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Neurodegenerative diseases are complex and progressive,
posing challenges to their study and understanding. Recent
advances in microscopy imaging technologies have enabled
the exploration of neurons in three spatial dimensions (3D)
over time (4D). When applied to 3D cultures, tissues, or ani-
mals, these technologies can provide valuable insights into the
dynamic and spatial nature of neurodegenerative diseases.
This review focuses on the use of imaging techniques and
neurodegenerative disease models to study neurodegeneration
in 4D. Imaging techniques such as confocal microscopy, two-
photon microscopy, miniscope imaging, light sheet micro-
scopy, and robotic microscopy offer powerful tools to visualize
and analyze neuronal changes over time in 3D tissue. Appli-
cation of these technologies to in vitro models of neuro-
degeneration such as mouse organotypic culture systems and
human organoid models provide versatile platforms to study
neurodegeneration in a physiologically relevant context.
Additionally, use of 4D imaging in vivo, including in mouse
and zebrafish models of neurodegenerative diseases, allows for
the investigation of early dysfunction and behavioral changes
associated with neurodegeneration. We propose that these
studies have the power to overcome the limitations of two-
dimensional monolayer neuronal cultures and pave the way
for improved understanding of the dynamics of neurodegen-
erative diseases and the development of effective therapeutic
strategies.

Most neurodegenerative diseases are progressive, manifest-
ing over decades, resulting in gradual dysfunction and ulti-
mately death of select neuronal populations in the central
nervous system (CNS). This slow time course makes modeling
human neurodegenerative diseases difficult, as does the
complexity of the human nervous system. Traditional imaging
studies have been done in cells, tissues, or organisms at single
time points attempting to identify and define molecular hall-
marks and etiologies of neurodegenerative diseases. However,
these static images often fail to capture the context of the slow
* For correspondence: Steven Finkbeiner, sfinkbeiner@gladstone.ucsf.edu.
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time course and the heterogeneity of structural and functional
changes leading to degeneration. Recent advances in positron
emission tomography (reviewed in (1)) and functional mag-
netic resonance (2–5) have facilitated monitoring of the
development and progression of neurodegenerative disease
across prolonged timescales with much success, though
without cellular resolution. Other recent technological ad-
vances in cellular microscopy imaging methods are now
enabling scientists to monitor neurons in 3-dimensions (3D)
and over prolonged time courses, providing 4-dimensional
(4D) analysis to better capture the time-dependence and
spatial context of neurodegenerative disease at a cellular level.
This review will focus on advances in microscopic 4D analysis
of neurodegeneration and technological developments that
enable the elucidation of neurodegenerative mechanisms at a
cellular and molecular level. These approaches have the po-
tential to provide a foundation for the development of novel
therapeutics that may be more effective than those that have
been developed using static analyses, which have generally
failed in clinical studies.

Much of what we know about neurodegeneration at a
cellular level has been learned from microscopy imaging
studies of two-dimensional (2D) monolayer neuronal cultures,
either derived from animals or human induced pluripotent
stem cells (iPSCs). These approaches have clear limitations.
Firstly, cells in dissociated cultures lack the natural organiza-
tion of neurons in brain essential to understand how neuronal
circuitry slowly changes over time. Secondly, 2D neuron cul-
tures lack an appropriate representation of non-neuronal cells,
including astrocytes and microglia, which normally support
the development, function, health, and immunity of neurons
and may also be a driving force in the progression of many
neurodegenerative diseases. Finally, these 2D cultures are
incapable of modeling the transmission of misfolded proteins
such as tau or alpha-synuclein (aSYN) that are responsible for
the patterned spread of pathology throughout the brain in
some neurodegenerative diseases.

Here, we will discuss the advances in microscopy technology
that are now making it possible to ask and answer questions in
3D cellular systems and the multiple types of 3D models of
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neurodegeneration amenable to live cell imaging. These sys-
tems include transparent animal models such as zebrafish
larvae, as well as rodents studied in vivo or in vitro in tissue
slices as organotypic cultures (Table 1). The in vivo animal
models of neurodegenerative diseases have the advantage of
providing insight into the links between early stages of
dysfunction and alterations in animal behaviors that may be
analogous to signs of disease in humans. However, animal
models are often based on genetic perturbations linked to rare
forms of degenerative diseases, and therefore their relationship
to more common sporadic forms of diseases are unclear.
Furthermore, some features of neurodegeneration may be
specific to humans and impossible to recapitulate in animal
models. Therefore, patient iPSC-derived neurons (i-neurons)
are powerful because they precisely replicate the genetic
makeup of the patient from which they are derived in a way
that is impossible to achieve in non-human models. This
provides an opportunity to investigate the role of different
endogenously expressed genes and genetic variants in neuro-
degeneration and the chance to model sporadic forms of dis-
ease. In addition, human i-neurons can be grown into 3D
organoid models to recapitulate some of the circuitry and
heterotypic interactions found in vivo. Since neuro-
degeneration and neuronal death are heterogeneous, 3D live
imaging technologies provide the opportunity to understand
how neurons resist degeneration at a single cell level even
when their immediate neighbors begin to degenerate and die.
This information can aid in identifying potential novel mo-
lecular targets to discover therapeutics to slow neuro-
degeneration and disease progression.
Imaging technologies to study neurodegeneration in 4D

There are enormous challenges in designing a technology
capable of visualizing cellular and subcellular activities asso-
ciated with degeneration within brain tissue. Brain tissue is
optically opaque, and thus probing deep within it necessitates
strong optical illumination and complex optics for dealing with
light scattering. In addition, neurocircuitry and patterns of
neurodegeneration often span large distances in the CNS, so
visualization requires optical illumination that spans those
long distances. However, strong optical illumination can
generate phototoxicity and heat, which can lead to artifactual
results or further contribute to neurodegeneration. For lon-
gitudinal imaging, the sample must remain stationary with
respect to the optical objective across the region of interest,
and the camera must maintain a frame rate of imaging that can
Table 1
3D/4D biological models of neurodegeneration

Property Mouse in vivo Mouse

Brain coverage Low P
Prep invasiveness Medium H
High throughput screening compatible? No
Behavior correlate Yes
Duration of imaging Short L
Aged models available Yes
Example references (85) (
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catch relevant biological phenomena that occur over time
scales at various orders of magnitude, from nanoseconds (ac-
tion potentials (6)) to months (amyloid accumulation (7)).
These limitations have been overcome to varying extents by
the development and use of more advanced imaging technol-
ogies, including confocal, two-photon (2P) and light sheet
microscopy, miniscope imaging, as well as robotic microscopy,
which can be used for 4D image analysis of neurodegenerative
disease models (Fig. 1).

