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Since the days of Santiago Ramon y Cajal, and pioneering observations of the precise structure 

of single neurons as the building blocks of the brain, the field of neuroscience has been tasked with 

deciphering how these individual neuronal elements engender the complexity that defines brain 

function. This remains a major challenge in modern neuroscience - to explain fundamental processes 

of perception, cognition, and behavior in terms of neural activity. Given the size of the brain, the 

number of neurons, and the distributed nature of neural activity across interconnected networks, it is 

increasingly clear that we need advanced systems to directly record this activity in real-time to assess 

both coordinated activity on a large scale and the brain’s high degree of specialization on a small scale. 

While seminal principles of brain structure and function have been described through histological 

examination and in vitro preparations, it is also becoming increasingly evident that a wholistic 

approach examining the living brain in action is indispensable. These factors combined, the need for 

multiscale approaches and in situ evaluation of neuronal activity, have fostered rapidly growing 

technological advances in the field of in vivo microscopy (for review see Kim and Schnitzer, 2022).     

 In the last decade, the number of neurons that can be imaged near-simultaneously while 

maintaining single-cell resolution has increased exponentially in rodent models – climbing from tens 

of neurons in the earliest studies to current limits exceeding one million neurons (Demas et al., 2021). 

Several novel approaches using two-photon microscopy have contributed to this recent escalation. 

For instance, while two-photon microcopy traditionally relies on point-by-point scanning across a 

given limited area, mesoscale microscopy (i.e., imaging with subcellular resolution and fields of view 

spanning several millimeters) has been achieved using advances in scanning techniques. Fast three-

dimensional scanning (Sofroniew et al., 2016) and dual scanning (Yu et al., 2021) systems with 

appropriately scaled optics have allowed for imaging of tens of thousands of neurons within a larger 

imaging volume across multiple brain regions. However, while these approaches enable multi-area 

imaging by rapid switching between brain regions, they are limited in either moving between brain 

regions laterally (across the surface of the brain) or axially (along the depth of the cortex), but not 

easily along both dimensions. Due to the curvature of the cortex, sampling anywhere along both the 
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lateral and axial planes would allow for more flexibility in targeting both multiple cortical regions and 

across various cortical layers of interest.  

Beyond the cortex, there is also a growing demand to simultaneously monitor brain-wide 

neural activity. While methods such as functional magnetic resonance imaging (fMRI) and the more 

recently developing ultrasound imaging techniques can provide whole-brain proxy readouts of neural 

activity at increasingly impressive resolution in rodents (e.g., < 200 μm resolution achieved with 

ultrahigh field 9.4 tesla fMRI), the nature of these methods - relying on changes in cerebral blood flow 

- means that they will never approach the spatial or temporal precision needed to readout single-cell 

activity. On the other hand, electrophysiological techniques still provide the gold standard for 

recording neuronal activity with high temporal precision, but simultaneously monitoring large 

populations of neurons with single-cell resolution still relies on partially ambiguous spike sorting 

techniques and the capacity to probe complex cell-type specific circuit dynamics remains limited. 

Therefore, optical approaches using multiphoton microscopy remain highly advantageous due to the 

optimal balance between temporal and spatial resolution that can be achieved using these methods. 

When the capacity for multi-area optical imaging is expanded beyond a single plane of the accessible 

cortical surface, the strength of these methods is further increased. One strategy for achieving this is 

to utilize a compound objective assembly to distribute one light path across multiple imaging planes, 

which can be flexibly placed across both the lateral and axial dimensions (Yang et al., 2019). Using this 

strategy has allowed for simultaneous imaging of single-cell resolution neuronal activity across the 

visual cortex, motor cortex and hippocampus (Yang et al., 2019). However, while flexible, the 

individual fields of view are still limited to a single imaging plane using this approach – ultimately 

constraining the total number of neurons that can be imaged from each brain region.  

The current upper limit of near-simultaneously imaged neurons has sampled over one million 

cells using an approach called light beads microscopy (Demas et al., 2021). This approach harnesses 

the pulse rate of a two-photon laser to generate interleaved pulses that are focused along different 

axial positions (i.e., across the tissue depth). In this way, 30 imaging planes can be rapidly moved 

through the tissue to perform mesoscale volumetric imaging with single-cell resolution (Demas et al., 

2021). So far, this technique has been limited to probing cortex-wide neuronal activity, but the 

combination of this approach with compound objective imaging techniques (Yang et al., 2019), offers 

exciting possibilities for large-scale, brain-wide, single-neuron resolved imaging.  

It is especially important that all these approaches are highly compatible with monitoring 

neural activity directly in behaving animals. In this regard, in vivo microscopy also offers advantages 

over fMRI and other more restrictive neuroimaging techniques. Further, two-photon microscopy 

remains the only reliable method for chronically following the activity of individual neurons over days, 



weeks, and even months. This is vital for studies examining the underlying mechanisms of plasticity 

during learning and for investigating fundamental principles of memory, including the formation of 

memory engrams. As in vivo microscopy continues to push the technological boundaries, parallel 

advances in biological sensors (e.g., voltage-based and neurotransmitter sensors) and ever-improving 

optogenetic tools for circuit manipulations will expand the repertoire of experimental questions that 

can be addressed using optical technologies. Together, these advances will further accelerate our 

potential to probe and decipher the inner workings of the brain in action.  
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