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SUPPLEMENTARY MATERIALS  

Divergent excitation 2P microscopy for 3D random access mesoscale imaging 
at single cell resolution, Janiak et al.  
 
A note on PSF-measurements on beads. Comparing the properties of 2P systems 
by way of describing their PSFs is complicated by the fact that the specific values 
obtained strongly depend on excitation power, wavelength, the specific size of the 
imaged fluorescent bead as well as their 2P excitation cross-section27,43,71,72 (Fig. S1g-
i). Moreover, one of the crucial parameters related to 2P absorption efficiency, the 2P 
cross-section, is for most fluorescent beads different from that of most popular 
biosensors for reporting neural activity73. Accordingly, PSF-measurements from 
fluorescent beads can only go part-way towards predicting the real effective excitation 
volume achieved in experiments with fluorescent biosensors.   
 
Optical Aberrations and their possible impact in nTC. In general, optical 
aberrations can be divided into two groups, chromatic and monochromatic. In 2P 
microscopy, chromatic aberrations generally do not apply because the excitation laser 
is essentially monochromatic and collection does not depend on image focus. 
Nevertheless, monochromatic aberrations still depend on wavelength. Generally, 
shorter wavelengths yield greater aberration. As a consequence, at a given focal 
depth, achromatic aberrations tend to be approximately half as strong in 2P 
microscopy compared to 1P microscopy47.  
 
Next, in 2P imaging monochromatic aberrations are mainly related to the sample 
rather than the imaging system itself. Here, low-order aberrations are introduced by 
inevitable small differences in the refractive index between the sample, the immersion 
fluid (usually water) and the objective49, alongside typically higher-order aberrations 
due to refractive index inhomogeneities within biological samples (e.g. blood vessels, 
dura, neuropil, cell bodies)46,74. Generally, aberrations introduced by within-tissue 
inhomogeneities tend to be smaller than those introduced by the immersion medium49.  
 
The specific design of our nTC excitation path primarily impact low order 
monochromatic aberrations. These are inevitably dominated by depth-dependent first 
order spherical aberrations44–49. Spherical aberration means that peripheral and axial 
rays do not converge to a point, thereby broadening the focal excitation spot (related 
to PSF). In addition, spherical aberrations also cause a lateral focal shift which 
depends on the distance to the FOV centre45. In 1P widefield microscopy, these are 
the primary limit for achievable image resolution75, while in 1P confocal  microscopy 
they lead to a reduction in signal power76. Similarly under 2P, excitation (which is 
quadratically related to photon density) is diminished at increasing depth due to 
spherical aberrations48.  
 
There are a few options that can be explored for reducing aberrations in 2P 
microscopy. For example, the use of optical clearing agents would help, however to 
date there is no protocol available for in-vivo imaging77. Moreover, most (but not all) 
aberrations can, in principle, be pre-corrected by adaptive optics including by way of 
wavefront shaping using a spatial light modulator or deformable mirror56,78–80. 
Important calibration of adaptive optics can be achieved with a wavefront sensor78,81,82 
or even without it46,49,83–85. The use of a sensor usually allows for faster and higher 
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precision calibration for a specific sample and depth, however this requires an 
endogenous structure with known shape (often called a “guide star”)78 which may 
require surgery86. Notably, adaptive optics can be used to correct aberrations related 
to the sample itself, including surface shape, angle or inhomogeneity46,74. In principle, 
our nTC approach is compatible if any of the above approaches to reducing 
aberrations. This would also allow imaging deeper, potentially further increase the 
maximal achievable z-shift through the ETL, and address imaging field curvature 
inevitable in large FOV microscopy74. 
 

 

SUPPLEMENTARY FIGURE LEGENDS 
Figure S1, related to Figure 1 | nTC optical performance. a, Numerical Aperture (N.A.) calculated for the 
different optical configurations and b, measured working distance. c, Image brightness of the different 
configurations quantified from scans of a block of agarose with fluorescein. d-f, fluorescence test-slide imaged 
under DL-configuration at full 0.5 mm FOV (d), at nTC2 3.5 mm, at full FOV (e) and at nTC2 3.5 mm zoomed in to 
the same sample position as in (d). Individual sphere-like structures (~10 µm in diameter, i.e. similar or smaller 
than most somata in the adult mouse brain, e.g. Ref87, remain readily discernible. g-i, point-spread-functions (PSF) 
measurements at varying laser power and wavelength as indicated.  
 
 
 



3 

 

 
 
Figure S2 | related to Figure 2. Tailoring PSF independent of FOV. a, default nTC1 configuration and b, optical 
modification to achieve a smaller PSF (bottom) while maintaining a ~1.2 mm FOV. To achieve this effect, L2 (175 
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mm FL) was exchanged for L2*, (125 mm FL).  L2* was also shifted closer towards the TL to set up a similar IFP 
compared to the default configuration. As a result, a now expanded laser beam (hence smaller PSF) reaches the 
objective’s back aperture at a similar divergence angle (e similar FOV). c-f, fluorescence test slide imaged under 
either configuration at 1,024x1,024 px resolution and full FOV (c,e), and inset enlarged as indicated (d,f). g-i: 
comparison of image brightness and collection efficiency. The same field of view of a fluorescein-soaked tissue 
was imaged under all optical configurations using either an above-stage detector arm, an optically equivalent 
substage-detection system, or both (g,h). From here, we extracted brightness histograms of all scans, subtracting 
in each case the mean brightness in the absence of a fluorescence sample (i). Shown are above-stage-detection 
(green) and sub-stage detection (blue). Histograms for summed detectors are omitted for clarity. Laser- and PMT 
settings were kept constant throughout. 
 