Confocal microscopy

To overcome some basic limitations of light and fluores-
cence microscopy, such as tissue penetrance and light scat-
tering, laser scanning confocal microscopy (LSCM) was
developed. LSCM provides a means of rejecting the out-of-
focus light from the detector such that it does not contribute
to the images being collected. The basic principle of confocal
microscopy is that the illumination and detection optics are
focused on the same diffraction-limited spot, which is moved
over the sample to build the complete image on the detector.
While the entire field of view is illuminated during confocal
imaging, anything outside the focal plane contributes little to
the image, lessening the haze observed in standard light mi-
croscopy. In LSCM, a laser beam is swept over the sample by
means of scanning galvanometer mirrors. The laser is directed
onto a pair of scanning mirrors sweeping the beam in x and y
directions of a single field of view and then moved incre-
mentally across the entire sample to produce an image of the
optical section or slice. To collect a z-stack, the focal point is
changed, and the scanning process repeated over the new slice.
Upon collection of all optical sections from top to bottom, a
3D image can be reconstructed of the sample. A variation of
this method is spinning disk confocal microscopy, which al-
lows for simultaneous scanning of multiple points. Although
some spatial resolution is sacrificed compared with LSCM, the
improvement in temporal resolution is significant. Spinning
disk confocal microscopy allows for high-resolution imaging in
thick (typically 1–200mm (8)), 3D tissues and in translucent
organisms such as zebrafish (9). A number of common
fluorescence-imaging techniques are often combined with
confocal microscopy, including FRET (10), fluorescence re-
covery after photobleaching (11), fluorescence lifetime imaging
(12), spectral imaging (13), and optogenetics within live 3D
tissue (14). Confocal microscopy can also be useful to study
in vitro living brain slices for 4D analysis. This was shown by
Bredza et al. (15) in studies on the brain slices of mice
expressing amyloid precursor protein (APP), a model of
organotypic Zebrafish larvae hiPSC organoids whole/sliced

artial Total Low/total
igh Low Low/high
Yes Yes Yes
No Yes No
ong Short Long
Yes No No
128) (113) (138)



Figure 1. Optical methodologies for 4D microscopy. Different optical methodologies provide unique opportunities and insights. A, wide field miniscope
imaging can be attached to the skull of an animal and used to generate fluorescent neuronal imaging in vivo. It suffers from out-of-focus axial light scatter,
which distorts z-stack reconstruction, as well as the potential for phototoxicity and photobleaching (magenta bands) without careful control. B, spinning
disk confocal microscopy (SDCM) uses pinholes to narrow light at the focal plane, facilitating optical sectioning down to around 1 to 200 mm of depth (8)
and minimizing axial light scatter with high frame rate and large fields of view (FOV). It can also generate high phototoxicity and photobleaching,
particularly at the end of a z-scan due to continued high energy illumination. C, 2-Photon microscopy (2P) uses 2 photons of infrared light to excite
fluorescent probes deep within tissue (up to around 1 mm deep in brain tissue) (16). The use of infrared light facilitates deep tissue penetration, but the
technique suffers from phototoxicity and photobleaching as well as a comparatively smaller field of view and slower imaging speeds. D, light sheet
fluorescence microscopy (LSFM) uses perpendicular illumination to create a light sheet within the optical plane. This facilitates high speed volumetric
imaging with relatively low phototoxicity and photobleaching.
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Alzheimer’s disease (AD). They were able to visualize axons,
dendrites, dendritic spines, and dystrophic neurites over many
hours. Because of its advantages, ease of use, and relatively low
cost, confocal microscopy remains one of the most commonly
employed microscopic technologies used to study neuro-
degeneration in 3D and 4D. However, confocal microscopy is
still limited because of its use of high energy illumination to
image within brain tissue, which over long periods of time can
be phototoxic. As a result, confocal microscopy is often pri-
marily used on fixed tissue.
2P microscopy

2P microscopy was established as an alternative to confocal
microscopy. It provides greater tissue penetrance and less
background fluorescence than standard epifluorescence and
confocal microscopy, enabling more precise imaging of the
populations of neurons. It works by illuminating the sample
with pulses of long wavelength/low energy photons that ach-
ieve a density at the focal plane sufficient to combine to form
high energy photons and excite the fluorophores in the optical
plane. The use of low energy photons leads to less cellular
phototoxicity and so is better tolerated by living systems. Since
the low energy photons are incapable of exciting the fluo-
rophore and high energy photons are preferentially generated
at the focal plane, there also is less background excitation and
emission of the fluorophore from regions of the tissue outside
the focal plane. In addition, low energy photons are scattered
less than high energy photons by tissue, further reducing un-
wanted background signal. This results in 3D images of depths
of up to 1 mm in brain tissue (16) and means that 2P imaging
can be used over longer periods of time with fewer toxic
J. Biol. Chem. (2024) 300(7) 107433 3
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effects. Combined with vascular markers to repeatedly visu-
alize the same field of view, it can provide 4D temporal reso-
lution of neuronal morphology and activity in vivo over many
months (17).

One of the drawbacks of conventional 2P calcium imaging
systems is the limited field of view. To address this limitation,
more advanced 2P microscopes were developed having 2 ar-
ticulated arms to simultaneously image 2 brain areas, either
nearby or distal (18, 19). Lecoq et al. (19) used 2P microscopes
for concurrent Ca2+ imaging of neurons in the primary visual
cortex and lateromedial visual area in behaving mice. Their
studies showed an interaction of neurons between these distal
cortical regions in response to visual stimuli, suggesting that
sensory responses are propagated through extended cortical
networks. The ability to probe brain neuronal activity simul-
taneously with animal behavior provides an ideal situation to
track the onset of neurodegeneration. However, typically, only
acute time courses of behavior can be viewed with conven-
tional 2P imaging, which makes it difficult to coordinate with
the time course of neurodegeneration.

Another limitation of 2P microscopy is the depth of the
tissue in which neuronal activity can be monitored, which
prevents imaging of subcortical regions in intact animals. To
study subcortical regions, investigators have generally had to
remove overlying cortical tissues. For example, Mizrahi et al.
(20) developed an acute hippocampal window preparation,
where the cortex above the hippocampus is removed, to
investigate the functional dynamics of dendritic spines in
hippocampus in vivo (20). However, these methods can pro-
duce considerable brain damage which may influence the
neuronal activity readouts. To partially overcome these limi-
tations, three-photon microscopy has been developed (21),
which uses even longer wavelength and lower energy photon
illumination than 2P microscopy to excite a variety of blue and
green fluorophores, such as the current generations of protein-
based genetically engineered calcium indicators. Three-photon
microscopy has been employed to functionally image neurons
in regions deep within the cortex and in hippocampus of an
intact mouse brain(reference). However, this approach still
requires removal of part of the skull of the animal.
Miniscope imaging

Another major limitation of the use of 2P microscopy for
in vivo studies in rodents is that it requires the animal to either
be anesthetized or have their head fixed, limiting the range of
behaviors that can be monitored. To overcome these limita-
tions, miniaturized head-mounted microscopes (miniscopes)
were developed to study neuronal activity in vivo in behaving
animals (22). When miniscopes are implanted in the brain,
they can image neuronal activity from deep brain regions (22).
Miniscopes utilize a conventional epifluorescence microscope
in which the objective serves to both deliver the excitation
light and collect the fluorescence emitted by the specimen to
form an image of the brain region of interest.

Activity in neurons expressing fluorescent Ca2+ probes can
be monitored with miniscopes in the form of short movies that
4 J. Biol. Chem. (2024) 300(7) 107433
are recorded repetitively over time, allowing for the mea-
surement of the activity of same neuron longitudinally in vivo.
This was first shown in studies by Ziv et al. (23), in which Ca2+

imaging was performed in 10 sessions over 45 days in mice
trained to run back and forth on a linear track. To longitudi-
nally follow the activity of individual neurons over time, the
cells were automatically identified (registered) across all time
points in the experiment by modeling the distribution of
similarities between neighboring cells across sessions. The
authors used this approach to image neuronal activity from the
hippocampus and cortex of behaving mice and showed that
the same cells within a field of view could be tracked over
multiple weeks. Because miniscope imaging can be employed
in awake, freely moving animals, it has been used to study the
neuronal circuitry involved in a range of behaviors that cannot
be studied under head-fixed conditions, such as sleep, narco-
lepsy, reward seeking and addiction, social behaviors, and
feeding.

