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Supplementary Methods 

Bead slide preparation 

2 µm diameter green-yellow fluorescent beads (Thermo Fisher Scientific, Waltham MA) were diluted 
1:700 in ethanol (VWR, Radnor, PA), sonicated for 2 mins in a jewelry cleaning bath, and applied to a 
microscope slide (10 µL) between strips of 100 µm thick double-sided tape (one or two layers of tape, 
each layer = 100 µm; Scotch Brand, 3M, Maplewood, MN). After the ethanol had evaporated, ~4 µL of 
Immersol W 2010 and Immersol 518 F (both from Carl Zeiss, Thornwood, NY) were spotted next to each 
other and covered with a #1.5 coverslip (Carl Zeiss, Thornwood, NY). See Fig. 4a. 

Brain slice preparation 

All experiments were conducted in accordance with procedures approved by the Institutional Animal 
Care and Use Committees of Harvard University. Adult C57BL/6J mice were anesthetized prior to 
undergoing aseptic surgery. A small hole was drilled at 3.8 mm posterior to bregma and 2.5 mm lateral 
to the midline. A Hamilton syringe containing a titer-calibrated cocktail of two AAVs was lowered 3.5 
mm below the cortical surface, where 1 µL of virus solution was injected. AAV pCAG-FLEX-tdTomato-
WPRE (AAV-tdtomato) was a gift from Hongkui Zeng (Addgene viral prep # 51503-AAV1; 
http://n2t.net/addgene:51503; RRID: Addgene_51503)1. pENN.AAV.CMVs.Pl.Cre.rBG (AAV-Cre) was a 
gift from James M. Wilson (Addgene viral prep # 105537-AAV9; http://n2t.net/addgene:105537; RRID: 
Addgene_105537). Stock viral titers were approximately 1x1013 GC/ml, but AAV-Cre stocks were diluted 
1 to 1000 by volume with PBS before a 1:1 by volume combination with AAV-tdtomato. After 4 weeks 
survival time, mice were perfused with 30 mL of PBS followed by 30 mL of 4% paraformaldehyde (PFA). 
Brains were dissected and post-fixed overnight in 4% PFA at 4 degrees then washed in PBS for >1 hr at 
room temperature. Tissue was blocked prior to sectioning at 15 degrees off-horizontal to obtain a 
thalamocortical slice preparation2. Brains were sectioned at 100 µm with a Leica VT1000s using a knife 
feed speed of 0.175 mm/sec (setting 4) and a knife sectioning frequency of 80 Hz (setting 8). Sections 
were mounted on glass slides using Vectashield mounting medium (Vectorlabs, Burlingame, CA) with 
No. 1.5 coverslips. 

Organoid preparation 

Cortical organoids were harvested and fixed in 3% paraformaldehyde. Next, the organoids were washed 
overnight in 1x Phosphate Buffered Saline (Sigma Millipore, Burlington, MA) prior to a 24-hour 
incubation in a 3 µM solution (in PBS) of SiR-DNA (Cytoskeleton, Inc, Denver, CO) nuclear dye. Following 
staining, organoids were washed for an additional 24 hours in PBS prior to performing a modified 
iDISCO+3 clearing method. Briefly, organoids were incubated for 1 hour in the following solutions: PBS, 
20% methanol (in water), 40% methanol, 60% methanol, 80% methanol, 100% methanol, 100% 
methanol, 67% dichloromethane (in methanol), 100% dichloromethane (Sigma Millipore, Burlington, 
MA). Samples were then transferred to dibenzyl ether (Sigma Millipore, Burlington, MA) for final 
clearing and imaging. Samples were placed in custom imaging chambers made of 1 mm thick silicone 
rubber (Amazon, Seattle, WA) sealed to both a microscope slide and coverslip with Loctite 401 (Henkle 
Corporation, Stamford, CT) adhesive. 

  



Imaging 

Confocal microscopy images were acquired on an LSM 700 or LSM 880 point scanning confocal 
microscope (Carl Zeiss, Thornwood, NY). Yellow-Green fluorescent beads were excited with a 488 nm 
argon laser, tdTomato expressing neurons were excited with a 555 nm diode laser, SiR-DNA nuclear dye 
was excited with a 633 nm Helium Neon laser. Reflection images were captured using a 561 nm laser 
line. Transmitted light images were acquired by capturing 488 nm laser light with a 0.8 NA air condenser 
and focusing it to a transmitted light PMT. 10x 0.45 NA Plan-Apochromat, 20x 0.8 NA Plan-Apochromat, 
or 25x 0.8 NA LCI Plan-Neofluar objective lenses (Carl Zeiss, Thornwood, NY) were used as indicated. All 
images satisfied Nyquist sampling in the lateral dimensions. Axial Z-spacing was set by ZEN software 
(Carl Zeiss, Thornwood, NY) or as calculated by our ImageJ macro (Supplementary Software 1) as 
indicated. Microscopes were controlled using ZEN Black software (Carl Zeiss, Thornwood, NY). 

