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SUPPLEMENTARY NOTES 
 

1. Detailed Optical Path 

The detailed optical layout of the AO-LLSM is shown in fig. S1.  

a. Laser Combiner 

The combiner housed six lasers: 405 nm (250mW, RPMC, Oxxius LBX-405-300-CIR-PP), 
445 nm (100mW, RPMC, Oxxius LBX-445-100-CIR-PP), 488 nm (300 mW, MPB 
Communications, 2RU-VFL-P-300-488-B1R), 560 nm (500 mW, MPB Communications, 2RU-
VFL-P-500-560-B1R), 589 nm (500 mW, MPB Communications, 2RU-VFL-P-500-589-B1R) 
and 642 nm (500 mW, MPB Communications, 2RU-VFL-P-500-642-B1R). As described 
previously (6), each beam was independently expanded to a 1/e2 diameter of 2.5mm and aligned 
such that they were translated vertically with respect to each other. The beams were then focused 
onto an acousto-optic tunable filter (AA Quanta Tech, Optoelectronic AOTF AOTFnC-400.650-
TN) and expanded using 150 mm and 200 mm FL lenses (25mm dia, Edmunds 49-362, 49-364), 
respectively.  

b. Lattice Light Sheet Path 

The light sheet excitation path was designed as described previously (6). Up to three different 
laser wavelengths could be used for a given experiment.  Following the AOTF, the beams were 
passed through a half wave plate (HWP1, Thorlabs, AHWP10M-600) and a pair of cylindrical 
lenses (CL1, 25 mm FL/12.5 mm dia, Edmund NT68-160, and CL2, 200 mm FL/25.4 mm dia, 
Thorlabs, ACY254-200-A) to expand them along the x axis. Each elliptically expanded beam 
illuminated a thin horizontal stripe on a greyscale spatial light modulator (VIS-SLM, Holoeye, 
PLUTO-Vis-014), with the stripes vertically separated by 1.5 mm from one another. The light 
diffracted by the SLM was then focused by a 400 mm FL lens (L20, 40mm dia, Edmunds 49-386) 
onto an annular mask (MSK, Photo Sciences Inc) to physically block the zeroth order and any 
other unwanted diffraction orders. The desired diffracted light was then demagnified by 0.75x 
(using achromatic lens pair L19, 300 mm FL/40 mm dia, Edmunds 49-385 and L18, 225mm 
FL/25mm dia, Edmunds 49-365), and reflected from a pair of galvanometer mirrors (G3 & G4, 3 
mm mirror, Cambridge Tech Inc, 8315H), conjugated to one another with two more achromatic 
lenses (L16 & L17, 100 mm FL/25 mm dia, Edmunds 49-360), that scan the light sheet along the 
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x and z axes. Following the galvos, the light passed through a transform lens (L15, 50 mm FL/25 
mm dia, Edmunds 49-356) and reflected from a sample-conjugate resonant galvanometer (Electro-
Optical Products Corp. 7 x 8 mm, SC-30) used to wobble the light sheet in the xy plane before 
passing through a relay lens (L14, 50 mm FL/25 mm dia, Edmunds 49-356) and a 3.2x beam 
expander (L13, 125 mm FL/25 mm dia, Edmund 49-361, and L12, 400 mm FL/25 mm dia, 
Edmund 47-650) to conjugate the annular mask and the scanning galvos to the back focal plane of 
a custom manufactured excitation objective (EO, Special Optics, 0.65 NA, 3.74 mm WD). The 
resulting light sheet within the specimen then generated fluorescence that was collected by the 
detection objective (DO, Nikon, CFI Apo LWD 25XW, 1.1 NA, 2 mm WD), projected onto the 
deformable mirror (DM, ALPAO 97-15) using an achromatic lens pair (L1, 400 mm FL/40 mm 
dia, Edmunds 49-386 and L2, 300mm FL/40mm dia, Edmunds 49-385), and demagnified with 
another lens pair (L3, 400 mm FL/40 mm dia, Edmunds 49-386, and L4, 85 mm FL/25 mm dia, 
Edmunds 49-359), and focused onto an sCMOS camera (CAM1, Hamamatsu Orca Flash 4.0 v2) 
with a final lens (L5, 85 mm FL/25 mm dia, Edmunds 49-359) at an overall magnification of 66.7x. 
As noted earlier, two inspection cameras (ACE2 & ACE1, Basler acA1600-60gm and acA2040-
25gm GigE, respectively) conjugate to either the sample plane or the back focal plane of EO were 
installed to help verify the alignment.  An epifluorescence objective (EPO, Olympus 
LUMPLFLN40XW, 0.8 NA, 3.3 mm WD) with a large field of view was also included to image 
the specimen from below the sample chamber in order to locate the region of interest. 

c. Detection Correction Path 

In order to correct sample-induced aberrations in the detection path, infra-red light (red) from 
a Ti:Sapphire ultrafast pulsed laser (Coherent, Chameleon Ultra II) was first passed through a 
Pockel cell (Conoptics 350-80, controller 302 RM) to control the intensity of TPE at the focus of 
the detection objective (DO). It was then ported to the detection arm of the LLSM by a switching 
galvanometer (3 mm mirror, Cambridge Technology, 8315H) and expanded to a 1/e2 diameter of 
3 mm by a relay lens pair (L11, 30 mm FL/25 mm dia, Thorlabs AC254-30 and L10, FL/25 mm 
dia, Thorlabs AC254-075). The expanded beam was then reflected from a pair of scanning 
galvanometer mirrors (G1 & G2, 3 mm mirror, Cambridge Technology, 6215H) conjugated to one 
another by a pair of matched focal length achromatic relay lenses (L5 & L6, 100mm FL/25 mm 
dia, Edmunds 49-360), reflected from a switching galvo (G6, 10 mm mirror, Cambridge 
Technology, 6230HM50) that directs emission light to either the imaging camera or the detection 
wavefront sensor, and sent to the deformable mirror by another conjugate lens pair (L3, 400 mm 
FL/40 mm dia, Edmunds 49-386, and L4, 85 mm FL/25 mm dia, Edmunds 49-359).  From there, 
a pair of conjugation lenses (L1, 400 mm FL/40 mm dia, Edmunds 49-386 and L2, 300mm 
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FL/40mm dia, Edmunds 49-385) was used to send the TPE beam into the rear pupil of DO, where 
it created a scanning fluorescent guide star within the specimen. 

On return, the TPE-induced fluorescence was collected by DO, reflected off the deformable 
mirror, and directed by switching galvo G6 to galvos G1 & G2, where it was descanned.  It was 
then reflected by a dichroic mirror (Semrock, 801 nm edge BrightLine® single-edge dichroic 
beamsplitter FF801-Di02-25x36, 25.2 mm x 35.6 mm x 1.1 mm), and magnified 2.25x by a lens 
pair (L7, 100 mm FL/25 mm dia, Edmunds 49-360, and L8, 225mm FL/25mm dia, Edmunds 49-
365 achromatic relay lenses) before being directed onto a Shack-Hartmann wavefront sensor 
consisting of a microlens array (LA1, Edmunds 64-483, 10 x 10mm, 500µm Pitch, 0.25° 
Divergence, Plano-Convex 46.7 mm EFL), an emission filter (Semrock 680 nm blocking edge 
BrightLine® multiphoton short-pass emission filter FF01-680/SP-25, 25 mm x 3.5 mm) and an 
EMCCD camera (CAM2, Andor iXon 3, model DU8201 BV).  

d. Excitation Correction Path 

In order to correct sample-induced aberrations in the excitation path, the aforementioned 
switching galvo G7 was used to direct the Ti:Sapphire laser beam to the excitation arm, where it 
was expanded to a 1/e2 diameter of 4 mm through relay lenses (L25, 30 mm FL/25 mm dia, 
Edmund 49-352-INK, and L24, 100 mm FL/25 mm dia, Edmund 49-360), and inserted into the 
excitation path by reflecting off a dichroic mirror (DC2, Semrock, FF670-SDi01-25x36 670 nm 
edge BrightLine® multiphoton short-pass dichroic beamsplitter 25.2 mm x 35.6 mm x 1.1 mm). 
Thereafter it was reflected by the same pair of galvos G3 & G4 used for scanning the light sheet, 
and sent to the excitation objective EO. The TPE guide star fluorescence thereby generated within 
the sample was then collected by EO, reflected back off galvos G3 & G4 to descan the guide star, 
reflected from a dichroic filter (DC3, 405/488/561 nm or 442/488/561 nm, Yokogawa dichroic 
beamsplitter, Di01-T405/488/561 or Di01-T442/488/561-13x15x0.5 13 mm x 15 mm x 0.5 mm), 
and magnified 1.8x (by achromatic lenses L21, 125 mm FL/25 mm dia, Edmunds 49-361 and L22, 
225mm FL/25mm dia, Edmunds 49-365) to match the input pupil of a Shack-Hartmann wavefront 
sensor consisting of a microlens array (LA2, Edmunds 64-479, 10 x 10mm, 500µm Pitch, 1.2° 
Divergence, Plano-Convex 13.8 mm EFL) focused onto an EMCCD camera (CAM2, Andor iXon 
EM+, model DU-897E-CSO-BV).  
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2. Correction of aberrations in the detection light path  

a. Calibration of deformable mirror 

Using a homebuilt Michaelson interferometer, we directly measure the phase ( ', ')DMoff x yF  
introduced by the deformable mirror (DM, ALPAO DM97) in its initial state when zero voltage 
applied.  We then measure the change from this phase across the entire mirror when we apply 
voltage to each of its 97 actuators, one by one.  This yields a set of 97I =  linearly independent 
impulse functions ( ', ')i x yF  which serves as a basis set for decomposition of any arbitrary pupil 
phase function.  In particular, the pupil phase can be described by a sum over orthogonal Zernike 
polynomials ( ', ')m

nZ x y , , 2 2,m n n n n= - - + -!  and each Zernike polynomial can be 
approximated by a linear combination of the measured impulse functions: 