Miniscope imaging has also been used to study neuronal
circuitry in models of epilepsy. Using an established kainic acid
model of epilepsy, Berdyyeva et al. (24) were able to identify
waves of Ca2+ activity in the hippocampus that occurred well
before the onset of motor convulsions and before any
consistent electroencephalography phenotype could be iden-
tified. Thus, it is possible that the motor convulsions and
electroencephalography signatures that are typically used to
study seizures may reflect the latent expression of CNS pa-
thology and result from seizure propagation rather than
initiation. Moreover, when valproate, a seizure medication,
was given prior to seizure induction, it reduced motor con-
vulsions but failed to alleviate aberrant Ca2+ dynamics. This is
notable because many candidate epilepsy therapies have failed,
possibly because they were developed to ameliorate the
symptoms but fail to target the underlying pathology. Inte-
grating Ca2+ imaging with concurrent assessments of seizures
in animal models may therefore improve the potential of drug
candidates to succeed.

The major disadvantage of the miniscope technology is that
it is invasive. Miniscope probes are inserted into the brain
region of interest, and the extent of damage this inflicts acutely
or chronically, and how that alters neuronal activity, is unclear.
This can be a problem in studying neurodegenerative disease
models because any tissue damage induced by imaging may
impact the progression and nature of the disease phenotypes.
Furthermore, the field of view of these technologies can be
limited. Finally, miniscopes, as well as 2P microscopy, were
designed to monitor neuronal activity but are generally not
well equipped to quantify neuronal death, a common endpoint
in the study of neurodegeneration.
Light sheet microscopy

Light sheet fluorescence microscopy (LSFM) is a more
recently developed technique to study 3D tissues. In LSFM, the
illumination beam is perpendicular to the imaging system,
creating a sheet of light through the 2D plane of the sample.
This contrasts with typical microscopy techniques, in which
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the illumination and imaging systems use the same light path
and are on the same axis.

LSFM has multiple benefits over confocal microscopy. First,
because a single 2D plane can be imaged instead of a point, it
can acquire images at speeds at least 100 times faster than
those obtained by point-scanning methods such as confocal
microscopy. Composite images can be generated within sec-
onds to minutes, as opposed to minutes to hours when using a
confocal microscope. Secondly, only one plane is excited,
meaning that there is far less out-of-focus light when
compared to confocal, which improves signal and creates
images with higher contrast. Thirdly, LSFM allows for scan-
ning across a large sample, with the images stitched together
digitally to create an image larger than the field of view of the
camera. Rotational movement allows researchers to view
samples from multiple angles and produce a 3D image. In
addition, as only the observed section is illuminated, the
sample as a whole receives less light, reducing bleaching,
photodamage, and stress and enabling imaging of live cells for
much longer time periods.

LSFM has been used to study 3D tissues in vivo. Royer et al.
(25) developed an automated light-sheet microscope that
systematically assessed and optimized spatial resolution across
living organisms by adapting to the optical properties of the
specimen over time. The enhanced 3D imaging is particularly
useful to study small organisms such as Drosophila and
zebrafish. A modified high-speed version of LSFM has also
been developed that uses Ca2+ indicators to monitor the ac-
tivity of nearly 80% of the neurons in the zebrafish brain to
chart neural circuits with correlated firing patterns (26).

By using a light sheet reflected from a vertically positioned
illumination objective to slice horizontally across cultured cell
samples, LSFM has also been used to study intracellular
pathways and molecules in cells. For example, it was used to
directly image the binding of steroid receptor proteins to DNA
within living cells. LSFM has also been used to study the
location of histone proteins in cells and visualize the assembly
of microtubules over the course of mitosis (27).

Despite clear advantages over epifluorescence, confocal, and
2P microscopy in the ability to image broad areas of tissue
rapidly and without much harm to the tissue over time, LSFM
still suffers from several key limitations. Due to the need for
multiple lenses, sample preparation is complex, reducing the
number of models that can be imaged. Whereas small model
organisms such as zebrafish larvae and small organoid tissues
can be easily mounted to image live in a light sheet microscope,
other animals and tissue types can be more difficult to mount
or immobilize for multiple objectives in a 3D arrangement.
Additionally, LSFM can suffer from some of the same con-
straints of phototoxicity and penetrance of light through opa-
que tissue, requiring sample fixation and tissue clearing to
render the sample transparent and facilitate penetration of light.
Robotic microscopy

Another advanced live cell imaging technology specifically
designed to study neurodegeneration in 4D is robotic
microscopy. Robotic microscopy is an unbiased, sensitive, and
quantitative method to longitudinally monitor neurons in vitro
and in vivo with single cell resolution. It has been employed
extensively to study neurodegeneration of rodent and human
models of neurodegenerative disease in 2D monolayer cul-
tures. It has also been used to investigate cell nonautonomous
roles of human glia in neurodegeneration (28). Because of its
high throughput and high content capabilities, robotic mi-
croscopy has been used for RNAi screening to identify genetic
modifiers of various neurodegenerative disease (29) as well as
for screening drugs to identify disease-modifying therapeutics
(30, 31). Using it, genetic modifiers and mechanisms of neu-
rodegeneration in the models of Parkinson’s disease (PD) (32–
35), amyotrophic lateral sclerosis (ALS) (30, 36, 37), Hun-
tington’s disease (HD) (31, 38–41) and frontotemporal de-
mentia (29, 42) have been discovered, as well as autophagy
inducers that mitigate disease phenotypes.

Robotic microscopy is a fully automated time-lapse confocal
imaging technology designed to collect fluorescence images
from individual neurons over their lives (38). Using fiducial
marks on the bottom of the plate and custom software, it
collects information from individual cells by automatically
returning to precisely the same microscope field repetitively
for days to months, so that fluorescence signals from bio-
sensors introduced into individual cells can be collected at
regular intervals and analyzed offline (43). This provides for
temporal analysis of neurons because automated analysis
programs that can be employed through open-source python
packages can segment and identify individual cells in each
image, assign them a unique identifying number, track them
over the imaging time course, extract fluorescence signals
from labels in each cell, and determine cellular characteristics
in subsequent images (30, 31, 36, 37, 39–41, 44). The hardware
to execute robotic microscopy is commercially available
through vendors that sell automated confocal microscope
systems that can be integrated with automated cell culture
incubators to achieve automated longitudinal imaging.
Customized automated scheduling and microscope control
software must be engineered to coordinate imaging
throughput between the microscope and automated incubator.

Using fluorescent markers, robotic microscopy can quantify
changes over time in neurite area to monitor slow, degenera-
tive processes in neurons. Because each cell is tracked and
used as its own control, the impact of cell-to-cell variability on
measurements is reduced, resulting in over 100–1000-fold
more sensitivity to detect phenotypic differences between
two cohorts than more conventional single snapshot ap-
proaches (43, 45). With Cox proportional hazards and new
Bayesian hierarchical approaches (40, 46, 47), accurate quan-
titative dynamic predictive models can be constructed, iden-
tifying variables directly from complex datasets in parallel,
rather than artificially “holding” variables constant (40, 41, 47).
This capability, along with a range of unique biosensors, has
been used to identify cellular mechanisms that accelerate or
slow down degeneration. While mainly used to study neurons
in 2D monolayers, robotic microscopy has recently been
applied to monitor neuronal dynamics in 4D in rodent and
J. Biol. Chem. (2024) 300(7) 107433 5
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human brain tissue, in vivo in zebrafish larvae (48, 49) and in
human brain organoids (Fig. 2, A–C). However, despite its
advantages in tracking single cells over time in tissue and
within animals during neurodegeneration and its scalability,
3D/4D robotic microscopy is currently still reliant on
spinning-disk confocal microscopy and thus suffers from
similar drawbacks including low photon efficiency and
phototoxicity.
In vivo imaging animal models of neurodegeneration