Z-correction and optimal Z-spacing calculations 

Optimal Z-spacing was calculated using Equation 2 (mean) in our custom ImageJ/Fiji macro as described 
in Box 1 and Supplementary Software 1. 

Point Spread Function determination for deconvolution 

100 nm diameter red fluorescent beads (Thermo Fisher Scientific, Waltham MA) were mounted 100 µm 
below a coverslip as follows: beads were diluted 1 : 500,000 in ethanol (VWR, Radnor, PA), sonicated for 
2 mins in a jewelry cleaning bath, and applied to a microscope slide (10 µL) between two strips of 100 
µm thick double-sided tape (Scotch Brand, 3M, Maplewood, MN). After the ethanol had evaporated, 8 
µL of Vectashield mounting medium was placed between the strips of tape and covered with a #1.5 
coverslip (Carl Zeiss, Thornwood, NY). Beads were imaged using identical conditions to the samples to 
be deconvolved (100 µm thick tdTomato-expressing mouse brain sections). 

Image analysis 

Color-coded depth projections, orthogonal (XZ) views, maximum intensity projections and pixel intensity 
line profiles were created using the built-in functions of Fiji/ImageJ5. In Fig. 4c, axons were considered 
“resolved” if a line intensity profile showed a > 26.5% decrease in intensity on both sides of a peak 
(Rayleigh criterion). Deconvolution was performed using 40 iterations of a Richardson-Lucy algorithm in 
the DeconvolutionLab16 plugin for ImageJ/Fiji using experimentally derived PSFs. Three-dimensional 
rendering and volume measurements were performed using Vision4D software (arivis AG, Munich, 
Germany). Automated segmentation was performed using HK_Means in Icy, with 15 intensity classes 
and size criteria of 10,000 – 100,000 pixels8. 
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Supplementary Note 1| Derivation of focal shift correction factors.  

 

Calculating the axial shift of peripheral rays 

The calculations here were originally derived by Visser et al1.  

In the above diagram, if the RI on both sides of the interface (horizontal black line) is equivalent, no 
refraction will occur (angled black lines, n1 = n2). However, if the lower medium has an RI higher than the 
upper medium refraction will occur shifting the focal point deeper into the sample (red line, n1 < n2). 
Therefore, we can define two triangles (green and purple) where d’/d is the ratio of the actual focal 
point (d’) to the apparent focal point (d) of the imaging system. The lengths of d and d’ are defined by 
the following equations: 

(1) d =  
ℓ

tan𝛼𝛼
 

(2) d′ =  
ℓ

tan𝛼𝛼′
 

Using the numerical aperture of the objective we can define α: 

(3) 𝛼𝛼 = sin−1
𝑁𝑁𝑁𝑁
𝑛𝑛1

  

α’ can be defined using Snell’s law: 

n1sinα = n2sinα’ 



𝛼𝛼′ =  sin−1(
𝑛𝑛1sinα
𝑛𝑛2

) 

(4) 𝛼𝛼′ =  sin−1(𝑁𝑁𝑁𝑁
𝑛𝑛2

) 

The ratio of d’/d can now be calculated by substituting equations 3 and 4 into 1 and 2, respectively: 

(5) 
𝑑𝑑′
𝑑𝑑

=  
ℓ

tan(sin−1 𝑁𝑁𝑁𝑁𝑛𝑛2
)

 ÷  
ℓ

tan(sin−1 𝑁𝑁𝑁𝑁𝑛𝑛1
)
 

And simplified to: 

(6) 
𝑑𝑑′
𝑑𝑑

 =  
tan(sin−1 𝑁𝑁𝑁𝑁𝑛𝑛1

)

tan(sin−1 𝑁𝑁𝑁𝑁𝑛𝑛2
)
 

Calculating the mean axial shift of all rays 

Equation 6 establishes the focal shift ratio for the outermost ray of an objective at a given NA. Ray optics 
dictate that these peripheral rays will experience the largest focal shift while those closer to the optical 
axis will experience less. Therefore, an estimate of the focal shift can be determined by a mean average 
of the position where a collection of rays exiting the objective across its radius intersect with the optical 
axis. After testing increasing numbers of rays spaced equally along the radius of the objective, we found 
100 rays to be sufficient (see below) to estimate the correction factor for a variety of NAs and RI 
mismatches. The axial distortion correction factor can therefore be calculated using Equation 7 
(Equation 2 in main text): 

(7)  
𝑑𝑑′
𝑑𝑑

 =  
1

100
 ∙ �

tan(sin−1 𝑘𝑘𝑁𝑁𝑁𝑁
100𝑛𝑛1

)

tan(sin−1 𝑘𝑘𝑁𝑁𝑁𝑁
100𝑛𝑛2

)

100

𝑘𝑘=1

 

Justification for using 100 rays 

Equation 7 was tested with up to 10,000 rays for a wide variety of NAs and RIs. However, we found 100 
rays to be sufficient to estimate correction factors across all NAs and RIs tested. Beyond 100 rays, little 
improvement is seen in the accuracy of the calculation (see graph below modelling NA = 1.3, n1 = 1.518, 
n2 = 1.333) as a limit is quickly approached.  



