Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Biomedical Engineering

Cellular resolution imaging of neuronal activity across
space and time in the mammalian brain
Mitchell Clough’ and Jerry L. Chen'#?>

Abstract

The action potential has long been understood to be the
fundamental bit of information in brain, but how these spikes
encode representations of stimuli and drive behavior remains
unclear. Large-scale neuronal recordings with cellular and
spike-time resolution spanning multiple brain regions are
needed to capture relevant network dynamics that can be
sparse and distributed across the population. This review fo-
cuses on recent advancements in optical methods that have
pushed the boundaries for simultaneous population recordings
at increasing volumes, distances, depths, and speeds. The
integration of these technologies will be critical for overcoming
fundamental limits in the pursuit of whole brain imaging in
mammalian species.
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Introduction

To understand how the brain is capable of carrying
out a certain behavior, it is necessary to determine
the underlying neural code that can generate com-
plex cognitive thought. To characterize the network
activity patterns that form the basis of such com-
putations, the ability to measure information
processing at its native speed and fidelity in a
comprehensive manner across all participating neu-
rons has become both a scientific and engineering
goal in neuroscience. Technologies for large-scale
simultaneous recordings of neuronal populations
spanning an entire brain will inform us how our
nervous system represents the external environment,
forms and recalls memories, makes decisions, and
carries out actions.

Compared with electrophysiological methods, optical
methods to noninvasively measure population activity
provide distinct advantages in the ability to obtain
precise spatial information, enabling the multimodal
mapping of gene expression [1] and connectivity [2]
that is critical for the dissection of circuit function.
Continuing advancements in genetically encoded fluo-
rescent activity sensors have driven the development of
both one-photon and multiphoton microscopy for
simultaneous population recordings at increasing vol-
umes, distances, depths, and speeds. This review will
focus on recent advancements in microscopy techniques
that have pushed the boundaries across these different
dimensions and discuss the prospects for potentially
imaging activity across the entire mammalian brain.

Whole mammalian brain imaging:
specifications and challenges

What would it take to image the activity of every single
neuron in a mammalian brain? The engineering chal-
lenges are best understood by considering the physical
requirements and the biological constraints. Develop-
ment of optical systems has been focused on imaging
the mouse brain which is composed of ~75 million
neurons that occupy a volume of ~ 500 mm®. To resolve
the cell body of each neuron, an optical resolution of
<5 pm is needed. One fundamental challenge is
developing optical systems that are capable of imaging
large volumes of tissue at high spatial resolution. The
second fundamental challenge is the imaging speed
required to capture population dynamics. The necessary
speed depends on the signals being measured and the
indicators of activity being used. The membrane action
potential of a neuron is the direct measure of a neuron’s
activity. Detecting an action potential requires ~1 ms
temporal resolution. Combining the temporal and
spatial resolutions required along with the volume of the
brain means imaging 500,000 mm?/s at 5 im resolution
to capture all the action potentials of the mouse brain.
More modest speeds are sufficient when using calcium
signals as a proxy for action potential firing activity.
Calcium influx into the neuron occurs on the order of
~100 ms, which translates to volume imaging rates of
5,000 mm*/s.

Beyond the spatial and temporal requirements, a major
consideration is the photon budget involved in exciting
the fluorescent calcium or voltage indicators. Detection
of action potential—related events is determined by the
overall  brightness, activity-related change in
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fluorescence, kinetics, and availability of the indicator
[3—5]. Current calcium indicators are expressed in the
cytosol, filling the volume of the neuron, with transients
on the order of 100 milliseconds and signal changes up to
10-fold above baseline. Depending on how well the
timing of spike-related events needs to be resolved,
relevant calcium signals can be recorded at a rate in the
range of ~1—30 Hz and at an average power of less than
30 mW per voxel. In contrast, voltage indicators need to
be localized to the cell membrane and possess milli-
second response times [6,7]. The differences in locali-
zation and kinetics severely limit the number of
available excitable molecules during voltage imaging,
requiring greater photo-energy to achieve comparable
signal-to-noise as during calcium imaging. However, the
light energy needed for excitation is ultimately limited
by the amount of light the brain can safely accept
without producing thermal damage and phototoxicity.
Up to 400 mW at a 33% duty cycle across 1 h can be
delivered before tissue damage is observed [8]. This
indicates that an efficient photon budget is needed to
achieve high-speed, large-scale excitation. The final
major factor is the high degree of light scattering that
occurs in mammalian brain tissue which limits the depth
of imaging possible by reducing excitation efficiency as
well as the ability to spatially resolve emitted fluores-
cence during detection [9].