Animal models—employing a range of different species
including Caenorhabditis elegans, Drosophila melanogaster,
zebrafish larvae, and rodents—have been used to study
neurodegenerative diseases including HD, PD, and AD. Here,
we focus on the vertebrate models of neurodegeneration, but
extensive work on C. elegans and D. melanogaster are reviewed
elsewhere (50, 51). To study these diseases, mutant and
Figure 2. Biological models used for 3D/4D imaging of neurodegeneratio
rodegeneration over time. A, (Top) Cartoon depiction of a 3D neural organ
corrected control (Tau-V337V) cerebral organoids transduced with hSyn1:EGF
with permission from Bowles et al., (138). B, (Top left) Cartoon depiction of a
projections imaged with robotic microscopy of a live transgenic zebrafish lar
before neurodegeneration using metronidazole (MTZ) chemoablation techniqu
(96). C, (Top) Cartoon depiction of organotypic slide culture. (Bottom) Maximum
culture transfected with mApple and Htt-Ex1-Q97-GFP, a model for Huntingt
Adapted with permission from Linsley et al. (49). Scale bar represents 300 m
protein. D, (Top) Cartoon depiction of positioning of in vivo 2-photon micros
and mRuby2, 3 weeks and 4 weeks post injection (p.i.) with misfolded tau fibril
50 um.
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transgenic animals have been engineered to express genes and
their variants believed to be critical for pathogenesis in
humans. These models are amenable to analysis using 4D
imaging to study the slow cellular and neuronal circuitry
changes underlying the pathology of neurodegenerative dis-
eases (Fig. 2).
Mouse models

Mice are the most commonly used and widely accepted
animal models of neurodegeneration (Table 1). However, sig-
nificant limitations such as the size of their brains and the
invasiveness involved in generating in vivo data limit the
application of 3D/4D studies in mouse models. Nevertheless,
paired with analysis of behaviors that mimic common features
of human disease, 3D/4D imaging of mouse models can be a
powerful tool for modeling the etiology of neurodegenerative
disease (Fig. 3, A and B).
n. A range of biological models can provide 4D imaging insights for neu-
oid. (Bottom) Z stack maximum reconstruction of Tau-V337M or isogenic-
P showing degeneration over time. Scale bar represents 20 mm. Adapted
whole translucent zebrafish larvae on its side. (Top right) Maximum z stack
vae at 48 h post fertilization showing mCherry-labeled hindbrain neurons
e. Scale bar represents 400 mm. Adapted with permission from Linsley et al.
z stack projections of time lapse imaging of organotypic hippocampal slice
on’s disease using a biolistic gene gun. Imaged using robotic microscopy.
. Arrows point to the emergence of an inclusion body of Htt-Ex1-Q97-GFP
copy. (Bottom) 2-photon microscopy of mouse brain, overlay of GCaMP6s
s. Adapted with permission from Marinkovic et al. (144). Scale bar represents



Figure 3. Analysis of animal behavior paired with 3D/4D imaging. A, in vivo miniscope calcium imaging setup of transduced mouse hippocampus
showing fluorescent GCaMP expression facilitates readout of neuronal activity in awake and active mice. Adapted with permission from Lin et al. (145). B,
paired calcium imaging and behavioral traces from nontransgenic control mouse and 3xTg-AD mice generated from setup in showing neuronal activity and
behavioral activity side by side (A). C, high throughput 4D imaging of live fluorescent zebrafish expressing mCherry throughout the brain. Adapted with
permission from Linsley et al. (96). D, the use of CaMPARI calcium integrator can be paired with high throughput behavioral or imaging to monitor changes
and localization of whole brain activity imaged in high throughput in (C). Photoconverting (PC) UV flood light triggers the photoconversion of the green
fluorescent indicator to red and is proportional to the calcium activity levels within the translucent zebrafish brain. Confocal z-projection overlays of the
green and red CaMPARI channels showing differences between anesthetized, freely swimming, and 4-AP seizure-induced animals. Adapted with permission
from Fosque et al. (99).
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Huntington’s disease
The neuropathological alterations associated with HD

include degeneration and gradual loss of medium spiny
neurons (MSNs) in the striatum, a key region of the basal
ganglia involved in control of movement. Cortical atrophy
and gradual degeneration of cortical-striatal neurons is also
prominent in the disease. 4D imaging of mouse HD models
has been particularly useful in the investigation of the rela-
tionship between the dysfunction of the cortical gluta-
matergic input to the degeneration of striatal MSNs. Burgold
et al. (52) used chronic in vivo 2P Ca2+ imaging to demon-
strate that cortical neurons in the 150 CAG repeat R6/
2 mouse model of HD (53)—which is characterized by a se-
vere, fast-progressing phenotype—were hyperactive prior to
the appearance of motor deficits but then reduced in activity
and gradually degenerated. In the less severe 115 CAG repeat
R6/1 model of HD, Fernández-García et al. (54) used opto-
genetic techniques to show that stimulation of degenerating
secondary motor cortex neurons that project to the dorso-
lateral striatum reversed motor deficits and normalized spine
density within the striatum, supporting the notion that
gradual loss of activity of cortical-striatal neurons impacts the
degeneration of striatal MSNs in HD. Using 2P microscopy in
the R6/2 HD model, Oikonomou et al. (55) found altered
Ca2+ transients and Ca2+ buffering capacity in cortical-striatal
neurons, which was proposed to impact their function and
survival. Hyperactivity followed by degeneration and gradual
loss of cortical striatal neurons has been suggested to
contribute to dysfunction and gradual degeneration of MSNs
in HD, which impairs motricity.
J. Biol. Chem. (2024) 300(7) 107433 7
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Parkinson’s disease

Like HD, mouse models of PD have been extensively used to
study the impact of impaired basal ganglia neuronal circuitry
on disease pathophysiology. Modeling either involves phar-
macological perturbations that impact nigrostriatal neuronal
health or genetic drivers of disease. Most mouse models
feature degeneration and death of nigrostriatal dopaminergic
(DA) neurons, a pathological hallmark of PD. 4D imaging
studies by Parker et al. (56) using miniscope technology
investigated how the loss of the DA input produces chronic
imbalances in the activity of the direct MSN pathway that
projects to the substantia nigra reticulata and indirect MSN
pathways projecting to the external globus pallidus (57). They
showed that destruction of DA neurons with 6-hydroxydop-
amine (6-OHDA) altered locomotion and reduced the activity
of the direct MSN pathway while increasing the activity of the
indirect MSN pathway.

Maltese et al. (58) also used 2P imaging to study the striatal
direct and indirect MSN pathways and the effect of 6-OHDA
lesioning on chronic activity of MSNs. They showed that they
could differentially affect the activity of the two MSN pop-
ulations using selective dopamine D1 or D2 receptor agonists
and antagonists. Like the studies from Parker et al. (56),
Maltese et al. (58) also showed that lesioning the nigrostriatal
DA neurons causes a major imbalance in the activity of the two
MSN pathways, with reduced activity of direct MSNs and
increased activity of indirect MSNs. In chronically lesioned
animals, treatment with L-DOPA produced an exaggerated
increase in the activity of direct MSNs, while the activity of the
indirect MSNs was close to basal levels.