97

1
( ', ') ( ', ')m

n imn i
i

Z x y a x y
=

= Få                                                    (1) 

Empirically, we have found here and elsewhere (11) that the Zernike polynomials up through 
9n =  (a total of 55 polynomials) are sufficient to describe the aberrations we have seen in the 

systems we have studied.  The coefficients imna  tell us individual actuators voltages needed to 
generate any desired Zernike mode of any desired amplitude from the DM. 

b. Determination and correction of system aberrations 

With the DM installed in the complete microscope, we record seven different 2D images of a 
100 nm diameter fluorescent bead on a cover slip at the detection path camera CAM1 (Hamamatsu, 
Orca Flash 4.0 v2 sCMOS, fig. S1) as we apply seven different Zernike modes (flat phase, +/- 
defocus, +/- x astigmatism, and +/- y astigmatism) of 2l amplitude, one after the other, to the DM.  
Phase retrieval (44) based on the Gerchberg-Saxton algorithm (45) then yields the aberration 

( ', ')sys x yF  introduced by the microscope itself.  The inverse of this aberration is then decomposed 
into Zernike modes: 

9

0

( ', ') ( ', ')
n m n

n m
sys mn nx y b Z x y

= =-

-F = å å                                                    (2) 

From Eqs. (1) and (2), the actuator voltages needed to cancel system aberrations are given by: 

9

0n m n

nsyscorr
i imn mnV a b

= =-

= å å                                                              (3) 
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These voltages are then applied to DM to bring the detection path to diffraction-limited 
performance, so that all comparisons of performance before and after AO that follow thereafter 
refer to only sample-induced aberrations. 

c.  Calibration of Shack-Hartmann wavefront sensor 

Pulsed light from an ultrafast Ti:sapphire laser (Coherent Cameleon Ultra) is reflected from 
galvanometers G1 and G2 (Cambridge Technology, 6215H, fig. S1) as well as DM and focused 
through the detection objective (DO, Nikon CFI Apo LWD 25XW, 1.1 NA, 2 mm WD) to excite 
fluorescent dye solution in the imaging chamber, thereby creating a scanning guide star (GS).  
Light from GS collected with DO is then descanned by back reflection off galvos G1 and G2 and 
sent to the input pupil of the Shack-Hartmann wavefront sensor DSH, which is conjugate to DM 
and the rear focal plane of DO.  DSH consists of a 10 mm x 10 mm lenslet array of 0.5 mm pitch 
and 46.7 mm focal length (LA1, Edmunds 64-483) focused on camera CAM2 (Andor iXon 3).  
With DM set for detection path system correction, the light from GS creates an array of J = 12 x 
12 focal spots on CAM2 of DSH whose locations serve as the reference positions for wavefront 
measurement.  Thereafter, displacement ( ' , ' )j jx y  of each spot from its reference position is 
proportional to the local slope of the wavefront, mapped back to the pupils of DO and DM, due to 
sample-induced aberrations and/or corrective patterns applied to DM.   

To complete the calibration of DSH, it is also necessary to measure, within the assembled 
microscope, the spot displacements produced by an orthogonal basis set of corrective patterns at 
DM.  This permits us to take into account small misalignments between DM and DSH and the 
optics in between.  To do so, a scanning GS is generated as above and the spot positions 
( ' , ' )jmn jmnx y  are recorded as each of the Zernike modes from Eq (1) through 9n = are applied in 
turn to DM.  In principle, it would be possible to calibrate in terms of the spot displacements of 
the impulse functions ( ', ')i x yF  rather than Zernike modes.  However, we choose to work through 
the intermediary of a Zernike expansion because: a) these modes have well defined physical 
meanings in terms of the aberrations to which they correspond (e.g., defocus, spherical aberration, 
astigmatism, etc.); and b) their measurement is influenced by spot displacements across the entire 
pupil, so they are less sensitive to a single bad displacement measurement than are the impulse 
functions, each of which is dominantly affected by at most a few such measurements. 

d.  Correction of sample induced aberrations 

For post-calibration aberration correction, GS is first scanned over a series (usually five) of xy 
planes (in the coordinate system of DO) equally spaced axially within a presumed isoplanatic 
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volume inside the specimen, while the resulting fluorescence signal is integrated at DSH.  The 
displacements ( ' , ' )err j err jx y  of the resulting spots on DSH represent the remaining wavefront 
error ( ', ')err x yF , averaged over the isoplanatic volume, which must be corrected to achieve 
diffraction-limited performance within the specimen.  However, since ( ', ')err x yF  can be 
expressed in terms of a Zernike expansion, 

9

0

( ', ') ( ', ')
n m n

n m
err mn nx y c Z x y

= =-

F = å å                                                     (4) 

its displacements ( ' , ' )err j err jx y  can expressed in terms of an expansion of the measured 
displacements ( ' , ' )jmn jmnx y  of Zernike modes having the same coefficients: 

9

0

( ' , ' ) ( ' , ' )
n m n

n

err j err j mn jmn jmnx y c x y
= =-

= å å                                                (5) 

The coefficients mnc  are determined by a weighted 2D least squares fit, with the weighting 
proportional to the intensity of each spot.  Spots falling below a minimum intensity threshold are 
assigned a weighting of zero.  Weighting ensures that displacements for which we have the highest 
confidence have the most influence in determining the modal structure of ( ', ')err x yF , and that 
weak spots (such as those associated with marginal rays at the edge of the pupil that are more 
susceptible to scattering) or missing spots (such as those associated with rays that intersect 
absorptive bodies) do not introduce excessive error.   

Finally, given mnc , the voltages at DM required to achieve diffraction-limited performance 
within the isoplanatic volume are determined by combining Eqs (1) and (4): 

9

0n m n

nAOcorr
i imn mnV a c

= =-

= å å                                                               (6) 

A key advantage of this approach is that it is photon efficient.  In a typical round of aberration 
measurement, ~200 photons/lenslet from ~100 lenslets is sufficient to achieve an accurate 
correction.  These photons are emitted from five planes across the isoplanatic volume, each 
typically ~400 x 700 pixels in xy extent (c.f., table S1), for an average contribution to the 
measurement of only ~0.014 photons/pixel.  Even if only 1% of these pixels contain fluorescent 
material, the photon load required from these only rises to 1.4 photons/pixel, or a minute fraction 
of the total photons emitted per pixel when imaging over the course of a typical time series. 
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3. Correction of aberrations in the excitation light path 

a. Calibration of spatial light modulator 

Using a homebuilt Michaelson interferometer, we directly measure the phase (0, , )SLM x yF  
introduced by an 8-bit, phase only spatial light modulator (SLM, Holoeye PLUTO-VIS-014, 1920 
x 1080 pixels) when the grey level of all pixels is set to zero.  We then measure, at each excitation 
wavelength l that will be used for imaging, the change from this phase across SLM as several 
different grey levels from 0 to 255 are applied, and then interpolate to find a relationship between 
any grey level GL  and phase change ( , , , )SLM GL x ylF  it yields across SLM.  In general, this 
relationship is constant across SLM: 

( , , , ) ( , )SLM SLMGL x y GLl lF »F                                                  (7) 

and can be inverted to tell the grey level ( , )GL lF  at any pixel for any desired phase change F  
at that pixel. 

b. Determination and correction of systems aberrations 

Because SLM is conjugate to the sample plane and not the rear pupil of the excitation objective 
(EO, Special Optics custom water immersion 0.7 NA lens), pupil-based phase retrieval as 
described above cannot be used to measure the aberration across the entire excitation path.  
Fortunately, at the lower NA of EO, the dominant source of aberration in this path is the phase 

(0, , )err
SLM x yF introduced by the deviation from flatness of SLM itself.  Thus, if SLM is installed 

in the microscope in the same mount used during the measurement of (0, , )err
SLM x yF  above, so that 

its shape does not change, then system correction is achieved by applying: 

( , , ) ( (0, , ), ( ))err
syscorr SLMGL x y GL x y yl l= -F                                    (8) 

across SLM.  The wavelength l is a function of the row position y on SLM because the lattice light 
sheet pattern for every wavelength is written on the SLM at all times, with each pattern vertically 
offset from the next. 

c. Calibration of Shack-Hartmann wavefront sensor 

Calibration of the Shack-Hartmann excitation wavefront sensor (ESH) proceeds similarly to 
DSH.  Light from the Ti:sapphire laser is ported to the excitation optical path by galvanometer G7 
(3 mm mirror, Cambridge Technology, 6215H, fig. S1), reflected from galvanometers G3 and G4 
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(Cambridge Technology, 6215H) and focused through EO to excite fluorescent dye solution in the 
imaging chamber, thereby creating a scanning guide star (GS).  Light from GS collected with EO 
is then descanned by back reflection off galvos G3 and G4 and ported by dichroic mirror DC3 to 
the input pupil of the Shack-Hartmann wavefront sensor ESH, which is conjugate to the rear focal 
plane of EO.  ESH consists of a 10 mm x 10 mm lenslet array of 0.5 mm pitch and 13.8 mm focal 
length (LA2, Edmunds 64-479) focused on camera CAM3 (Andor iXon EM+).  The light from GS 
creates an array of J = 12 x 12 focal spots on CAM3 of ESH whose locations serve as the reference 
positions for wavefront measurement.  Thereafter, displacement ( ' , ' )j jx y  of each spot from its 
reference position is proportional to the local slope of the wavefront, mapped back to the pupils of 
EO, due to sample-induced aberrations.   

d. Correction of sample induced aberrations 

For post-calibration aberration correction, GS is first scanned over an xy plane (in the 
coordinate system of EO) axially centered within a presumed isoplanatic volume inside the 
specimen, and the displacements ( ' , ' )err j err jx y  of the resulting spots on ESH are measured.  These 
displacements represent the sample induced wavefront error ( ', ')sample x yF  which must be 
corrected to achieve diffraction-limited performance within the specimen.   