Imaging neuronal activity of increasing
volumes

Developing technologies to match the physical and
biological requirements for whole brain imaging is a
formidable challenge. Individual efforts, thus far, have
been focused on pushing the capabilities along a subset
of dimensions, which can still be used for specific ex-

applications for comprehensively measuring local circuit
dynamics and understanding functional relationships in
the architectural organization of brain areas. Several
methods using temporally or spatially structured illu-
mination have been applied to increase imaging volume
while maintaining sufficient temporal resolution.
Widefield one-photon fluorescence microscopy has
traditionally provided large field of view imaging without
scanning. Because of the lack of spatial confinement,
axial information about the sample is normally not pre-
sent. 'To address this, modulated-illumination extended-
depth-of-field imaging (MI-EDOF) can be used to gain
axial resolution [10]. This technique makes use of a
deformable mirror (DM) to increase the depth of field of
a standard widefield imaging setup [11]. The DM allows
for rapidly sweeping the focus of the microscope axially
which allows in-focus imaging of a whole volume at
frame rates limited by the camera. By controlling the
intensity of the illumination light as a function of the
focal depth and then using the optical transfer function
to perform deconvolution, the axial position of each
pixel in the image can be estimated.

Light-sheet microscopy makes use of laser light focused
along one axis and detection optics arranged perpen-
dicularly to the excitation light to optically section a
volume at high speeds. This is typically accomplished
through the use of two separate objectives, one for
fluorescence excitation and one for fluorescence
detection. Although this configuration is amenable to
imaging the brains of small organisms such as zebrafish,
it presents steric challenges for imaging larger
mammalian brains. One method to address this issue,
called swept confocally-aligned planar excitation
(SCAPE) [12,13], makes use of oblique plane micro-
scopy (OPM) [14]. SCAPE allows for 3D volumetric

periments (Figure 1). Volumetric imaging has
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(a) Survey of current imaging systems (numbered references) developed for cellular resolution brain imaging plotted along imaging volume and

temporal resolution. (b) Total field of views of current imaging systems.
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imaging at volume rates of 10 Hz in mice. A downside to
the original implementation of SCAPE [12] was that the
excitation light sheet tilted as a volumetric scan was
performed. This creates a point-spread-function (PSF)
which is variable across a scan and adds computational
complexity to the exact 3D reconstruction of the scan-
ned volume. More recently, SCAPE 2.0 [13] and another
implementation of OPM called scanned oblique plane
illumination microscopy (SOP1) [15,16] tackle this issue
so that the excitation light sheet maintains a constant
angle relative to the sample across a volumetric scan.

Light field microscopy (LLFM) is another technique
which enables volumetric imaging using single photon
excitation. LFM involves inserting a microlens array at
the image plane of a widefield fluorescence microscope
and then placing a camera at the focal plane of the
microlens array. This enables capturing the 2D location
and 2D angle of the emitted light and by postprocessing,
the full 3D light field that produced the detected light
can be recovered [17]. LFM therefore allows for volu-
metric imaging without the need for scanning. Recently,
a new computational technique called seeded iterative
demultiplexing (SID) has been developed to allow for
use of LFM in mammalian cortex [18]. Making use of
SID allowed for imaging of a 900 x 900 x 260 pm volume
at 30 Hz at depths up to 380 tm in mouse cortex.

Because widefield, light-sheet, and light field microscopy
make use of one-photon excitation, depth penetration is
typically limited to less than the first 150 ptm of the brain
surface. Two-photon microscopy improves on the depth
penetration because of the longer excitation wavelength
and its optical sectioning capabilities through multi-
photon absorption. Raster scanning of a Gaussian PSF
comes with a trade-off between imaging volume and
speed. However, extending the functionality of two-
photon imaging to 3D can be achieved by generating an
axially elongated PSE This has been demonstrated
in vivo by use of a spatial light modulator [19] and an
axicon [20]. By elongating the PSE it is possible to
generate an extended-depth-of-field image to achieve
volume imaging at the same rate as one would normally
image a 2D plane. In dense labeling conditions, the lack
of depth information results in difficulty resolving ac-
tivity from overlapping structures. This can be overcome
post-hoc through computational analysis to demix signals
based on their spatial and temporal structure [21].

The lack of depth information provided by a single
Bessel beam can alternatively be overcome with volu-
metric two-photon imaging of neurons using stereos-
copy (VIWINS) [22]. By generating a PSF with two
axially elongated arms at an angle to each other, VIWINS
makes use of stereoscopy to disambiguate signals
coming from different depths. The v-shaped PSF of the
microscope generates two images of each neuron,
separated by a distance related to (1) the angle between
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the two arms of the PSFand (2) the depth of the neuron
in the tissue. As a result, the 3D volume is compressed
to a 2D image, but information about the axial position
of each neuron is preserved.

