSCOPIC IMAGING

Despite the power of mesoscopic Ca®* imaging to drive novel in-
sights into network organization and function (see below), there
are a number of limitations to this modality that must be consid-
ered. As noted above, strong expression of genetically encoded
indicators, particularly during early brain development, may
contribute to pathological activity in the brain (Daigle et al.,
2018; Steinmetz et al., 2017). Also, camera pixel resolution is
approximately tens of microns, and light scattering through brain
and skull tissue further reduce the functional resolution, thereby
preventing data on single-cell activity. Moreover, most current
methods for expressing Ca2* indicators in neurons give rise to
fluorescent signals in cell bodies, dendrites, and axons, creating
a summed signal that reflects activity in somata and neuropil
(Barson et al., 2020; Chen et al., 2013; Harris et al., 2016; Peron
et al., 2015). While somatic Ca®* imaging is assumed to report
action-potential-driven current through voltage-gated calcium
channels, mesoscopic Ca®* signals may also arise from dendritic
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calcium channels, including glutamate receptors (Higley and Sa-
batini, 2008). Finally, the fluorescence signal recorded from the
cortical surface represents a weighted mix of signals by depth,
heavily biased toward superficial layers (Ma et al., 2016a). This
heterogeneity raises substantial challenges for post hoc inter-
pretation of the underlying neural activity. For example, many
strategies attempt to derive single-cell spike rates from two-
photon somatic Ca?* imaging using deconvolution of the data
with a temporal kernel representing the relationship between a
single action potential and the resulting fluorescence signal (Pa-
chitariu et al., 2018; Vogelstein et al., 2010). Given the lack of a
single kernel for mesoscopic data, similar efforts may be difficult
for this modality (Stern et al., 2020). Nevertheless, one potential
solution to this issue is expression targeted to specific cellular
compartments (e.g., soma- or axon-restricted expression).
Ca?* indicators can be restricted to the nucleus via nuclear local-
ization sequences (Bengtson et al., 2010; Kim et al., 2014), but
this may slow the temporal resolution of the reporter due to the
requirement for Ca®* passage across the nuclear membrane.
New soma-targeted GCaMP variants may provide a different
approach by restricting GCaMP to the cell body via fusion to ri-
bosomes or other proteins (Chen et al., 2020; Shemesh et al.,
2020). Finally, despite the limited determinacy of signal origin,
the functional resolution of mesoscopic imaging is fully sufficient
to address many essential questions in neuroscience, as
compared to other approaches. For example, the spatial resolu-
tion of local field potentials, which largely represent synaptic ac-
tivity, is approximately 200-400 um or more (Buzséki et al.,
2012), while the resolution of fMRI is typically >500 um (Shmuel
et al., 2007). In this light, mesoscopic Ca®** signals are best
conceptualized as a reporter of local circuit dynamics.

A second limitation for analysis of mesoscopic data is the po-
tential contamination of optical signals by activity-dependent
changes in local blood volume and oxygenation. Indeed, fluctu-
ations in diffuse optical reflectance without application of exog-
enous indicators are termed “intrinsic signals,” and imaging this
activity became a standard approach for mapping functional
areas in the cortex (Chen et al., 2005; Das and Gilbert, 1997; Ma-
lonek and Grinvald, 1996). Hemoglobin broadly absorbs photons
over the visible range, varying with its oxygenation state (Ma
et al., 2016a). For fluorescence imaging, this implies that fluctu-
ations in both total blood flow and blood oxygenation will alter
excitation and emission photons related to fluorescence imag-
ing, leading to possible confounds in signal interpretation.
Notably, this confound is not resolved simply by using brighter
indicators, as the consequences of hemodynamic absorption
will scale with the emitted signal (Ma et al., 2016a). Given the
strong correlation of cortical blood flow and neural activity (Log-
othetis et al., 2001; Malonek and Grinvald, 1996), the potential
contamination of fluorescence data by hemodynamic absorption
requires careful consideration.