There are two important differences between AO excitation and AO detection correction.  First, 
because SLM is used for lattice generation as well as wavefront correction, the annular mask (MSK 
Photosciences Inc) must be in the beam path between SLM and EO in order to filter out unwanted 
diffraction orders.  However, MSK cannot be in the beam path between ESH and EO, or else all 
but a narrow annular ring of the wavefront from GS would be blocked from reaching ESH.  Thus, 
AO excitation correction occurs in open loop mode, where the spot displacements at ESH are 
independent of the wavefront applied at SLM.  In contrast, AO detection correction occurs in 
closed loop mode, where DM is in the beam path between DSH and DO, and where the 
displacements at DSH represent a combination of the sample induced wavefront error and the 
current wavefront correction applied at DM.   

The second difference is that, whereas DM is conjugate to the rear pupil of DO, SLM is 
conjugate to the sample plane, because we can generate a more precise lattice light sheet with 
greater efficiency there.  However, if we additionally wish to use SLM for AO correction in order 
to save cost and reduce complexity, the corrective algorithm at the sample plane is more complex 
than simply applying the inverse of the measured wavefront error, as we do in the detection path.  
Instead, we start by considering the initial phase pattern at SLM required for system correction 
and lattice generation in the absence of sample-induced aberrations:  
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( , , ) ( , , ) (0, , )syscorr ideal err
lattice lattice SLMx y x y x yl lF =F -F                                        (9) 

If each lattice pattern is illuminated uniformly with its appropriate wavelength, this pattern 
produces an electric field at SLM of: 

( , , ) ( )exp ( , , )syscorr syscorr
lattice o latticeE x y e i x yl l lé ù= Fë û                                        (10) 

Since SLM is conjugate to the sample plane of EO, and the annular mask MSK is conjugate to the 
rear focal plane of EO, in the Fraunhofer approximation ( , , )syscorr

latticeE x y l  produces a corresponding 
electric field at MSK given by its 2D Fourier transform: 

( ', ', ) ( , , )syscorr syscorr
mask latticeE x y E x yl lé ù= ë ûF                                           (11) 

where F  is the Fourier transform operator, ,x y  refer to coordinates in planes conjugate to the 
sample plane, and ', 'x y  refer to coordinates in planes conjugate to the rear pupil of EO.  After 
spatial filtering by the annular mask, this produces an electric field at the rear pupil plane of EO 
of: 

_ ( ', ', ) ( ) ( ) ( , , )syscorr syscorr
rear pupil max min latticeE x y H H E x yl r r r r lé ù= - - ë ûF                       (12) 

where ( )H x  is the Heaviside step function ( ( ) 0H x =  for 0x < , ( ) 1H x =  for 0x > ), and maxr  
and minr  are the maximum and minimum radii of the annulus, respectively. 

Given this electric field in the rear pupil necessary to create the system corrected lattice pattern, 
and given that the sample induced aberration ( ', ')sample x yF  was measured by ESH at a plane also 
conjugate to the rear pupil, the total electric field at the pupil required to create an aberration 
corrected lattice within the specimen is given by subtracting ( ', ')sample x yF from the phase of 

_ ( ', ', )syscorr
rear pupilE x y l : 

_
_ ( ', ', ) ( ) ( ) ( , , ) exp ( ', ')total corr syscorr

rear pupil max min lattice sampleE x y H H E x y i x yl r r r r lé ù é ù= - - - Fë ûë ûF     (13) 

This can then be projected back to find the field at SLM required for complete correction by 
applying an inverse Fourier transform 1-F  : 

_ 1 _
_( , , ) ( ', ', )total corr total corr

SLM rear pupilE x y E x yl l- é ù= ë ûF                                      (14) 

However, since SLM manipulates only phase and not amplitude, the pattern we apply to SLM to 
create an AO corrected lattice within the specimen is given by the phase of _ ( , , )total corr

SLME x y l : 

_ _( , , ) Arg ( , , )total corr total corr
SLM SLMx y E x yl lé ùF = ë û                                          (15) 
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which, by the inversion of Eq (7), can be used to determine the grey level  _ ( , , )total corr
SLMGL x y l  

required to generate the AO corrected lattice. 

 
 

4. Estimation of curvature-induced tip/tilt/displacement of a lattice light sheet 
 

In addition to the classical optical aberrations defined by the Zernike modes, the penetration 
of a light sheet into a curved specimen of refractive index 2n  different from the index 1n  of the 
surrounding media for which EO is designed can result in yaw and pitch of the light sheet within 
the specimen (fig. S3).  Yaw in the plane lateral to the axis of DO poses little problem as long as 
the camera field of view is adjusted to follow suit, but pitch at an angle b  relative to the original 
light sheet direction, which is coincident with the focal plane of DO, raises the risk that the light 
sheet will no longer be in focus over the desired field of view FOVy , either because the center of 
the light sheet is then axially displaced a distance:  

_ _ tan( )focus offset penetration distancez y b=                                               (16) 

from its original position at the focal plane of DO (fig. S3) after it has penetrated a distance 

_penetration distancey  within the specimen or, if an autofocus mechanism is used to bring _focus offsetz  
to zero, because the light sheet is then axially displaced at the edges of the FOV with respect to 
the center position by: 

tan( ) / 2focus FOVz y bD = ±                                                        (17) 

 We need to estimate these quantities to evaluate the risk of each. 

To begin, by Snell’s law, the angle 2q  the pitch-deflected light sheet within the specimen 
makes with the vector (yellow line, fig. S3) normal to the surface of the specimen at the point of 
penetration is related to the angle 1q  the incident light sheet makes with this same vector by:  

[ ]1
2 1 1 2sin sin( ) /n nq q-=                                                       (18) 

From simple geometry (fig. S3) we then deduce the pitch angle: 

[ ]1
1 2 1 1 1 2sin sin( ) /n nb q q q q-= - = -                                             (19) 

from which focuszD  and _focus offsetz  can be determined using Eqs (16) and (17). 
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Now we can make numerical estimates.  We first consider the case where an autofocus 
mechanism has been used if necessary to return the center of the light sheet to the focal plane of 
DO, i.e., _focus offsetz  = 0.  In that case, we estimate that a tilted light sheet will remain in focus at 
the edges of the field of view if: 

HWHM
focus PSFz zD £                                                              (20) 

where HWHM
PSFz  is the half width at half maximum of the axial profile of the PSF of DO.  Assuming 

520l =  nm and an imaging buffer of 1 1.34n = , 460HWHM
PSFz » nm at the 1.1 NA of DO.   

In AO-LLSM, we mount cylindrical embryos such as zebrafish and C. elegans such that their 
long axes are aligned perpendicular to the plane of EO and DO, and generally try to limit our 
imaging to the upper half of the cylinder (e.g., Fig. 4).  Given that the light sheet is at an angle of 
32° relative to the plane of the cover slip, the incident angle relative to the specimen surface then 
covers the range 132 58q- ° £ £ °, where the upper limit occurs at the top of the embryo, and the 
bottom limit occurs at the midline.  Thus, the worst case with the largest tilt angle b  occurs at the 
top of the embryo, where we find that light sheets of FOVy =  15, 25, or 50 µm will remain in focus 
for specimen refractive indexes of 2 1.389n £ , 1.365, and 1.349, respectively.  However, for many 
applications it is not necessary to image at the top of the embryo, and we can restrict the incident 
angle to the range 1 32q £ °  or less.  In this case, light sheets of FOVy =  15, 25, or 50 µm will 
remain in focus for specimen refractive indexes of 2 1.480n £ , 1.418, and 1.374, respectively. 

Accurate measurements of the mean refractive index of different biological specimens is hard 
to come by, but one such measurement yielded 2 1.382 0.004n = ±  for bovine muscle tissue (46).  
Using this as a likely upper bound for 2n  in zebrafish, the above estimates suggest that a lattice 
light sheet will remain in focus over a field of view of at least 50 µm if it intersects the fish 
anywhere from the midline up to 64° from the midline.  Since this is comparable to the maximum 
isoplanatic patch size we see in zebrafish, beyond which we need to tile anyway to cover larger 
fields of view, it suggests that active correction of the light sheet tilt angle is not necessary.  
Furthermore, even at the top of the embryo, where the tilt angle is the largest, we estimate that a 
25 µm field of view should still remain in focus.   