4D imaging has also facilitated studies on the impact of
genetic factors and acute insults on neurodegeneration in PD.
Chen et al. (59) showed imbalances in striatal MSNs in PD
transgenic models. Mutations in the protein kinase LRRK2,
which cause familial forms of PD, disrupt connections between
either the direct or indirect MSNs with other neurons in the
striatum. Using 2P microscopy in the striatal slices of animals
expressing mutant forms of LRRK2, Chen et al. (59) showed
that the mutations affected how the MSNs respond to inputs
from other neurons and reshape synaptic structure and func-
tion of these MSNs. This was possible because 2P microscopy
can induce repetitive glutamate uncaging to stimulate persis-
tent spine volume increase over time (60), which can be
visualized as a change in spine shape under a fluorescence
microscope. Together, these studies suggest that the two
populations of MSNs respond differently in animals expressing
mutations that cause PD and to the loss of DA neuronal input
or to excessive DA receptor activity due to L-DOPA treatment.
These imbalances may be associated with the motor symptoms
in PD patients and those that experience L-DOPA–induced
dyskinesias.

In addition to the striatum, cortical dysfunction and atrophy
is prominent in PD and occurs before motor symptoms
appear. In fact, many of the non-motor symptoms of PD,
including cognitive deficit, occur well before the appearance of
motor dysfunction and are likely due to altered circuitry in the
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cortex. Furthermore, alterations in cortical-striatal circuitry
could contribute to striatal dysfunction and degeneration. To
address these questions, the dynamics of neurocircuitry
degeneration must be understood. Guo et al. (61) studied the
role of DA depletion on synaptic dynamics in the motor cortex
using 2P microscopy in mice treated with 6-OHDA or 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine, which selectively
destroy dopaminergic neurons. They showed that DA loss
produced dramatic changes in motor cortex dendritic spine
dynamics and remodeling, and the reorganization led to un-
stable neuronal circuits in the motor cortex. They also showed
that remodeling was differentially regulated by D1 versus D2
DA receptors, with D1 receptor signaling regulating spine
elimination, while D2 dopamine receptor signaling was linked
to spine formation. DA depletion impaired learning of new
motor skills assessed using long term potentiation (LTP)
paradigms due to impaired spine dynamics and impairment of
learning-induced rewiring stabilization. In control animals,
LTP increased dendritic spine densities in the motor cortex,
which stabilized over time as assessed by chronic 2P micro-
scopy. In the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
treated mice, LTP induced an increase in dendritic spine
density, but these spines were short lived and were eliminated
over time. Thus, with 3D/4D imaging, the authors were able to
deduce that abnormal spine turnover in the motor cortex is
due to impaired neuronal plasticity and may contribute to
motor deficits observed in PD.

Alzheimer’s disease

4D imaging has been particularly useful in helping elucidate
the etiological mechanisms in rodent AD models, from path-
ological mechanisms at the neurocircuitry level down to sub-
cellular biological mechanisms. These technologies have also
been employed to investigate the spatiotemporal relationship
between synaptic and cognitive impairment and the accumu-
lation of beta-peptide (Ab) and phosphorylated tau (p-tau),
two pathological hallmarks of AD. Bittner et al. (62) used 2P
microscopy to longitudinally study synaptic changes in triple
transgenic AD mice (3xTg-AD), a commonly used AD mouse
model which progressively develops both Ab and tau pathol-
ogy in the cortex and hippocampus. They found that in young
transgenic AD mice, there was a discrete loss of dendritic
spines and neurons and an increase in Ab oligomers selectively
in layer III of the cortex. Based on the temporal resolution of
dendritic spine loss, they proposed that loss of neurons in this
region was due to the toxic actions of soluble Ab rather than
Ab plaque formation or tau, and may involve a region of
neuropathology early in the disease process.

In older 3xTg-AD mice, at a time when amyloid plaques and
p-tau are abundant, Bittner et al. (62) found that the dendritic
spine density declines in proximity to amyloid plaques in a
number of cortical and hippocampal regions. However, there is
also a reduction in the density of a population of dendritic
spines at a distance from amyloid plaques. This plaque-
independent spine loss occurred exclusively at dystrophic
dendrites that accumulate both soluble Ab oligomers and
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p-tau intracellularly. Their 4D imaging studies suggest that
there are distinct spatio-temporal patterns of dendritic spine
and synaptic loss in the AD mouse model driven by different
forms of Ab and tau. This is of interest because it suggests that
therapies designed to selectively reduce Ab plaques may only
partly diminish the progression of neuropathology in AD brain
and are particularly of note since 2P microscopy studies by
Peters et al. (63) showed that tau is a driving force for Ab
plaque formation.

AD neuropathology is also driven by altered brain network
activity, due in part to cortical and hippocampal neuronal
hyperactivity (64–71). To investigate the cellular mechanisms
of this neuronal hyperactivity, Busche et al. (72) used chronic
2P Ca2+ imaging in vivo to monitor neuronal activity in CA1
neurons of the hippocampus of transgenic mice over-
expressing both mutated APP and PS1 in neurons. These
mutations are known to induce a rapid increase in soluble
brain Ab levels, followed by the formation of plaques begin-
ning at an early age. They found that in young AD mice, there
was a pronounced increase in hippocampal neuronal activity
before the appearance of Ab plaques, and as the animals aged,
the hyperactivity continued as the levels of plaques increased,
suggesting that the persistent increase in hippocampal
neuronal activity may be related to the increase in soluble Ab
oligomers. Consistent with this hypothesis, they found that
acutely inhibiting soluble Ab oligomer formation with the g-
secretase inhibitor LY-411575 reduced soluble Ab levels and
rescued neuronal dysfunction. In addition, direct application
of soluble Ab oligomers to the hippocampus of control WT
mice was sufficient to induce neuronal hyperactivity. Thus,
these 3D/4D imaging studies suggest that soluble Ab oligo-
mers may be critical drivers of early hippocampal hyperactivity
and network dysfunction.

Similar findings were reported by Sosulina et al. (73) using
2P Ca2+-imaging in vivo in the hippocampus of a rat model of
AD overexpressing APP, the precursor of Ab. They proposed
that increased intrinsic excitability of CA1 neurons occurs at
an early stage of Ab-deposition and disease progression. Other
studies have shown that common pathophysiological conse-
quences of higher neuronal excitability are structural alter-
ations such as reduced dendritic arborization, spine loss,
synapse loss, and reduced cell size (62, 74–77).

4D imaging at the subcellular level within tissue to track
aggregation of tau proteins has also been achieved. With 2P
microscopy, fluorescence recovery after photobleaching, and
the photoactivatable biosensor Dendra2, Wegmann et al. (78)
showed the formation of droplet-like tau protein in mouse
cortex undergoing liquid–liquid phase separation in vivo. The
ability to track subcellular and intracellular phenomena within
a live animal is an exemplary demonstration of the promise of
3D/4D imaging and reveals the extraordinary power of
tracking subcellular phenomena within tissue.

A number of 4D imaging studies have helped elucidate the
role of non-neuronal cells such as microglia and astrocytes in
the pathogenesis of AD. It has long been noted that microglia
and astrocytes cluster within or around Ab plaques in patients
and mouse models of AD (79, 80). 4D studies in the mouse
models of AD have shown that the time course of plaque
formation and microglia movement can be followed with 2P
microscopy, helping to parse the progression of the disease
(81, 82). Meyer-Luehmann et al. (82) demonstrated that
microglia are recruited to plaques within days of the plaque’s
appearance and can clear the plaques if fully activated. In
contrast, other studies (7, 81) showed that microglia can
remain at the interface with plaques for weeks to months,
suggesting a role for microglia in plaque maintenance.