Two general approaches have been used to correct for hemo-
dynamic contamination. The first method makes use of the iso-
sbestic excitation of GCaMP6 at violet (~400 nm) versus stan-
dard blue (~488 nm) wavelengths. Green fluorescence under
these conditions is independent from calcium binding, meaning
that fluctuations in emitted photons can be attributed to other
processes (e.g., hemodynamic or movement artifacts). By
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rapidly alternating imaging frames between the two different
excitation wavelengths, the violet-excited signal can be used
to remove these contaminants from the blue-excited Ca®*-
dependent signal using regression (Allen et al., 2017; Barson
et al., 2020; Tian et al., 2009). One caveat to this approach is
that it fails to account for differential absorption of violet versus
blue excitation light by hemoglobin, essentially only correcting
for confounds of the emission signal. In addition, hemodynamic
absorption is multiplicative with indicator fluorescence, limiting
the utility of basic regression-based linear corrections. A second
method relies on the direct measurement of hemodynamic ab-
sorption based on reflectance of green and red photons that
are differentially absorbed by oxygenated and deoxygenated he-
moglobin (Ma et al., 2016a; Valley et al., 2020). In this case, alter-
nating frames between blue (~488 nm), green (~530 nm), and red
(~630 nm) exposure provides emitted/reflected signals corre-
sponding to uncorrected Ca®*-dependent fluorescence, total
hemoglobin (due to isosbestic green absorption), and reduced
hemoglobin. These signals can be used to formulate a more ac-
curate correction factor for hemodynamic absorption (Kozberg
et al., 2016; Ma et al., 2016a). Moreover, estimating hemody-
namics with these approaches provides a complementary mea-
sure of physiological activity collected simultaneously with fluo-
rescence signals linked to neuronal firing. Neurovascular
coupling is an important aspect of brain function and represents
the foundation of functional magnetic resonance imaging (Logo-
thetis et al., 2001; Ma et al., 2016b).

Importantly, the practical consequences of signal contamina-
tion by changes in blood flow and oxygenation are not well docu-
mented across the field, representing a major need for continued
study. For example, variation in surgical preparation (e.g., intact
or removed skull), spatial heterogeneity of indicator expression
across the cortical thickness, and variations in indicator spectra
(e.g., green versus red fluorescence) will all increase the
complexity of interpreting results. Furthermore, there is minimal
“ground truth” data establishing the magnitude of the confound
under different experimental conditions or whether the different
correction methods yield qualitatively or quantitatively different
results. Finally, the potentially variable coupling of neuronal ac-
tivity to hemodynamic fluctuations for different temporal scales
or cell types is not well understood. While many recent studies
have employed specific correction strategies (Allen et al.,
2017; Barson et al., 2020; Kozberg et al., 2016), others have
omitted any correction for hemodynamic artifacts (Aruljothi
et al., 2020; Gilad and Helmchen, 2020; Liu et al., 2019; Sit and
Goard, 2020) or suggested that correction provided only modest
impact on final analyses (MacDowell and Buschman, 2020),
again emphasizing the need for additional investigation.

Finally, mesoscopic imaging has generally been limited to the
brain areas accessible from the surface (e.g., dorsal neocortex or
superior colliculus) due to the requirement for large fields of view
and corresponding optics. Thus, direct access to most subcor-
tical structures is lacking. However, mesoscopic imaging can
be paired with extracellular recordings (Clancy et al., 2019;
Xiao et al., 2017; Zatka-Haas et al., 2019) to provide simulta-
neous access to cortical networks and single- or multi-unit re-
cordings of activity in targeted subcortical areas. Mesoscopic
imaging of axonal terminals (e.g., retinotectal or thalamocortical)
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Figure 3. Example Showing Analysis of
Functional Connectivity in Cortical Networks
Determined by Dual Two-Photon and
Mesoscopic Imaging

(A) Example image frames showing raw mesoscopic
(upper) and two-photon (lower) fields of view. The
two-photon data were collected through a micro-
prism implanted on the cortical surface, highlighted
by the white dashed box. The inner red box high-
lights the two-photon field of view.

(B) Example traces showing three mesoscopic im-
aging frames aligned with the two-photon imaged

|2% AF/F

is also possible and can provide additional access to neurons
whose cell bodies are not visible from the surface (Ackman
etal., 2012; Gribizis et al., 2019). Finally, combining mesoscopic
imaging with fiber photometry in subcortical structures is also
likely to be successful.