These estimates are consistent with or even conservative compared to our experimental 
observations in zebrafish, suggesting a refractive index of somewhat less than 1.38 in the fish.  
Thus, although we included sample-conjugate galvanometer G5 in our microscope design (fig. S1) 
in order to actively correct the sample-induced pitch of the light sheet, in practice we did not find 
its use necessary.   
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Of course, these results assume that the center of the field of view has been corrected to place 
it coincident with the focal plane of DO, and hence we also need to find the extent to which such 
correction is necessary.  Assuming 1 1.34n =  and 2 1.375n = , Eq (16) predicts that the light sheet 
will be axially displaced by 0.45,zD =  0.93, 1.46, 2.12, 2.98, 3.95, and 23.0 µm for incident angles 
of 1 10q = , 20, 30, 40, 50, 58, and 90°, respectively, for every 100 µm of penetration within the 
specimen.  Given that we routinely image at depths of 100-200 µm, autofocus is therefore essential.  
Furthermore, given that the incident angle can change significantly with axial position of the 
incident light sheet near the top of a cylindrical embryo, the amount of focal displacement of the 
light sheet within the specimen can change significantly even over a single tiled region, requiring 
multiple rounds of autofocus correction to maintain alignment with the detection focal plane. 

It is also worth noting from the above estimates that, when using conventional Gaussian light 
sheets to cover fields of view of hundreds of microns or more, both autofocus and adaptive 
correction of the pitch angle b  is essential.  This is particularly true in the case of in toto imaging 
where, in the absence of sample rotation, the light sheet is tangent ( 1 90q = °) to the specimen 
surface at some point, and b  is its largest there.  A light sheet microscope that adaptively corrects 
for both light sheet tilt and axial displacement errors has been introduced (12), although it does not 
include adaptive optics to correct for other sample-induced aberrations. 

Another recent innovation of note is the addition of non-toxic Iodixanol to tune the refractive 
index 1n  to match the mean index 2n  of the specimen (47).  This should greatly reduce the 
deflection of the light sheet at the media-specimen interface, possibly eliminating the need for tilt 
correction even over large fields of view.  However, adaptive optics and autofocus correction are 
likely still required to compensate for defocus and higher order aberrations due to the refractive 
index inhomogeneity of the specimen itself. 

5. AO correction and autofocus sequence 
 

Excitation correction, detection correction, and autofocus occur on a tile-by tile basis.  The 
first tile at the first time point is AO corrected starting from system corrected patterns on SLM and 
DM.  However, subsequent tiles are visited in a serpentine pattern. Therefore, for the first time 
point, we start with the corrective patterns from the previous adjacent tile when measuring the 
corrections needed for the next tile.  For all later time points, for any tile we start with the corrective 
patterns we determined at the last time point for that tile and then measure the changes to these 
patterns needed for the current time point.  Since AO correction of excitation or detection 
aberrations can shift the position of the light sheet or detection focal plane, these corrections are 
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performed first at each tile, as described in supplementary notes 3 and 2 above, before executing 
the autofocus sequence.   

For the autofocus sequence itself, we need to perform an initial calibration for axial chromatic 
aberration in the detection path, once the microscope is assembled and system aberration 
corrections are applied to SLM and DM.  Since DO is color corrected across the visible spectrum, 
the focal offset between different fluorescence emission wavelengths is negligible, but the offset 
between these wavelengths and the infrared two-photon excitation (TPE) wavelengths can be 
substantial.  Thus, for each TPE wavelength TPEl  we might use, we image a 100 nm fluorescent 
bead which can be excited at that wavelength, and use it to record a 3D PSF by scanning the TPE 
spot laterally with galvos G1 and G6, and axially by translating DO with a piezo (Physik 
Instrumente, P-726.1CD).  We then calculate the axial centroid of the PSF, and note the piezo 
voltage ( )TPE TPEVz l  to which it corresponds.  Next, we illuminate the same bead with visible 
excitation through EO, and record a 3D widefield PSF by axially scanning the DO piezo and 
imaging each plane at CAM1.  We then the calculate the axial centroid of this PSF, and note its 
corresponding piezo voltage VISVz .  The difference: 

 ( ) ( )VIS
TPE TPE VIS TPE TPEVz Vz Vzl lD = -                                                (21)  

gives the offset voltage needed to move from the plane of the scanning TPE guide star to the focal 
plane of DO at visible wavelengths. 

After this initial calibration, we choose one of two different paths to autofocus correction 
depending on whether the distribution of fluorescence within the current tile is sparse or dense.  If 
it is sparse, so that it is likely that there is only a single bright feature within the current tile, we 
first use the DO piezo to position the visible light focal plane of DO at the axial center of the tile 
and then sweep z galvo G4 (fig. S1) to axially scan the light sheet through the tile while recording 
the fluorescence signal on CAM1 at every plane.  After identifying the brightest plane, we park 
G4 to position the light sheet at this plane, and park DO such that its visible focal plane would be 
coincident with the light sheet plane if the sample were not present.  Of course, with the sample 
present, the light sheet might be axially displaced as described in supplementary note 4, or the 
detection focal plane might be displaced by sample-induced defocus aberration.  Therefore, to 
restore the coincidence of these planes, we first collect the fluorescence generated by the lattice 
light sheet back through EO, and record a side-on image of the light sheet at CAM4.   We then 
turn off the light sheet excitation, turn on the TPE excitation, scan across the TPE focal plane of 
DO at the chosen excitation wavelength TPEl , collect with EO the fluorescence thereby generated, 
and record a side-on image of the TPE excitation plane at CAM4.  We then fit curves to the side-



 
 

17 

on profiles of the light sheet and TPE excitation plane to find their centers to sub-pixel precision.  
The axial distance ( )TPE

LS TPEz lD   between these planes determines the corrective voltage 
( )TPE

LS TPEVz lD  that must be applied to G4 to bring them into alignment.  However, we wish to align 
the light sheet with the visible focal plane, not the TPE focal plane, so we must also add the 
calibration offset voltage ( )VIS

TPE TPEVz lD  from Eq (21) to G4 as well: 

( ) ( ) ( )VIS TPE VIS
LS TPE LS TPE TPE TPEVz Vz Vzl l lD = D +D                                   (22) 

  This then brings the light sheet into alignment with the visible focal plane of DO, completing the 
autofocus procedure for the current tile. 

If the fluorescence is densely distributed, we repeat this process across a series (usually five) 
of planes 1 Nz z z= !  equally spaced within the tile to determine the offset voltages 

( , )VIS
LS TPE nVz zlD  at G4 required to keep the light sheet at the visible focal plane of DO.  We then 

fit a second order polynomial to this data, weighted by the peak TPE fluorescence signal recorded 
at CAM4 at each plane, to yield a continuous curve of the voltage offset vs axial position 

( , )VIS
LS TPEVz zlD  required to maintain focus anywhere within the tile.  In subsequent imaging, this 

offset curve is added to the linear voltage ramp normally applied to G4 when scanning the light 
sheet axially through the tile.   

As demonstrated in supplementary note 4, using a z-dependent calibration curve to maintain 
autofocus within the specimen throughout a given tile rather than using a single offset voltage is 
essential in regions of rapidly changing specimen curvature, where the axial displacement focuszD  
and pitch angle b  of the light sheet change quickly even within a single isoplanatic volume.  
However, given that the procedure involves scanning the TPE focus laterally at several axial focal 
planes within the tile, which is the same procedure used to measure the sample-induced aberration 
in the detection path, at no additional cost of time or photobleaching we can simultaneously collect 
the TPE emission with DO as well as EO, and thus perform a second round of detection AO 
correction while the autofocus measurement is in progress.  This allows us to correct any residual 
aberrations remaining after the first corrective round within the tile, or to compensate for any creep 
in the positon of DM after the initial correction is applied. 
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6. Sample Preparation and Imaging Conditions 

a. Ethics statements 

Zebrafish were housed at 28.5°C using standard protocols (48). The zebrafish work was 
authorized by the Harvard Medical Area Standing Committee on Animals under protocol number 
04487, the Janelia Research Campus IACUC under protocol number 13-104.  The generation of 
teratoma in mice was approved by the ACUC of University of California, Berkeley.  

b. Zebrafish 

b.1 Zebrafish lines used in this study 

Adult zebrafish, 3 months to 2 years of age, were mated to produce embryos and larvae using 
the AB wild-type strain and the following transgenic lines: Tg(actb2:mem-citrine-citrine)hm30, 
Tg(actb2:mem-citrine)/(actb2:Hsa.H2b-tdTomato)hm32, Tg(actb2:mem-citrine)/(actb2:Hsa.H2b-
tdTomato)hm33 (although actb2:Hsa.H2b-tdTomato of these divergent constructs in transgenic fish 
tends to be silenced), Tg(actb2:mem-mCherry2)hm29 and Tg(actb2:mem-mCardinal)hm61 generated at 
Harvard Medical School (18, 49, 50); mem corresponds to 2 copies of the sequence containing the 
palmitoylation and myristoylation motifs of the lyn kinase that targets fused fluorescent proteins to 
the plasma membrane. Tg(Xl.eef1a1:clta-dsRed monomer) was provided by Steffen Scholpp (13, 
50). Tg(elavl3:TetA-EcR-2a-mCherry) that expresses dually inducible Tet-On activator (TetA-EcR) 
(51) and mCherry under the promoter of elavl3 (52), an early marker for neuronal differentiation 
(53), was generated using Tol2 transgenesis (54).  