Additional 4D studies have been used to define potential
therapeutic targets within microglia towards AD. Garcia-
Alloza et al. (83) found that microglia did not appear to
effectively remove plaques on their own within the mouse
brain without the administration of anti-Ab immunotherapy
which directed microglia towards senile plaques and led to a
reduction of plaque size. Fuhrmann et al. (84) showed using 2P
imaging in mouse model brains that microglia migrate and
increase in number around neurons that are subsequently lost,
suggesting microglia play a key role in neuronal death. Addi-
tionally, they demonstrated that knockdown of the G protein–
coupled chemokine receptor CX3CR1, which is expressed in
microglia, disrupts neuron-microglia communication, and
prevents this neuronal loss. More recent studies by Fuger et al.
(85) showed that many microglia are long-lived and persist
over the course of most of an animal’s life in normal condi-
tions. Yet in AD model mice, microglia loss and proliferation
are increased at least three-fold compared to a WT control,
suggesting that the increase in microglia surrounding plaques
results from abnormal proliferation of microglia in plaque-free
areas.

The role of astrocytes in the development of AD remains
somewhat more mysterious. Several studies have noted altered
morphology and calcium dynamics in astrocytes within AD
mouse models. Galea et al. (86) demonstrated with 2P 4D
imaging that astrocytes undergo phenotypic changes such as
GFAP upregulation and development of a “reactive” appear-
ance in response to the presence of amyloid plaques but do not
migrate towards plaques in AD model mouse brains, instead
maintaining their highly organized domains. In contrast,
Kuchibhotla et al. (87) used 4D imaging to record calcium
homeostasis disruptions within the brain-wide astrocytic
network in AD mouse models, demonstrating that plaques do
indeed have an astrocyte-based network effect on the brain.
Additional studies are needed to determine whether these
astrocytic phenotypes are pathological drivers or represent
homeostatic mechanisms that compensate for disease pro-
gression. Overall, these studies demonstrate that the ability to
track the interactions between neurons and other cell types
within a live brain in response to disease using 4D imaging will
continue to play a valuable role in defining the pathogenesis
and the roles of potential therapeutics in AD.
Amyotrophic lateral sclerosis

The neuromuscular junction, which plays a key role in the
pathogenesis of ALS, represents a complex connection of
nerve and muscle fibers that is difficult to model with cell
J. Biol. Chem. (2024) 300(7) 107433 9
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culture in two dimensions (88). As a result, 4D imaging of
mouse neuromuscular junctions has often been used to track
the progression of disease in ALS models such as the well-
characterized SOD1-G93A mouse. Using confocal and 2P
microscopy, Dibaj et al. (89) investigated inflammatory activity
over time in the SOD1-G93A mouse. They found differences
of responses of fluorescently labeled microglia in the CNS and
macrophages in the peripheral nervous system during disease
onset, providing new insight into how each contributes to the
pathology of the disease. Using in vivo confocal imaging of
SOD1-G37R mice, Martineau et al. (90) showed that dynamic
remodeling of the neuromuscular junction takes place early in
disease progression and represents a complex interplay of
denervation and new innervation rather than a sudden global
denervation of the motor neuron. To look at subcellular dy-
namics of ALS, Bilsland et al. (91) used time lapse confocal
microscopy to image axonal transport defects in the motor
neurons of SOD1-G93A mice, finding that disrupted retro-
grade axonal transport may represent one of the earliest pa-
thologies in the progression of the disease. In each of these
cases, the use of 4D imaging within a fully intact neuromus-
cular junction in a mouse model of ALS garnered a key insight
into the pathogenesis of the disease.
Zebrafish models

Zebrafish have been employed to model a number of
neurodegenerative diseases. Approximately 84% of genes
known to be associated with human neurodegenerative dis-
ease have a zebrafish counterpart (92), including SMA1,
HTT, Tau, TDP43, and APP. Zebrafish have a number of
characteristics that make them versatile animal models for
3D/4D imaging, including their rapid development ex utero
and large reproductive capacity, which facilitates experi-
ments at larger scale and with greater statistical power than
can be achieved with rodents. Zebrafish are genetically
tractable (93), show a diverse repertoire of stereotypical
behaviors, and drug treatment is easy and convenient in the
aqueous environment (94). But perhaps the greatest advan-
tage of zebrafish as a model organism is their translucent
skin, which facilitates noninvasive optical imaging in vivo
and optogenetic stimulation (95). Zebrafish larvae are
uniquely suited for longitudinal imaging in vivo because,
until �10 days postfertilization (dpf), they are fed off of their
yolk sacs, allowing them to be pharmacologically immobi-
lized from 2 to 10 dpf without dying. Finally, the entire
zebrafish larvae nervous system can be imaged longitudi-
nally, making them a particularly appealing model for the
studies of neural circuitry and neurodegeneration.

Longitudinal in vivo imaging of the activity of neurons in the
zebrafish larvae is possible using robotic microscopy and Ca2+

biosensors such as GCaMP7 (96). Precise and sensitive
monitoring of neurodegeneration and death can be achieved
with genetically engineered calcium indicators using robotic
microscopy, which provides an automated, high content, 4D
longitudinal single-cell tracking microscopy platform for lon-
gitudinal imaging of live zebrafish larvae in toto over multiple
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days. In this approach, automated confocal microscopy can be
used to repeatedly image each fish in three dimensions at
specified intervals, generating 4D images of each fish in an
array.

Another advantage of zebrafish is their fecundity and scal-
ability for behavioral assays. They have often been employed in
behavioral high-throughput drug screens to discover thera-
peutics to treat CNS diseases. As altered behaviors are clinical
hallmarks of all neurodegenerative diseases, monitoring
behavior in neurodegenerative disease models can be partic-
ularly effective and elucidate sources of neurodegeneration
within the CNS when used to complement 3D/4D in vivo
imaging (97–99) (Fig. 3, C and D). A range of behaviors can be
monitored in zebrafish in relation to changes in CNS activity,
including locomotor activity (100, 101) and their response to
visual, tactile, or acoustic stimuli (102, 103). They also move in
response to alternating light and dark conditions as a measure
of anxiety-like behavior, which is a common symptom in
neurodegenerative diseases such as AD (104–106). Zebrafish
can be subjected to cognitive tests including spatial discrimi-
nation in the T/Y-maze as a measure of learning and memory
(107) and exploratory activities (108, 109). They have also been
employed to classify complex psychoactive compounds, and
the results were shown to be predictive of compound activity
in mice (110).
Parkinson’s disease

3D/4D imaging of zebrafish has been useful in elucidating
mechanisms of degeneration in PD. For example, O’Donnell
et al. (111) investigated the causative role of aSYN on PD.
They expressed human aSYN fused to GFP using a ribosomal
skipping P2A peptide in zebrafish Rohon-Beard neurons,
which are peripheral neurons in the developing spinal cord
that project sensory axons to the skin. Both the cell bodies and
the elaborate peripheral arbors of these cells were monitored
in vivo by confocal microscopy and time-lapse analysis,
permitting visualization of axonal transport and degeneration.
Cell death was quantified by counting cells expressing aSYN-
2A-GFP in the embryos every 20 to 60 min for up to 12 h,
and the images were compiled into movies. These studies
showed that human aSYN could induce neurodegeneration in
the zebrafish peripheral sensory neurons. Taking advantage of
the intact architecture of the in vivo brain, the authors also
showed that the axonal compartment of neurons is more
vulnerable than the cell body to aSYN toxicity. Defects in
axonal mitochondria morphology and transport, especially in
the anterograde direction, were detected, as was the eventual
accumulation of the organelles in axonal varicosities.