Imaging neuronal activity at increasing
speeds

The development of genetically encoded voltage in-
dicators and novel indicators of neurotransmitters such
as glutamate with millisecond kinetic properties ne-
cessitates the development of imaging systems at kilo-
hertz temporal resolution. Random-access scanning
technologies provide some increase in temporal resolu-
tion by restricting scan time to voxels of interest [23].
Detecting and correcting for brain motion is a challenge
for random-access scanning, which can be addressed
with scanning of multiple subvolumes [24] or through
closed-loop online motion correction. Despite this,
sampling time per voxel remains the same and thus
imaging time scales with increasing voxels. To increase
throughput, parallel scanning of multiple beams can be
used. Multiple spatially arranged beams can be gener-
ated using diffractive optic elements or spatial light
modulators [25]. Camera sensors or multianode photo-
multiplier tubes (PMTs) are required to spatially
resolve the emitted fluorescence from each beamlet and
thus can suffer from spatial crosstalk at increasing
depths because of light scattering.

Temporal resolution can also be increased by combining
new imaging systems with post-hoc computational im-
aging. A two-photon scanned line angular projection
(SLAP) microscope that uses tomography by scanning
line foci across a two-dimensional sample plane at
multiple different angles has recently been developed
[26]. Although spatial information along one scanned
line focus collected through a single PMT is compressed
into a single data point, measurements across different
angles overlap at only one point in space. Assuming that
neuronal activity is sparse across time and using prior
structural information obtained through a reference
image, neuronal activity can be spatially localized from
the acquired data through demixing. The SLAP system
was able to achieve frame rates of 1 kHz.

Scanning two planes simultaneously can also increase
the imaging speed of a microscope. This has been
accomplished by using a spatial light modulator (SLM)
to create multiple beamlets, which target different re-
gions in the sample [27]. The result is an image which is
a superposition of each of the individual planes being
imaged. By taking images of each of these planes indi-
vidually and using the spatial information from those
images, the neuronal calcium signals can be demixed.
SLM-based multiplane scanning along with random-
access scanning and SLAP all require prior spatial in-
formation about the sample.
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Spatial crosstalk can be avoided through spatiotemporal
multiplexing [28—32], which involves splitting the laser
beam into multiple different beam paths and then
delaying the different beams so that each light pulse
arrives at the sample at different times. The emitted
fluorescence is detected by a single detector as in a
standard 2P system, and the area of origin for the
detected fluorescence is demultiplexed according to the
timing of the laser pulses. Crosstalk is minimized by
ensuring the interpulse interval is sufficiently longer
than the fluorescence lifetime of the indicator being
used [29,32]. Spatiotemporal multiplexing allows for
similar multiplane imaging as previously described [27]
but does not require postprocessing of the images ac-
quired to demix the spatial location of the neuronal
calcium signals.

A final approach to increasing imaging speeds is to treat
each neuron as a single voxel and devise methods to
more efficiently excite all indicators expressed in a
single cell with a single laser pulse. Temporal focusing
can be used to decouple the lateral and axial resolution
of the microscope [33], creating PSFs on the order of
5 um x 5 um x 10 pm. PSFs of this size maintain the
needed spatial resolution for neuronal imaging and
enable scanning of one neuron per laser pulse per voxel
at a time. Increased excitation efficiency enables in-
creases in imaging speed while maintaining signal-to-
noise and can be scaled up using spatiotemporal multi-
plexing [34].

Imaging neuronal activity at increasing
distances

The need to investigate interactions in neuronal activity
patterns between brain areas requires imaging at
increasingly large fields of view (FOV) while maintain-
ing cellular resolution. Surgical implants like “crystal
skull” now provide optical access to the entire dorsal
mouse cortex such that multiple cortical areas can be
imaged simultaneously [35]. Most standard commercial
off-the-shelf 2P microscopes can only record from an
area of ~1 mm? which limits the ability to record from
multiple cortical regions. Increasing the FOV of a 2P
microscope while maintaining a high numerical aperture
(NA) has required larger custom optics that allow for a
wider scan angle and a larger beam diameter at the back
pupil of the objective.