b.2 Zebrafish reagents 

Plasmids encoding Dr.clta-3xGSS-mNeonGreen, tagRFPt-3xGSS-Dr.sec61, Dr.b4galt1(1-
60)-3xGSS-mNeonGreen, and Dr.cox8a(1-34)-3xGSS-mCardinal (see annotated sequences under 
supplementary note 7) were generated as follows: a zebrafish cDNA library was made by first 
extracting RNA from 24 hpf embryos using Trizol (Thermo Fisher Scientific, Waltham, MA), then 
cleaning the RNA using the RNeasy mini-kit (Qiagen, Hilden, Germany), followed by conversion 
of mRNA to cDNA using SuperScript First-Strand Synthesis System (Thermo Fisher Scientific). 
Open reading frames were cloned from the cDNA library into the pMTB plasmid backbone 
downstream of the actb2 and sp6 promoters using isothermal assembly strategies (55). mRNAs 
were synthesized from linearized plasmid using the mMessage mMachine SP6 Transcription kit 
(Thermo Fisher Scientific) and purified before injection into the zebrafish embryos using 
RNAeasy Mini Kit (Qiagen).  
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A plasmid was built to express Autobow (31) under control of the under tetracycline responsive 
element (TRE) TRE:Autobow. 

Plasmids encoding mCherry-CAAX and mApple-Lifeact were obtained from the Michael 
Davidson Fluorescent Protein Collection (https://www.addgene.org/fluorescent-
proteins/davidson/) and stably transfected within MDA-MB-231 cells. 
 

b.3 Zebrafish embryo treatments 

Labeling of organelles. A mixture containing 23 pg of mRNA for each organelle marker was 
injected into the 1 cell-stage embryos from crosses of Tg(actb2:mem-mCardinal)hm36 parents. 
Mitochondria were labeled by incubating the embryos in 1 µM MitoTracker Deep Red (Thermo 
Fisher Scientific) from 4 hpf until 14 hpf followed by five consecutive with Danieau buffer prior 
to imaging. This resulted in mosaic labeling of cells because the dye did not reach deeper cells. 
General labeling of all intracellular membranes was achieved by first incubating embryos with 50 
µm BODIPY TR methyl ester dye (Thermo Fisher Scientific) for 1 hr and then rinsing five times 
with Danieau buffer prior to imaging. Fluid phase uptake into endosomes by cells exposed to the 
blood circulation was visualized by injecting  ~10 ng of 3 kDa dextran-Texas red neutral (Thermo 
Fisher Scientific) into the zebrafish heart at 60 hpf. 

Zebrafish xenografts. MDA-MB-231 human breast cancer cells (ATCC) stably expressing 
mCherry-CAAX or mApple-lifeact were suspended using Nunc UpCell dishes (ThermoFisher). 
Approximately 50-100 cells were injected into the common cardinal vein of 48 hpf kdrl:gfp 
transgenic zebrafish embryos using a CellTram Vario (Eppendorf) (56). Host embryos were 
maintained at 33ºC, and those containing injected cells in the tail vasculature were identified under 
a fluorescent dissecting microscope.  

Brainbow labeling of newly differentiated neurons. TRE:Autobow was injected into 
Tg[elavl3:TetA-EcR-2a-mCherry] at the one cell stage at the concentration of 25 ng/ul. Injected 
embryos were dechorionated at 48 hpf and bathed in E3 medium containing Tebufenozide (50 uM) 
and Doxycycline (50 ug/ml) for 4 hours. This protocol labeled immature neurons with growing 
axons in the spinal cord in stochastic combinations of Cerulean, PhiYFP and mKate2. 

c. Gene-edited intestinal epithelial organoids 

Cell culture. hESCs (WIBR3, NIH stem cell registration #0079) were cultured as described 
(57, 58). Briefly, hESCs were maintained on a layer of inactivated mouse embryonic fibroblast 
(MEFs) in hESC medium (DMEM/F12 (Lifetech)) supplemented with 20% KnockOutTM Serum 
Replacement (Gibco™ 10828028), 1 mM glutamine (Gibco™ 25030-081), 1% non-essential 
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amino acids (Gibco™ 11140076), 0.1 mM β-mercaptoethanol (Sigma-Aldrich M6250), 1000 U/ml 
penicillin/streptomycin (Gibco™15140122), and 4 ng/ml FGF-Basic full (Invitrogen PHG0263). 
Cultures were passaged every 7 days with 1.5 mg/ml collagenase type IV (Gibco™ 17104019) 
and gravitational sedimentation by washing 3 times in wash media (DMEM/F12 (Gibco™ 11320-
033) supplemented with 5% fetal bovine serum (Gibco™ 10437028) and 1000 U/ml 
penicillin/streptomycin (Gibco™15140122).  

Gene editing. The clathrin light chain CLTA gene was targeted into hESCs as previously 
described using a paired ZFN that targets exon 7 (59).  Cas9 and sgRNAs were expressed using 
the pX330 plasmid (Addgene plasmid # 42230). The DNM2 gene was targeted in exon 22 with 
cctgctcgactaggcctcga as sgRNA target site.  1-2x107 hESCs were electroporated with 5µg of each 
ZFN (or 10µg of pX330 Cas9 plasmid) and 40µg of repair donor plasmid. Cells were sorted for 
expression of GFP and/or TagRFP fluorescence 72h after electroporation. Clonal populations were 
isolated and characterized as described (60). 

Generation of intestinal epithelial organoids.  Intestinal organoids were derived for genome-
engineered hESCs as described previously (61). Briefly, genome-engineered hESCs were 
collected by collagenase treatment (1.5 mg/mL) and separated from feeder cells by sedimentation. 
Cells were resuspended in 250 µL of PBS and injected subcutaneously into NOD- SCID mice 
(Taconic). Teratomas (<2 cm) formed within 6–8 weeks when they were isolated and 
disaggregated into a single cell suspension using trypsin digestion and mechanical dissociation 
with scalpels. Next, cells were strained through a 45 µm mesh and approximately 5x104 cells 
embedded in 50 µl Matrigel (Corning® 354234) in a well of a 24 well plate. Cells were incubated 
at 37 °C for 15 min and after the Matrigel solidified, growth media (see below) was added to the 
well. Organiods formed over the period of a week before cultures were passaged by 30 min 
dissociation in Dispase (5 U/mL Stemcell Technologies ™) and gravity sedimentation of newly 
forming organoids (3X 2 min at 40G in 12.5 mL of DMEF12 (Gibco™ 11320-033) with 0.5% 
BSA (Sigma, A4503).  Single cells were aspirated with the supernatant of each wash to 
mechanically enrich for the faster-sedimenting organoids. This procedure combined with the 
biological attrition of other cell types resulted in almost homogenous organoid cultures after three 
passages over three one week intervals. Subsequent passages were done by mechanical shearing 
with a P1000 pipette after 5 min exposure to 2mM EDTA 0.5%BSA in PBS.  

Organoid culture medium.  Organoids were cultured using conditioned medium produces are 
previously described (62).  Low passage L-WRN cells (producing Wnt-3A, R-spondin 3, and 
noggin were cultured as described previously (62) in  DMEM with high glucose (Sigma, D6429) 
supplemented with 10% FBS, 50 mg/ml G418 (Gibco™ 11965-092), 100 mg/ml hygromycin 
(Millipore Sigma 400050) to confluence and passaged 1:4. When confluent again, 20 ml new 
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media per 150 cm2 flask comprising Advanced DMEM/F12 (Gibco 12634010), 200 mM L-
glutamine (Gibco™ 25030-081), 10,000 units/ml penicillin and 10 mg/ml streptomycin 
(Gibco™15140122) and 0.5% BSA (Sigma, A4503) was added and collected each day for 4 days 
and stored at 4°C before filtration and freezing. This conditioned base media was supplemented 
1:1 with a volume of unconditioned base media comprising Advanced DMEM/F-12 (Gibco™ 
12634010), N2 (Gibco™ 17502-048), B27(Gibco™ 12587-010), L-glutamine (Gibco™ 25030-
081), 10,000 units/ml penicillin and 10 mg/ml streptomycin (Gibco™15140122), nonessential 
amino acids (Gibco™ 11140076), 10,000 units/ml penicillin/ streptomycin (Sigma, P4333) and 
stored in frozen aliquots. Immediately before use the media was supplemented with EGF (50 
ng/mL)(R&D Systems 236-EG-01M) and added into the well containing Matrigel (Corning 
47743-716) embedded organoids. Media, stored no longer than 2 weeks at 4°C, was replaced every 
two days. Two days before imaging, organoids were released by Dispase (5 U/mL Stemcell 
Technologies digestion and resuspended in 10-20µL Matrigel without phenol-red (Corning® 
47743-716), placed at 4ºC on a 5 mm diameter cover slip (Warner Instruments, 64-0700) and 
incubated at 37ºC before adding medium. Medium was replaced with DMEM/F12 without phenol 
red (Gibco ™21041025) with 10mM HEPES (Gibco™ 15630080) for imaging. 

d. Isolated gene-edited human breast epithelial cells.  