Others have applied machine learning to analyze zebrafish
behavior to gain insight into PD. For example, Hughes et al.
(112) examined behavior in zebrafish bearing a loss-of-
function mutation in PARK7 that causes a rare form of early
onset PD. They found that training evolutionary machine
learning algorithms with the continuous data stream of animal
behavior mitigated bias and allowed for the computation of
more wide-ranging features to discriminate PD models from



JBC REVIEWS: Four dimensional imaging of neurodegeneration
control zebrafish. The ability to discern and quantify a
parkinsonian behavior can facilitate large scale behavior-based
screens of zebrafish PARK7 mutants to identify therapeutics
and therapeutic targets that could mitigate those behaviors
while also contextualizing the effect within the whole zebrafish
brain. The ability to combine 3D imaging with behavioral
output in zebrafish neurodegeneration models at scale holds
great promise for the dissection of the disrupted neurocircuitry
during neurodegeneration and for the identification of novel
therapeutic targets (Fig. 3, C and D).

Alzheimer’s disease

Transgenic AD zebrafish have also been developed to
overexpress tau to induce neuropathology. Lopez et al. (113)
developed zebrafish models of tauopathy by generating a
transgenic line overexpressing human A152T-tau (2N4R)
mutation. They showed that the levels of tau phosphorylation
were increased in animals with mutant tau. Using live animal
confocal microscopy, they showed abnormal branching and
numbers of motor neurons in the zebrafish expressing the
mutant tau compared to the WT tau. They also showed the
mutant tau induced behavioral deficits in escape responses.
Furthermore, using the photoswitchable fluorescent protein
Dendra fused to tau, the authors monitored tau clearance ki-
netics in individual spinal cord motor neurons in vivo and
showed that A152T-tau was cleared more slowly than WT tau
due to impaired proteasome activity. This finding provides
important translational insight, as it suggests that therapeuti-
cally targeting autophagy could improve clearance of A152T-
tau and reduce its toxicity.

Mouse organotypic culture system

Organotypic brain cultures are commonly used to study
rodent brain neurons in vitro in 3D. In contrast to acute cul-
tures that are typically used and discarded over a period of
hours, organotypic cultures are maintained in culture medium
over periods of days to months. Organotypic cultures provide
distinct advantages over dissociated neurons because they
maintain the cytoarchitecture of brain regions, preserving
neuronal circuitry and interaction with non-neuronal cell
types such as astrocytes and microglia. Neurons from orga-
notypic cultures are also believed to have a more mature state
than neurons in 2D culture, especially when derived from
more developed or aged brains (114). Organotypic cultures can
also be maintained and imaged for much longer periods of
time (up to 6 months) than dissociated cells or acute brain
slices (115). The longitudinal nature of the system is an
advantage for investigating neurodegeneration, which is
generally a slow, gradual process. The cultures are also
amenable to genetic manipulations to either express disease-
causing proteins in neurons of interest or express fluorescent
probes for imaging those cells (116).

Organotypic cultures of the hippocampus as well as other
brain regions maintain electrical properties comparable to
those observed in acute slices (117). Furthermore, synapses
mature in culture towards a phenotype comparable to adult
brain (118). Developmental changes in spine density and shape
and increased connectivity recapitulate the in vivo phenotype
observed in acute slices from age-matched time points (118).
Various other regions of the brain, including cortex, cere-
bellum, and thalamus, have also been successfully cultured. In
addition, co-cultures of various brain regions including the
nigrostriatal circuit (119), the cortex, and hippocampus (114,
116), as well as entire sagittal and coronal organotypic cultures
(120) have been reported, each of which can be used as a
model for neurodegenerative disease. Recent work has shown
that organotypic cultures can be prepared from aged mice,
providing unique insight into aged neurons (121), and can be
seeded with misfolded pathogenic proteins such as tau to study
the propagation of misfolded protein throughout the tissue
(122).

One advantage of organotypic slice culture is the ability to
combine electrophysiological methods with imaging. The
patch-clamp method has been used to study individual neu-
rons, but this approach is time-limited, usually to just 48 h
(118, 123). Extracellular recordings and long-term electrical
stimulations have been performed by means of multi-electrode
arrays (MEAs) (124), which generally measure the activity of
populations of neurons. Gong et al. (125) developed a high-
definition MEA to measure single cell action potentials with
high spatiotemporal resolution. They were able to record from
individual neurons in the slices of hippocampal organotypic
cultures daily for a month. They also developed methods for
global network-wide electrical-activity maps of the slice cul-
tures based on spike amplitudes detected across all electrodes
on the array.

Long-term optical imaging of organotypic slice cultures has
been used to investigate synaptic morphology and connectivity
using a variety of techniques, including widefield microscopy,
in which fluorescent indicators of cell morphology or activity
are expressed in the neurons using adenovirus vectors or in
transgenic mice from which the cultures are derived (126). For
example, Bodea et al. (127) employed time lapse imaging
methods to map neurons in ventral midbrain, including DA
neurons, in organotypic cultures.

Another advantage of organotypic slice culture is its
accessibility and scale for long-term imaging studies. For
example, Croft et al. (128) showed that turnover and inclusion
formation of tau fused to the photoconvertible tag Dendra2
can be monitored longitudinally in 4D. When organotypic slice
cultures transduced with a Dendra2-tau biosensor were seeded
with misfolded tau fibrils (K18), photoconverted Dendra2-tau
persisted and could be tracked over several weeks in culture.

Another imaging technology used to monitor neurons in
organotypic cultures is robotic microscopy. This longitudinal
technology was recently used to monitor in a fully automated
manner the daily morphological changes within individual
neurons in 4D in organotypic cultures from rodent brain and
human primary brain tissue for at least 3 weeks (49). It was
able to track changes in cell number, velocity, morphology,
position, and neuronal health on a protracted scale. 4D-robotic
microscopy is high throughput and also high content, capable
of analyzing 70 brain slices at a time and monitoring the slow
J. Biol. Chem. (2024) 300(7) 107433 11
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processes of neurodegeneration in 3D tissues. As an example,
the mutant protein that causes HD, mHtt, was expressed in
neurons in organotypic cultures of rodent brain along with a
morphology marker, mApple. 4D robotic microscopy was able
to detect the slow accumulation of aggregates of mHtt in
neurons as well as the subsequent gradual loss of neurons (49).

Organotypic cultures of rodent hippocampus have been
particularly useful in studies on the uptake and spread of
pathogenic proteins in brain in the models of AD and PD. For
example, Ortiz-Sanz et al. (129) employed 2P microscopy to
study the synaptic effects and changes in spine morphology
induced by exogenously applied Ab oligomers on hippocampal
organotypic cultures. In parallel in vivo studies, time-lapse
imaging showed that Ab oligomers significantly decreased
the stability of spines, and the acute effects of Ab oligomers on
spines occurred via mechanisms involving CaMKII and
integrin b1 activities. Similarly, Shrivastava et al. (130) iden-
tified specific structures of aSYN fibrils taken up into neurons
in organotypic hippocampal slice cultures from WT mice and
showed that the uptake and aggregation of aSYN fibrils alters
neuronal network activity monitored by MEA recordings.
These studies suggested the uptake of monomeric aSYN, and
its aggregation in neurons affects neuronal homeostasis and
produces changes in function and activity.
Human organoid models

In recent years, patient i-neurons have been used to model
human neurodegenerative diseases. These models have ad-
vantages over non-human models because they can be
generated directly from human patients and thus fully reca-
pitulate the human genetic background of the disease. This is
important, because for most human neurodegenerative dis-
eases, multiple genes and their variants contribute to
neuropathology. Furthermore, most disease models based on
non-human cells are dependent on the expression of mutant
genes that cause disease in only a small population of pa-
tients. In contrast, human i-neurons can be generated from
patients with sporadic forms of disease, providing models of
neurodegeneration that represent the majority of patients
rather than the select few with familial forms of the disease.