The development of the two-photon random-access
microscope (2P-RAM) involved designing custom optics
that allowed for imaging across a 5 mm diameter at an
NA of 0.6 [36]. With this system, scanning of multiple
areas must be done sequentially which decreases the
temporal resolution proportionally to the number of
regions being scanned. To dissociate the frame rate with
the number of areas being simultaneously imaged, other
designs have been created which combine a large FOV

with spatiotemporal multiplexing [30—32] (Figure 2).
In one implementation, beamlets are targeted onto
different regions of interest through lateral x/y-
movement of independent “focal plane units” which
introduce an offset of the respective beamlet from the
optical axis of the first scan lens. This offset is converted
into a pivoting angle of the beamlet onto scan mirrors
that synchronously scan the beamlets at the sample
[30,31]. Independent z-positioning is further achieved
using electrically tunable lenses. In the twin-region,
panoramic 2P microscope, independent steering mir-
rors are used to deflect each beamlet path along the
optical axis and then the beamlets are recombined onto
the same scan engine [32],

Postobjective scanning can also increase the FOVof a 2P
microscope. This has been enabled by the development
of high-NA long working distance objectives that pro-
vide space to introduce small mirrors on a rotation
mount in the space between the objective and the brain,
providing a donut-shaped FOV [37]. Using post-
objective scanning, an FOV of 6 mm in diameter was
achieved without an increase in size of the PSF across
the FOV.

Beyond a 6 mm separation distance, geometric con-
straints become less restrictive for integrated imaging
using multiple microscope systems. A dual-axis two-
photon microscope uses two independent microscopes
and microendoscopes that can be positioned at any
spatially nonrestrictive locations across the brain [38].
This overcomes the limitations of single-objective
techniques that require the imaged regions be located
under a relatively flat field of view.

Imaging neuronal activity at increasing
depths

Most of the advancements described earlier have been
focused on relatively superficial imaging at the cortical
level. While deeper, subcortical imaging can potentially
be achieved surgically through the implantation of a prism
[39,40] or gradient index lens [41,42], noninvasive im-
aging remains a challenge. Increasing depth penetration
with 2P imaging can be achieved by underfilling a high-
NA objective, thereby reducing the effective excitation
NA [43]. Lower NA excitation avoids some inefficiencies
related to refractive index mismatch and light scattering
deep within the tissue that is more prominent with higher
NA excitation, but this occurs at the expense of resolu-
tion. Both resolution and excitation efficiency can be
maintained deeper into tissue through the use of direct
wavefront sensing and adaptive optics which directly
measure the tissue-induced aberrations and correct for
such distortions in the excitation wavefront [44].

Alternative to 2P microscopy, three-photon (3P) mi-
croscopy offers an increase in signal-to-background ratio
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Multiarea Two-Photon Microscope. (a) Diagram of system capable of simultaneous imaging across cortical areas. (b, ¢) Focal plane units enable
independent positioning of subareas within large field of view. (d) Multibeam imaging is enabled by spatiotemporal multiplexing and demultiplexing. (e)
In vivo images of mouse cortex taken from the multiarea two-photon microscope. (adapted from ref. 31).

and possible imaging depth [45]. Three-photon micro-
scopy makes use of longer wavelength excitation light
(1300 or 1700 nm) than 2P and thus suffers less from
scattering on the excitation side and allows for deeper
imaging. The high peak power needed to generate
three-photon excitation involves constructing lasers
with lower repetition rates (~1 MHz) than their 2P
counterparts (~80 MHz). This lower repetition rate
increases the dwell times necessary to ensure that suf-
ficient numbers of indicator molecules are excited to
generate an acceptable signal-to-noise ratio which
effectively limits the speed of imaging.

Recent attempts have been made to overcome the
limitations imposed by a slower frame rate using 3P
microscopy. Namely, a Bessel beam has been used to
perform EDOF imaging with a 3P microscope [46]. This
technique was able to achieve PSFs which were axially
elongated to 20—90 pm while maintaining a similar
lateral resolution to normal 3P excitation. Recently, 2P
and 3P excitation have been used simultaneously in a
technique called Hybrid Multiplexed Sculpted Light
Microscopy (HyMS) [34]. HyMS combines spatiotem-
poral multiplexing, temporal focusing, and one pulse per
voxel excitation to achieve imaging of a 690 x 675 x
1,000 um volume at a rate of 13.0 Hz for the 2P volume
and 4.3 Hz for the 3P volume, sufficient for volume
scanning across an entire cortical column.

Conclusion

In conclusion, active and diverse developments in novel
imaging systems are pushing the capacity for
population-level neuronal imaging across multiple
spatial and temporal dimensions. Currently, no one-size-
fits-all solution exists. The appropriate technology to be
used depends on the specific biological question to be
studied. Whether the current set of technologies are
capable of achieving the goal of imaging an entire
mammalian brain is unclear. Continuing efforts to inte-
grate the technologies described can serve to push the
boundaries to reach the necessary theoretical specifi-
cations. In parallel, ongoing improvements in the
sensitivity and signal-to-noise of genetically encoded
sensors will help to lower some of these theoretical
barriers. It is clear that the limit has not been reached
and there is ample room for further advances to poten-
tially observe the entire brain in action.
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