Culture conditions. Gene-edited SUM159 cells expressing AP2-EGFP in both alleles (18) were 
grown in SUM-media  made of DMEM/F-12/GlutaMAX (10565-042; Thermo Fisher Scientific, 
Waltham, MA) supplemented with 5% fetal bovine serum (FBS; S11150; Atlanta Biologicals, 
Flowery Branch, GA), 100 U/ml penicillin and streptomycin (45000-652; VWR International, 
Radnor, PA), 1 µg/ml hydrocortisone (H4001; Sigma-Aldrich, St. Louis, MO), 5 µg/ml insulin 
(I9278; Sigma-Aldrich), and 10 mM 4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid 
(HEPES; 25-060-CI; Mediatech, Manassas, VA), pH 7.4.  Four hours before imaging, the cells 
were plated at ~ 50% confluency on 5mm diameter glass coverslips pre-cleaned by the NaOH 
treatment procedure described above. The coverslips were then cover with 50 uL Matrigel diluted 
1:10 with Leibovitz’s L-15 medium without phenol red (21083-027; Life Technologies) and 
incubated for 10 min at 37ºC before mounting them on the sample holder. The sample holder was 
then immersed in ~8 ml of Leibovitz’s L-15 medium without phenol red supplemented with 5% 
FBS and 20mM HEPES, pH 7.4 and imaged at 37ºC.  
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e. C. elegans 

Rearing and handling of C. elegans was done using standard culture conditions at 25°C as 
previously described (63). Synchronized larvae were generated using hypochlorite treatment of 
gravid adults, and grown at 25°C to the L3 stage. The AC and basement membrane were visualized 
in a strain containing the following allele and transgenes, qyIs227[cdh-3>mCherry::moeABD]; 
LGX qyIs7[laminin::GFP]. L3 stage animals were anesthetized for 30 minutes as described 
previously (64) using 0.2% (E10621; Sigma-Aldrich, St. Louis, MO) and 0.02% levamisole 
(L9756; Sigma-Aldritch, St. Louis, MO) in M9 buffer in a staining dish. A mounting solution of 
1% low melt agarose (0815; VWR International, Radnor, PA) in M9 with the same concentration 
of anesthetics was prepared and cooled to 37C in a water bath. A sample holder was coated in a 
thin layer of mounting solution and cooled to 4C. This process was repeated a second time. L3 
stage C. elegans larvae were then transferred by mouth pipette to the sample holder, and excess 
anesthetic solution was removed. While larvae were held in place with a hair pick, mounting 
solution was added on top of the larvae. The sample holder was cooled to 4C for 90 seconds to 
ensure rapid gelling of the mounting solution. Imaging was performed in M9 which also contained 
the same concentration of anesthetics.  

f. Arabidopsis  

Arabidopsis p35S::GFP-MBD seeds described previously (65) were vapor-sterilized in an air-
tight container with 4% hydrochloric acid in bleach, vernalized in the dark at 4°C for 3 days, and 
grown under constant light at 20°C on 0.8% agar at pH5.7, supplemented with 0.32% Gamborg’s 
B-5 basal medium (G5893; Sigma-Aldrich).  Epidermal cells of cotyledons were imaged 3 days 
after germination.  
 

7. DNA Sequences for the Zebrafish constructs used to label intracellular markers 

a. tagRFPt 3xGGS linker Dr.sec61 (endoplasmic reticulum and nuclear envelope) 

ATGGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATGCACATGAAGCTATACAT
GGAGGGCACCGTGAACAACCACCACTTCAAGTGCACATCCGAGGGCGAAGGCAAGC
CCTACGAGGGCACCCAGACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCC
TTCGCCTTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAGAACCTTCATCAAC
CACACCCAGGGCATCCCCGATTTCTTTAAGCAGTCCTTCCCTGAGGGCTTCACATGG
GAGAGAGTCACCACATACGAAGACGGGGGCGTGCTGACCGCTACCCAGGACACCAG
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CCTCCAGGACGGCTGCCTCATCTACAACGTCAAGATCAGAGGGGTGAACTTCCCATC
CAACGGCCCTGTGATGCAGAAGAAAACACTCGGCTGGGAGGCCAACACCGAGATGC
TGTACCCCGCTGACGGCGGCCTGGAAGGCAGAACCGACATGGCCCTGAAGCTCGTG
GGCGGGGGCCACCTGATCTGCAACTTCAAGACCACATACAGATCCAAGAAACCCGC
TAAGAACCTCAAGATGCCCGGCGTCTACTATGTGGACCACAGACTGGAAAGAATCA
AGGAGGCCGACAAAGAGACCTACGTCGAGCAGCACGAGGTGGCTGTGGCCAGATA
CTGCGACCTCCCTAGCAAACTGGGGCACAAACTTAATGGCATGGACGAGCTGTACA
AGGGCGGATCCGGTGGATCCGGTGGATCTATGCCTGGACCCGCAGCTAGTGCAACA
AATGTTGGTGCCTCCAGCCGTTCCCCCAGTAAGACGGTGGCTCCCCGCACTGCTGGT
ACCTCAGCCAGACAAAGGAAAGCCACAAGCAGCAGTGCACGCAGCGGAGGCAGAT
CCACAGCTTCTGCAGGCACAGGAGGAATGTGGCGCTTTTACACTGAAGATTCACCAG
GGCTTAAAGTTGGCCCAGTTCCAGTTTTGGTGATGAGTCTGCTGTTTATCGCATCTGT
CTTCATGCTGCACATCTGGGGAAAGTACACCCGCTCCTAA 

b. Dr.clta 3xGGS linker mNeonGreen (clathrin light chain A) 

ATGGACGATTTCGATATGCTCAGTGCCCCTCAAGGAAGCGCAGGGAACGGTGTCGG
GGCAGACGAGGACCCGGCGGCGGCATTTCTGGCCCAGCAAGAGAGCGAGATCGCTG
GCATCGAGAATGACGAGGGCTTCAGCATCCTGGACAGCGGAGATGTGCCTTCGTCC
CTGAGCCAAGACCAGGACGGTGGAGCAATGAATGGAGATCTGCATGGGGAGAGTA
ATGGCCCTTCAGATGTGTACGCGGCCATCTCCAGTGTGGATCGGTTGCAGGCTGAGC
CGGAGAGCTTGAGGAAGTGGAGAGAGGAGCAGCGAGATAGGCTGGAGGAGCTCGA
TGCGAACTCGCGTAAACAGGAGGCCGAGTGGAAAGAGAAGGCAAAGCTGGAGCTG
GAGGAATGGCACACCAGGCAGAACGAGCAGCTGGAGAAAACCAAAGTCAACAACA
GGGTGCTGGATGAGGATTTCTACAAACAACCCTTCGCTGATCTGATTGGTTATGTCA
CTCACATTAACCATCCTTGCTACCGCCTAGACCAGGCGGCTGAGGAAGCCATGGTGT
CGGAGCTGGATGAAAACAGTCCTGGCACAGAATGGGAACGTGTGGCGCGTCTTTGC
GATTTCAACCCTAAATCCAGCAAGCAGGCAAAGGATGTGTCCCGCATGCGTTCAGTG
CTCATCTCTCTTAAACAGGCTCCGCTCGTCCGCGGCGGATCCGGTGGATCCGGTGGA
TCTATGGCAAGCAAGGGCGAGGAGGACAATATGGCCTCTCTGCCCGCAACACACGA
GCTGCATATTTTCGGAAGCATCAACGGCGTGGATTTCGATATGGTTGGGCAAGGAAC
TGGAAACCCAAATGACGGATACGAGGAACTGAATCTGAAGTCAACCAAAGGCGACC
TCCAATTCTCACCTTGGATTCTCGTTCCCCATATTGGCTATGGATTTCATCAATATCT
GCCATATCCTGATGGAATGTCACCATTTCAAGCCGCTATGGTGGATGGATCTGGCTA
CCAAGTCCACCGCACCATGCAATTTGAGGACGGCGCCTCCCTGACTGTGAACTACCG
CTATACCTACGAGGGATCTCATATCAAGGGCGAAGCACAAGTTAAAGGAACAGGAT
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TCCCAGCTGACGGCCCCGTCATGACAAACTCTCTGACCGCCGCCGACTGGAGCCGGT
CCAAGAAAACTTACCCTAACGATAAGACCATCATCTCTACCTTCAAATGGAGTTATA
CCACCGGCAACGGAAAGCGCTACAGAAGCACAGCCCGAACTACCTATACTTTTGCT
AAGCCTATGGCTGCAAACTATCTGAAAAATCAGCCTATGTATGTCTTCCGAAAAACC
GAATTGAAGCACTCCAAAACAGAACTGAATTTCAAGGAGTGGCAGAAGGCTTTTAC
CGATGTTATGGGCATGGACGAGCTGTACAAATAA 

c. Dr.b4galt1(1-60) 3xGGS linker mNeonGreen (trans-Golgi apparatus) 