RECENT BIOLOGICAL INSIGHTS FROM MESOSCOPIC
ANALYSIS

Many recent studies have highlighted the unique insights
gained from performing mesoscopic imaging either alone or
in combination with electrophysiology or other imaging modal-
ities. For example, mesoscopic Ca®* signals have been used to
characterize the spatiotemporal dynamics of patterned cortical
activity during early development and in the mature animal.
Before eye opening, spontaneous waves in the retina shape
the refinement of retinotopic maps in the developing cortex
and superior colliculus (Ackman et al., 2012; Burbridge et al.,
2014; Gribizis et al., 2019), whereas cortically generated activity
may instruct the formation of long-range connectivity and sen-
sory tuning (Smith et al., 2018). In adults, mesoscopic imaging
can also identify patterns of spontaneous activity that may
reflect a functionally connected resting-state network (Matsui
et al.,, 2016; Vanni et al., 2017; Wright et al., 2017). Recent
work has extended these findings and identified core spatio-
temporal motifs of cortical activity that are generalized across
animals and associated with specific sensory and behavioral
contexts (MacDowell and Buschman, 2020; Wekselblatt et al.,
2016). These patterned fluctuations in cortical activity can regu-
late sensory encoding and be coordinated across hemispheres,
a scale too large to be observed by other imaging modalities
(Shimaoka et al., 2019). Finally, mesoscopic Ca* imaging pro-
vides a high-resolution approach for identifying retinotopically
organized primary and secondary areas of the visual cortex
(Sit and Goard, 2020).

1 t] | i20sec
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l: i_. Y : N 1
spikes Cell-centered

Network (CCN)

activity of a single neuron (orange) and the inferred
neuronal spike data (black).

(C) Schematic showing the calculation of cell-
centered networks (CCNs) using the dot product of
neuronal spike data and each mesoscopic pixel.
Each CCN represents the functional connectivity of
a single neuron to the large-scale cortical network.
Adapted from Barson et al. (2020).

In addition to revealing patterned network activity in the
healthy brain, mesoscopic imaging is well suited to identifying
the origination and spread of pathological activity across inter-
connected cortical areas. Focal cortical seizures initiate as
standing waves that can propagate according to this pattern of
inter-areal functional connectivity (Montgomery et al., 2020;
Rossi et al., 2017). Furthermore, connectivity between cortical
areas can be restructured by pathological events such as stroke
(Cramer et al., 2019). Finally, many neurodevelopmental disor-
ders, including autism and schizophrenia, are hypothesized to
result from perturbation of large-scale cortical networks (Worbe,
2015). Mesoscopic imaging of activity in mouse models of these
conditions will likely drive critical new insights into links between
genetic mutations, network dynamics, and behavior.

Mesoscopic imaging also presents a powerful approach for
identifying functional connectivity of cortical networks across
divergent spatial scales though a combination with cellular reso-
lution methods. For example, recent work combining meso-
scopic and two-photon Ca®* imaging revealed the organization
of single somatosensory cortex neurons with large-scale cortical
networks. These cell-centered networks (CCNs) demonstrated
considerable heterogeneity in the broad connectivity of neigh-
boring neurons (Barson et al., 2020) (Figure 3). Indeed, multi-co-
lor imaging of genetically targeted cell types revealed additional
diversity between excitatory and inhibitory populations. The
structure of these CCNs can also be modulated by changes in
behavioral state, a result also supported by a complementary
strategy combining mesoscopic imaging with electrophysiolog-
ical recordings of single units (Barson et al., 2020; Clancy et al.,
2019). A similar combination of mesoscopic imaging with
subcortical electrophysiology has further revealed differences
in the motifs of neural activity associated with the spiking of
thalamic and cortical neurons (Xiao et al., 2017).