 

 
 
Figure S3 | related to Figure 2. ETL settling time. Voltage on the electrically tunable lens (ETL) recorded on an 
oscilloscope through a resistor as a readout of current curvature. In response to current step commands that 
resulted in 600 (top) and 150 (bottom) µm axial focus jumps, the lens oscillated with <5% maximal jump amplitude 
following an initial sub-millisecond transient. This oscillation reliably settled beyond detection limit within <10 ms 
(600 µm jump). For smaller jumps it settled substantially earlier. 
 
 
 

Figure S4 | 
related to Figure 5. Staggered plane bending. a, Schematic of HuC:GCaMP6f larval zebrafish shown from front, 
with scan-planes indicated. b-c, three times 170x340 px (1.96 Hz volume rate) staggered bent-planes used to 
quasi-simultaneously capture the brain at three different orientations as indicated, with mean image (b), and 
activity-correlation during spontaneous activity (c, cf. Fig. 2e). 
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Figure S5 | related to Figure 9. Optogenetic activation of Drosophila L1 antennal lobe. As Fig. 9, a second 
Drosophila L1 sample scanned using nTC1 (1.2 mm configuration) with a single plane (170x340 px, 5.88 Hz) and 
zoomed-in to the antennal lobe to ensure spatial oversampling. a-c, average-projection (a), activity-correlation (b, 
cf. Fig. 2e).) and example average time-traces from two glomeruli as indicated (c). 
 
 
 

SUPPLEMENTARY VIDEOS  
 
Supplementary Video S1, related to Figure 1 | Z-stack through three larval zebrafish. nTC2 z-stack (3.5 mm 
FOV) of three larval zebrafish as in Fig. 1e, 1,024x1,024 px (0.5 Hz per plane), 1 µm z-steps. 
 
Supplementary Video S2, related to Figure 2 | Scan-profiles. Direct visualisation of scan-profiles from the side, 
visualised with a camera (cf. Fig. 2a). Shown, in sequence, are: DL full FOV, nTC1 1.2 mm configuration full FOV, 
nTC2 2.5 mm configuration full FOV, DL individual PSFs, nTC2 2.5 mm configuration individual PSFs. All: x4 real 
time. Note, the first three instances are filmed continuously to illustrate how quickly optical configurations can be 
switched. 
 
Supplementary Video S3, related to Figures 3,6 and Fig. S4 | Scan-profiles during ETL shifts. Direct 
visualisation of nTC1 1.2 mm configuration scan-profiles from the side during different scan-programmes that use 
the ETL (cf. Fig. 2a). All: x4 real time.  
 
Supplementary Video S4, related to Figure 4 | Mesoscale imaging of 2 zebrafish brains at the same time.  
Light-stimulus triggered average response movie from 2 larval zebrafish brains as shown in Fig. 4b. Looped 9 times 
(x10 real-time). 
 
Supplementary Video S5, related to Figure 6 | Half-pipe imaging of larval zebrafish brain.  As in Fig. 6d, nTC1 
anatomical scan (1.2 mm FOV) of larval zebrafish brain, with increasing z-curvatures applied. 512x1,024 px (1 Hz 
per plane). Note that planes 3 and 4 most closely follow natural brain curvature. 
 
Supplementary Video S6 related to Figure S4 | Half-pipe multiplane imaging of larval zebrafish brain.  As in 
Fig. S4, nTC1 scan (1.2 mm FOV) of larval zebrafish brain, with three different z-curvatures applied: none (top) 
positive (middle) and negative (bottom). 512x1,024 px (1 Hz per plane). Looped 3 times. 
 
Supplementary Video S7, related to Figure 7 | Mesoscale imaging of mouse brain slice. nTC2 scan (3.5 mm 
FOV) of seizure-like activity mouse brain slice, in 2 parts. First, FOV as shown in Fig. 7d (1,024x1,024 px, 0.5 Hz), 
and second as shown in Fig. 7h,i (2 times 128x256 px, 3.91 Hz each). Looped 3 times. 
 
Supplementary Video S8, related to Figure 8 | Mesoscale imaging of mouse cortex in vivo.  As in Fig. 8d, 
nTC1 scan (1.5 mm FOV) of spontaneous activity in mouse somatosensory cortex at 1,024x1,024 px (0.5 Hz). 
Looped 3 times. 
 
Supplementary Video S9, related to Figure 9 | Multiplane optogenetics in Drosophila larva.  As in Fig. 9g,h, 
nTC1 scan (1.2 mm FOV) of L1 larval Drosophila brain, with six planes scanned at 170x340 px, 0.98 Hz volume 
rate during optogenetic activation of CsChrimson in olfactory sensory neurons. Average of 10 stimulus repeats. 
(left: fluorescence average, right, background subtracted and false colour-coded). Looped 6 times. 

 