ATGTCGGAGTCGGTGGGATTCTTCACTAAAGCATGCGTCGTGCTCGTGCTGCTCTGC
GGGCTTCACCTCATCGTGGCACTGATTTTCTATTTATCAGAGTCGCCTTTAGCTAAAT
TTAGGAATTATCGACACATTTCATTTATCTCTGATATGGTTAATTCACAAACTCACGG
AGAATTGGGCGGATCCGGTGGATCCGGTGGATCTATGGCAAGCAAGGGCGAGGAGG
ACAATATGGCCTCTCTGCCCGCAACACACGAGCTGCATATTTTCGGAAGCATCAACG
GCGTGGATTTCGATATGGTTGGGCAAGGAACTGGAAACCCAAATGACGGATACGAG
GAACTGAATCTGAAGTCAACCAAAGGCGACCTCCAATTCTCACCTTGGATTCTCGTT
CCCCATATTGGCTATGGATTTCATCAATATCTGCCATATCCTGATGGAATGTCACCAT
TTCAAGCCGCTATGGTGGATGGATCTGGCTACCAAGTCCACCGCACCATGCAATTTG
AGGACGGCGCCTCCCTGACTGTGAACTACCGCTATACCTACGAGGGATCTCATATCA
AGGGCGAAGCACAAGTTAAAGGAACAGGATTCCCAGCTGACGGCCCCGTCATGACA
AACTCTCTGACCGCCGCCGACTGGAGCCGGTCCAAGAAAACTTACCCTAACGATAA
GACCATCATCTCTACCTTCAAATGGAGTTATACCACCGGCAACGGAAAGCGCTACA
GAAGCACAGCCCGAACTACCTATACTTTTGCTAAGCCTATGGCTGCAAACTATCTGA
AAAATCAGCCTATGTATGTCTTCCGAAAAACCGAATTGAAGCACTCCAAAACAGAA
CTGAATTTCAAGGAGTGGCAGAAGGCTTTTACCGATGTTATGGGCATGGACGAGCTG
TACAAATAA 
 

d. Dr.cox8a(1-34) 3xGGS linker mCardinal (mitochondria) 

ATGTCTGGACTTCTGAGGGGACTAGCTCGCGTCCGCGCCGCTCCGGTTCTGCGGGGA
TCCACGATCACCCAGCGAGCCAACCTCGTTACGCGACCCGCGAAGGGCGGATCCGG
TGGATCCGGTGGATCTATGGTGAGCAAGGGCGAGGAGCTGATCAAGGAGAACATGC
ACATGAAGCTGTACATGGAAGGCACCGTGAACAACCACCACTTCAAGTGCACCACC
GAAGGGGAGGGCAAGCCCTACGAGGGCACCCAGACCCAGAGGATTAAGGTGGTGG
AGGGAGGCCCCCTGCCGTTCGCATTCGACATCCTGGCCACCTGCTTTATGTACGGGA
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GCAAGACCTTCATCAACCACACCCAGGGCATCCCCGATTTCTTTAAGCAGTCCTTCC
CTGAGGGCTTCACATGGGAGAGAGTCACCACATACGAAGACGGGGGCGTGCTTACC
GTTACCCAGGACACCAGCCTCCAGGACGGCTGCTTGATCTACAACGTCAAGCTCAG
AGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTCGGCTGGG
AGGCCACCACCGAGACCCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGATGCGAC
ATGGCCCTGAAGCTCGTGGGCGGGGGCCACCTGCACTGCAACCTGAAGACCACATA
CAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCCCGGCGTCTACTTTGTGGACC
GCAGACTGGAAAGAATCAAGGAGGCCGACAATGAGACCTACGTCGAGCAGCACGA
GGTGGCTGTGGCCAGATACTGCGACCTCCCTAGCAAACTGGGGCACAAACTTAATG
GCATGGACGAGCTGTACAAGTAA  
 

e. Tg(actb2:mem-mCardinal)hm36 (Mm.2x-lyn(1-16); linker; mCardinal) 

ATGGGCTGCATCAAGAGCAAGCGCAAGGACAACCTGAACGACGACGAGGCCGCCA
TGGGCTGCATCAAGAGCAAGCGCAAGGACAACCTGAACGACGACGAGGGAGCGCC
AGCTGGAGGTGCAGGTGCAGCAATGGTGAGCAAGGGCGAGGAGCTGATCAAGGAG
AACATGCACATGAAGCTGTACATGGAAGGCACCGTGAACAACCACCACTTCAAGTG
CACCACCGAAGGGGAGGGCAAGCCCTACGAGGGCACCCAGACCCAGAGGATTAAG
GTGGTGGAGGGAGGCCCCCTGCCGTTCGCATTCGACATCCTGGCCACCTGCTTTATG
TACGGGAGCAAGACCTTCATCAACCACACCCAGGGCATCCCCGATTTCTTTAAGCAG
TCCTTCCCTGAGGGCTTCACATGGGAGAGAGTCACCACATACGAAGACGGGGGCGT
GCTTACCGTTACCCAGGACACCAGCCTCCAGGACGGCTGCTTGATCTACAACGTCAA
GCTCAGAGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTCG
GCTGGGAGGCCACCACCGAGACCCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGA
TGCGACATGGCCCTGAAGCTCGTGGGCGGGGGCCACCTGCACTGCAACCTGAAGAC
CACATACAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCCCGGCGTCTACTTTGT
GGACCGCAGACTGGAAAGAATCAAGGAGGCCGACAATGAGACCTACGTCGAGCAG
CACGAGGTGGCTGTGGCCAGATACTGCGACCTCCCTAGCAAACTGGGGCACAAACT
TAATGGCATGGACGAGCTGTACAAGTAA 
 

8. Image Analysis & Visualization 
 

 All data acquired using the AO-LLSM were corrected for intensity variation across the light 
sheet, deconvolved using an experimentally measured PSF for each emission wavelength, and 
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corrected for photobleaching as noted in table S1 and as described (6). Multi-tile subvolumes were 
stitched as indicated (table S1) using either the Grid/Collection Stitching plugin in Fiji (66), or a 
Gradient-Domain stitching routine (67, 68) to merge and smooth the boundaries between adjacent 
tiles by matching the low spatial frequency components. All processed data sets were visualized 
using Amira (Thermo Fisher Scientific), Imaris x64 8.4 (Oxford Instruments), or Vision4D 
(Arivis) for 5D volumetric rendering.  

a. Simultaneous detection of multicellular boundaries in zebrafish embryos  

 The cell boundaries within different tissues of zebrafish embryos expressing plasma membrane 
markers were identified by segmentation using ACME (Automated Cell Morphology Extractor) 
(69) built using the open-source Insight Toolkit (http://www. itk.org/) as follows: (1) convert the 
3D tiff stacks acquired by AO-LLSM into mha format, pre-processed using a medial filter (sigma 
= 0.3); the xy planes were down-sampled such that the voxels were isotropic for all subsequent 
processing; (2) subject the imaged volume to a planarity filter (sigma = 0.4) to locate the planar 
membrane followed by tensor voting (sigma = 0.5, rod saliency weight a = 0.4, plate saliency 
weight b = 0.4, ball saliency weight g = 850) to close the membrane gaps; (3) complete cell 
boundaries by applying the watershed segmentation algorithm using the salient images generated 
from tensor voting; (4) up-sample in xy the segmentation map in order to match the original volume 
dimensions. Representative examples of the correspondence between the segmentation map and 
raw data are shown in fig. S20. Segmentation errors were generally infrequent. When they 
occurred, however, it resulted in hyper-segmentation, represented by the clear fragmentation of a 
single cell into multiple objects. In such cases, the images were curated by manually merging the 
labels of the multiple objects using custom routines written in MATLAB R2017a and visualized 
in ITK-SNAP or Fiji (70, 71).  
 
The code of the planarity filter and tensor voting algorithms were optimized from the published 
scripts in order to take advantage of high performance computing clusters with larger memory 
capacities (>7.5GB per core). The segmentation was carried out at the Janelia research computing 
cluster comprising of Intel Sandy Bridge E5-2680, Haswell E5-2698, and Broadwell E5-2683 
Xeon processor nodes containing between 16-32 cores with 120-240GB memory. 

b. Segmentation of the cell nucleus based on signal exclusion 

 The nucleus of cells within different tissues was identified by segmentation in zebrafish 
embryos whose cell boundaries were labeled by expression of mem-citrine and whose 
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endomembranes were stained with BODIPY TR methyl ester. In brief, (1) cell boundaries were 
segmented as described above; (2) Up-sampling in z the segmented map and the endomembrane 
imaged 3D volume, such that the interpolated voxels became isotropic; cells near the edge of the 
3D volume (i.e., within 10µm in x,y and 2.5µm in z) were excluded from further analysis; (4) 
generate a 3D ROI for the endomembranes of a given cell defined by the cell surface segmented 
mask ; (5) remove high frequency noise in the endomembrane volume within the 3D ROI by 
applying a 3D Gaussian filter (sigma = 1); (6) identify the stained endomembranes using the Otsu 
variance-based thresholding algorithm; (7) identify the nucleus by finding the largest set of connect 
voxels of background value using the bwconncomp function in MATLAB 2016b. A typical 
example showing the overlay of the segmented nucleus (green) with the images for the plasma 
membrane (cyan) and endomembranes (orange) is shown in fig. S20. 