Finally, mesoscopic imaging during performance of learned
behaviors has revealed widespread representation of task-
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related and -unrelated motor signals throughout the neocortex
(Musall et al., 2019; Orsolic et al., 2019), a finding that raises
intriguing questions about shared behavioral representations
across distinct cortical areas. While widespread patterned activ-
ity is observed in correlation with learned behavior, only a small
subset of active areas may be critical for task performance (Gilad
and Helmchen, 2020; Zatka-Haas et al., 2019). However, broad
cortical activation may play an important role in task-relevant
subcortical activity in structures such as the basal ganglia (Pe-
ters et al., 2019). Interestingly, task-relevant cortical areas may
be more easily identified when controlling for animal movement
in the design of the task (Orsolic et al., 2019).

FUTURE ADVANCES

The utility and success of mesoscopic imaging is likely to benefit
significantly from ongoing technical innovations across a range
of avenues, further increasing our ability to probe the biological
basis of behavior. For example, the development of brighter
and more sensitive detectors will enhance both imaging quality
and the diversity of behavioral paradigms available to investiga-
tors. Miniaturized head-mounted imaging systems have typically
been limited to small fields of view, although recent work has
demonstrated the potential for whole-cortex imaging in freely
moving mice (Rynes et al., 2020). The combination of meso-
scopic imaging with complex behavioral analyses, including so-
cial interaction and home-cage monitoring (Kingsbury et al.,
2019; Puscian et al., 2016), will open new vistas into understand-
ing brain function.

Another critical area of development is the generation of novel
reporters for neuronal activity. Red fluorescing Ca2* indicators
provide orthogonal wavelengths for simultaneous imaging of
multiple populations (Dana et al., 2016; Gribizis et al., 2019; In-
oue et al., 2015). In addition, genetically encoded reporters for
fast transmitters such as glutamate and GABA (Marvin et al.,
2013, 2018, 2019) and neuromodulators such as norepinephrine,
acetylcholine, and dopamine (Feng et al., 2019; Jing et al., 2018;
Patriarchi et al., 2018; Sun et al., 2018) have been described that
are compatible with mesoscopic imaging. Finally, the continued
refinement of genetically encoded voltage sensors increases the
utility of these probes for mesoscopic imaging at even faster
temporal scales than currently accessible (Hochbaum et al.,
2014; Jin et al., 2012; Villette et al., 2019).

A great benefit of genetically encoded indicators lies in the
ability to target their expression to specific neuronal subpopula-
tions. As noted, conditional labeling via Cre-recombinase-
dependent expression (Madisen et al., 2012, 2015; Taniguchi
et al., 2011) can enable mesoscopic imaging of distinct cortical
cell types, for example, simultaneously monitoring large-scale
network organization of excitatory and inhibitory cells. Ongoing
development of mouse lines with greater specificity for unique
subpopulations will further drive such studies. In addition, target-
ing soma-restricted fluorophores (to eliminate ambiguous neuro-
pil signals) to specific cortical layers may overcome the lack of
depth discrimination inherent to widefield imaging (Chen et al.,
2020; Shemesh et al., 2020). Similarly, the development of novel
viral strategies to label targeted subpopulations based on pro-
jection targets (Tang and Higley, 2020; Tervo et al., 2016) or
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cell-type-specific promoters (Dimidschstein et al., 2016; Juttner
etal., 2019; Vormstein-Schneider et al., 2020) will further expand
the reach of mesoscopic analysis. Moreover, the ability of sys-
temic AAV injection to drive widespread indicator expression of-
fers the possibility of generalizing mesoscopic imaging to other
species, including rats and other mammals (Barson et al,
2020; Chan et al., 2017; Hamodi et al., 2020; Scott et al., 2018).

Finally, as noted above, the combination of mesoscopic imag-
ing with other measures of neural activity such as two-photon
microscopy and electrophysiology can significantly accelerate
the discovery of principles underlying brain function and connec-
tivity at a range of spatiotemporal scales (Barson et al., 2020;
Clancy et al., 2019; Peters et al., 2019). Similarly, mesoscopic
imaging performed with simultaneous functional MRI allows
measurement of activity throughout the depth of the brain and
facilitates a better understanding of the cellular and circuit ori-
gins of blood-oxygen-level-dependent signals measured in
both human and non-human studies (Lake et al., 2018).
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