In addition to 2D systems, i-neurons can be grown into 3D
organoids to recapitulate some of the circuitry and heterotypic
interactions found in vivo. A number of technological ad-
vances have been made to improve the environmental
complexity of neuronal organoids, including co-emergence of
astrocytes and microglia which support neuronal function and
survival (131, 132), as well as methods to enhance synapto-
genesis and spontaneous synaptic activity. Pașca et al. (133)
developed novel 3D culture systems using human i-neurons
that better represent the laminated neuronal structure in hu-
man brain. They could be maintained for up to 9 months
in vitro and reliably expressed genes resembling those found in
the developing human cortex during the late to mid-fetal
period. These cultures expressed markers of multiple distinct
classes of cells including those for forebrain neurons and glia.
When sectioned and analyzed morphologically, the organoids
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showed similar cytoarchitectures to those found in developing
human cortex. By immunocytochemistry, it was also possible
to distinguish superficial and deep cortical layers, which
developed proportionally.

The use of organoids for studying neurodegeneration is in
its infancy but is already showing great promise. One advan-
tage is that neuronal organoids appear to mature better than
2D iPSC cultures and thus may better model late-onset
neurodegenerative disease. For example, single cell and sin-
gle nuclei transcriptomics analyses and electrophysiological
analyses of organoids show cell phenotypes that more closely
match those found in an adult brain (134–136).

The power of 4D imaging of the human organoid culture
system was nicely shown in studies by Sakaguchi et al. (137),
who investigated network activity in human cerebral cortical
organoids using time-lapse confocal imaging. Sakaguchi et al.
monitored Ca2+ imaging over short intervals and showed the
neural networks expressed synchronized burst activity, and
some neurons showed spontaneous activity. Neuron survival
can also be tracked within organoids derived from patients
with neurodegenerative disease. With longitudinal confocal
imaging, Bowles et al. (138) tracked survival of fluorescently
labeled neurons in organoids derived from patients with
dementia-related mutations and gene-corrected controls. They
found neurons containing disease-associated tau mutations
survived less well than controls. Furthermore, pharmacological
rescue was shown to increase survival, demonstrating the
power of organoids to model disease and the effects of
candidate therapies (138).

A challenge to the use of neuronal organoids is that because
of their thickness, it can be difficult to image them at depth
without first clearing the tissue. Furthermore, as they grow
larger, inner regions of organoids do not receive sufficient
oxygenation to allow for proper neuronal development, func-
tion, and survival. To address this issue, Giandomenico et al.
(139) employed an air-liquid interface (ALI) technique to in-
crease oxygen supply and improve neuronal survival and axon
outgrowth. Similar to organotypic slice culture, ALI facilitated
and simplified long-term live imaging, allowing visualization of
GFP-labeled neurons and greatly improving survival and
morphology, with extensive axon outgrowths reminiscent of
nerve tracts. The use of ALI organoids combined with 4D
imaging holds great promise for the investigations of neuro-
degenerative disease etiology.
Challenges and future directions

The application of novel imaging technologies to study
neurodegeneration often lags a step behind other biomedical
research because of the unique challenges to imaging neuro-
degeneration. For one thing, new animal and tissue-based
models of neurodegeneration that replicate the etiologies of
these complex diseases are continuously in development (140),
and additional work is required to make each model imaging-
compatible. In particular, more work needs to be done to
correlate and adapt 4D microscopy technologies to newly
developed large animal and nonhuman primate models of



Table 2
Commonly used biosensors for 3D/4D studies of neurodegeneration

Biosensor Common use References

Morphology (GFP, mApple) Fluorescent labeling of neurons, neuronal morphology (17, 49, 111, 138, 139)
GCaMP Calcium imaging (19, 23, 24, 26, 49, 52, 55, 72, 73, 137)
CaMPARI Large scale calcium dynamics integration (98)
Dendra fusions (Dendra-Tau,
Dendra-synuclein)

Protein turnover dynamics (113, 128)

GEDI Detection of cell death/degeneration (96)
Cry2-TDP43 Optogenetic-mediated TDP43 oligomerization, aggregation (95)
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neurodegeneration which often model many features of hu-
man pathophysiology but typically rely on 4D positron emis-
sion tomography imaging techniques that lack cellular
resolution (1). Additional challenges are often encountered
when identifying the ideal time course, time resolution, and
fields of view to analyze a phenotype of interest, especially in
neurodegenerative disease models where tissues typically
require maturity or aging for degeneration to occur. Never-
theless, it will be exciting to see if other cutting-edge live
microscopy technologies such as adaptive optics (25), quanti-
tative phase contrast (141), 3D super resolution (142), and ever
complex iterations of light sheet microscopy (143), currently
gaining increasing use in developmental biology, can be
adapted to meet the challenges of studying neurodegenerative
diseases.

Another area for improvement in the 3D/4D imaging of
neurodegeneration is in development of fluorescent bio-
sensors and analysis algorithms to help interpret the complex,
high content signals coming from cells (Table 2). In principle,
many if not all genetically encoded biosensors that have been
used in 2D cell culture could be implemented in 3D/4D
imaging to help detect subcellular phenomena within tissue.
Indeed, more and more biosensors are being incorporated
into such assays and can appreciably impact the insight
gathered in the studies of neurodegenerative disease. In live
imaging studies of neurodegeneration, a particularly acute
challenge is precisely determining whether a particular
neuron is alive, dead, or dying, since dyes and stains used to
distinguish live from dead neurons in culture may be unable
to detect the onset of cell death. Furthermore, in live imaging
experiments, the loss of fluorescence of transfected neurons,
indicating the rupture of the plasma membrane, has been
shown to clearly mark neuronal death, but fluorescent debris
often persists for days after initial morphological signs of
death and decay occur, limiting the ability to identify the
precise time of death or introducing human error in the
scoring of neuronal death by morphology. For these reasons,
a biosensor to detect the “point of no return,” at which a
neuron’s fate is unambiguously sealed, has been needed to
determine the cellular mechanisms that lead up to neuronal
death.

The genetically encoded fluorescent cell-death indicator
(GEDI) was recently developed to monitor with �100% ac-
curacy the very earliest time point of neurodegeneration, when
a neuron commits to die but is still alive (96). GEDI specifically
detects intracellular Ca2+ levels that are only achieved when
cells are irreversibly committed to die and has been used to
enable an automated imaging platform for single cell detection
of neuronal death in vivo in zebrafish larvae. With a quanti-
tative ratiometric signal, GEDI facilitates high throughput
analysis of cell death in time-lapse imaging data, providing the
resolution and scale to identify early factors, such as
autophagy-lysosomal dysfunction, leading to cell death in the
studies of neurodegeneration. Since neurodegeneration can be
asynchronous, the greater sensitivity of GEDI allows re-
searchers to identify neurodegeneration in vivo in discrete
neuronal populations, providing previously unobtainable de-
limitation and clarity to the time course of cell death.

Additional biosensors capable of informing on cellular and
subcellular phenotypes that are particularly designed for
challenges present in 3D/4D imaging data such as GEDI are
much needed. There is currently a dearth of biosensors
developed to track neuroimmune responses, transmission of
misfolded proteins, and effects on brain neurocircuitry, despite
the rising interest in these processes as mechanisms of neu-
rodegeneration. Biosensors capable of informing these studies,
integrating with new animal and tissue models of neuro-
degeneration, and that function with the latest microscopy
technologies, will help lead the way forward in understanding
the huge complexity of these diseases.
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