 

Here, the relationship between number of rays and correction factor was fit with a power series with 
the following equation: 

𝑦𝑦 = (−0.4424)𝑥𝑥(−1.156) + (0.8011) 

95% confidence intervals of coefficients: (-0.4426, -0.4421); (-1.156, -1.155); (0.8011, 0.8011) 

While increasing the number of rays brings the correction factor closer to the limit of this function, this 
change is exceptionally modest beyond 100 rays.  

Calculating the median axial shift of all rays 

Additionally, the intersection of the median ray (the ray exiting the objective at half its radius) can be 
used to estimate a correction factor for the focal shift as follows (Equation 8 here, Equation 3 in the 
main text): 

(8) 
𝑑𝑑′
𝑑𝑑

 =  
tan(sin−1 0.5 ∙ 𝑁𝑁𝑁𝑁

𝑛𝑛1
)

tan(sin−1 0.5 ∙ 𝑁𝑁𝑁𝑁
𝑛𝑛2

)
 

  



Comparison of mean versus median calculations 

The histograms below depict the calculated correction factors for 100 rays spaced equally along the 
radius of an objective for the indicated conditions. The red line represents the mid-point of the spread, 
the yellow line represents the mean average, the blue line represents the median and the magenta line 
represents the correction factor calculated by wave optics2. 

 

 

 

 

The correction factors are spread across a wide range. The midpoint of this range is indicated by the 
vertical red line. At least 30% of all rays fall within the first bin. Therefore, the mean average intersection 
point (orange line) is “weighted” toward the low NA, paraxial rays that produce correction factors closer 
to 1.0 relative to the mid-point of the overall distribution (red line). The median of this distribution (light 
blue line) is slightly less than the mean in high (>~0.5) NA and/or large (>~0.15) RI mismatched 
situations. When comparing the mean and median to the wave optics estimation of Hell et al. (magenta 
line), we see that both provide good estimates. However, calculating the correction factor using the 

NA = 1.3, n1 = 1.52, n2 = 1.33 

Uncorrected Z-step = 0.25 µm  

Corrected Z-step (mean) = 0.31 µm 

Corrected Z-step (median) = 0.30 µm 

Difference = 10 nm 

Mean overestimates, median 
underestimates relative to wave 
optics2. 

NA = 0.8, n1 = 1.00, n2 = 1.52 

Uncorrected Z-step = 0.47 µm  

Corrected Z-step (mean) = 0.28 µm 

Corrected Z-step (median) = 0.29 µm 

Difference = 10 nm 



mean overestimates the correction factor, while using the median underestimates it. Therefore, 
weighting the correction factor towards the low NA, paraxial rays (as is done with both the mean and 
median) is essential for obtaining an accurate estimate. Although differences can be seen, it should be 
noted that even at high NA and large RI mismatches, the predicted focal shift only differs by tens of 
nanometers, far below the resolution limit of the light microscope. 

For a further discussion, see “Mean vs. median correction factor” in the main text. 
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Supplementary Note 2| Axial resolution of a confocal microscope.  

The equation below is used to determine the axial resolution of a confocal microscope. 

𝑎𝑎𝑥𝑥𝑎𝑎𝑎𝑎𝑎𝑎 𝑃𝑃𝑃𝑃𝑃𝑃 =
0.88 ∗  𝜆𝜆 illumination
(𝑛𝑛 − (�𝑛𝑛2 −  NA2))

 

Where λ illumination is the wavelength of the illumination light in nm, n is the refractive index of the 
immersion media of the objective and NA is the numerical aperture of the imaging objective.  

The macro presented here determines the optimal axial Z-step for 3D imaging by solving the equation 
above, dividing by 2.3 (to ensure Nyquist sampling) and further dividing by the focal shift correction 
factor calculated using Equation 2 or 3 from the main text. 

To ensure maximal Z-resolution is always achieved, the macro compares the correction factors 
calculated from Equations 2 and 3 and uses the largest one. This results in the smallest recommended Z-
step. Therefore, Equation 3 (median) is used when imaging from a high RI immersion medium into a low 
RI sample; whereas Equation 2 (mean) is used when imaging from a low to high RI.   
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