c. Segmentation of the trans-Golgi apparatus 

 The trans-Golgi apparatus was labeled with GalT tagged with mNeonGreen in different cells 
of zebrafish embryos also expressing mem-citrine or mem-mCardinal. The trans-Golgi apparatus 
were identified by segmentation as follows: (1) generate a 3D ROI of the cell containing the trans-
Golgi signal of a given cell defined by its segmented mask; (2) remove high frequency noise in 
the trans-Golgi volume by applying to the 3D ROI a 3D Gaussian filter (sigma = 1); (3) identify 
the trans-Golgi volume using the Otsu thresholding algorithm; (4) eliminate objects with less than 
50 connected voxels using the bwconncomp function. 

d. Surface area and volume of segmented objects 

 The volume of segmented cells, nuclei and trans-Golgi apparatus were determined as the sum 
of the isotropic voxels contained within the segmented mask and then converted to cubic microns 
(µm3).  The area of the cell boundary was calculated using bwperim function in MATLAB as the 
sum of the voxels located at the perimeter of the segmented mask and converted to squared microns 
(µm2). 

e. Tracking of crawling immune cells 

 Crawling immune cells were evident in 3D data sets consisting of 500-600 time points acquired 
for 130 minutes corresponding to the interstitial space above the endolymphatic duct and sac of 
zebrafish embryos expressing mem-citrine imaged 72-80 hpf. These cells were first identified as 
follows: (1) correct the 3D drift between consecutive 3D time points by first measuring the 
displacement in x,y,z between the first and last time point using the correct 3D drift function in 
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FIJI (72) followed by interpolation of the volume between consecutive time points using interp3 
function in MATLAB; (2) calculate a background volume to be used for background subtraction 
by generating a 4D maximum intensity projection obtained from the time points not containing 
crawling cells; (3) eliminate high frequency noise by applying a 3D Gaussian filter (sigma = 5) to 
the 4D maximum intensity projection; (4) generate a segmented mask of the crawling cells by 
subtracting each 3D time point from the smoothed 4D maximum projection followed by 
eliminating small isolated objects with fewer than 200 connected voxels and by closing any holes 
in the residual signals of the crawling cells using imdilate, imerode and imfill functions in 
MATLAB.  
 
 The trajectories of the identified crawling cells were then determined using u-track (73) from 
the centroid positions of the segmented masks. The displacement and speed of each track were 
calculated using squareform, pdist, and diff functions in MATLAB 2016b. 

f. 3D detection of diffraction limited fluorescent spots 

 Spots corresponding to diffraction limited clathrin or AP-2 containing coated pits and coated 
vesicles visualized in cultured cells (organoids or isolated cells embedded in matrigel or collagen) 
and transgenic zebrafish for mem-mCardinal transiently expressing clathrin light-chain A fused to 
mNeonGreen were automatically detected and tracked in 3D using MATLAB routines (18). The 
detection step fitted an anisotropic 3D Gaussian at candidate positions that had been identified as 
local maxima determined by the 3D Laplacian-of-Gaussian filter. In AO corrected volumes, the 
x,y and z sigmas used in the 3D Gaussian fitting were locked to those determined experimentally 
using 100 nm beads (FluoSpheres® microspheres, Thermo Fisher) for each excitation wavelength. 
For the comparison of AO corrected and no AO conditions, however, their x,y and z sigmas were 
not fixed. 

g. Trajectories and lifetimes of coated pits and vesicles and endocytic rates  

 The trajectories in 3D and lifetimes of the coated pits and vesicles detected above were 
determined as described (18). Briefly, the events at the cell surface membrane excluded tracks 
starting or ending outside of the time series, merging or splitting tracks, and tracks located inside 
the cell volume.  The tracks, color coded for their lifetimes, were visualized in Amira 6.3 (Thermo 
Fisher Scientific) using the Spatial Graph View module. 
 



 
 

29 

 An estimate of the endocytic rate mediated by the clathrin dependent endocytic pathway was 
obtained by (1) counting the number of tracks emanating from the cell surface and lasting longer 
than 15 sec; (2) estimating the amount of membrane internalized by coated vesicles assuming that 
on average they encapsulate a 60 nm in diameter vesicle; (3) normalizing this amount by the 
surface area of the cell and time and expressing it as percent of cell surface internalized per unit 
time.  

h. Relative intracellular location of organelles in a dividing cell in the brain zebrafish embryo  

 The intracellular location of mitochondria (MitoTracker Deep Red), trans-Golgi apparatus 
(galT-mNeonGreen) and endoplasmic reticulum (Sec61b-tagRFPt) was monitored every 45 sec 
for 150 min with respect to the cell surface (mem-citrine) of a dividing cell located in the brain of 
a zebrafish embryo 14 - 16 hpf. The mapping procedure was as follows: (1) determine the cell 
boundary as described above; (2) determine the Euclidian distance to the cell surface of each voxel 
within the volume of the cell accounting for the anisotropy along the z-axis due to the sample step 
size using a custom MATLAB function (74); (3) calculate the relative location of organelles as the 
average fluorescence intensity associated with a given distance from the cell surface by dividing 
the integrated values of the corresponding voxels by the total number of voxels; (4) express the 
relative location of organelles as probability and cumulative frequency distributions.  
 

i. Software-aided displacement 

 The cell boundaries within different tissues of zebrafish embryos expressing plasma membrane 
markers were automatically segmented using ACME (69). Using the segmented masks, a novel 
software-aided displacement (SAD) approach was implemented to facilitate the visualization and 
inspection of the morphology and dynamics of individual cells contained within a portion of the 
living tissue of the zebrafish embryo.  Each cell within a given 3D volume was computationally 
separated from the others using the following steps: (1) determine all cell boundaries as described 
above to detect multicellular boundaries in zebrafish embryos; (2) generate a 3D ROI for each cell 
using a dilated (2 voxels) segmentation mask; (3) displace the centroid position of the cell by 
multiplying the distance of the cell centroid to the center of the imaged 3D volume by a constant 
expansion factor.  Thus, cells farther from the center of the 3D volume are displaced more than 
the cells closer to the volume center; (4) sequentially repeat step (3) with incremental expansion 
factors.  
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j. Wavefront Reconstruction for Visualization 

 Visualized wavefronts (e.g., Fig. 4C, D, Movies 6-8) were calculated from valid Shack-
Hartmann spots using a zonal wavefront reconstruction (75) in MATLAB. Invalid points in the 
Shack-Hartmann image are recovered by smoothly interpolating using the neighboring points via 
the gridfit function in MATLAB. The waveforms were then least-squares fitted with the first 55 
Zernike modes.  The tip, tilt, and defocus modes were set zero.  Since the wavefront fit is 
unconstrained at the edges, the wavefront is mostly clearly plotted when just the inner 80% of the 
rear pupil diameter is shown.  The wavefronts were rendered using Amira 6.3 at the tiled locations 
where the measurements and corrections took place. 
 
 
9. Control Electronics 
 
 Control electronics were similar to those described previously (6), with the primary changes 
concerning the SLM and computer.  In the new configuration, synchronization is simplified 
because the SLM now displays fixed images and only updates when the excitation correction is 
changed via software command between volume scans.  A Field-Programmable Gate Array card 
(FPGA, National Instruments, PCIe-7852R) serves as the master clock supplying camera triggers 
and control voltage waveforms during image acquisition.  Additional PCIe slots are needed to 
accommodate the added cameras and DM, and thus the control computer has been upgraded to a 
SuperMicro 4027GR-TRT with dual Intel E5-2670 processors.  
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Supplementary Figures 

  
 
 
Fig. S1. Schematic design of the adaptive optics lattice light sheet microscope. (A) The 
complete microscope. (B) LLS path: Beams from the laser combiner (blue) are elongated using a 
pair of cylindrical lenses (CL1, CL2), which then illuminate three thin strips of spatial light 
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modulator VIS-SLM vertically separated by 1.5 mm. The reflected diffraction orders are filtered 
using annular mask MSK and conjugated to galvanometer mirrors G3, G4 to dither the light sheet 
along the x axis and axially scan it along the z axis at the sample plane. Resonant galvanometer 
RG is placed conjugate to the sample plane to wobble the light sheet in the xy plane.  The light 
then enters the back focal plane of custom manufactured excitation objective EO, which is 
conjugate to MSK, G3, and G4, to generate the lattice light sheet. Fluorescence generated by the 
light sheet within the specimen is collected using detection objective DO and reflected off 
deformable mirror DM conjugate to DO before being focused onto sCMOS camera CAM1. (C) 
Detection correction path: An ultrafast pulsed laser beam (Ti:Saph) is directed towards the 
detection arm of the LLSM by galvanometer G7, expanded by lenses L10, L11, and reflected from 
galvanometer mirrors G1, G2 conjugate to the rear pupil of DO before reflecting from switching 
galvanometer G6 and DM and expanded by lens airs L3, L4 and L1, L2 to enter DO. The TPE 
guide star fluorescence generated at the sample was collected through DO and reflected back by 
galvos G1, G2, and a dichroic mirror to a Shack-Hartmann wavefront sensor consisting of 
microlens array LA1 focused onto EMCCD camera CAM2 (c.f. supplementary note 2).  (D) 
Excitation correction path: The Ti:Saph beam is directed towards the excitation arm of the LLSM 
by galvo G7 and injected into the excitation light sheet path by reflecting from dichroic filter DC2.  
The beam is scanned by galvanometers G3, G4, each conjugate to the back pupil of the excitation 
objective, to generate a plane of TPE fluorescence at the sample.  This was collected by the 
excitation objective, descanned by back reflection across G3 and G4, and directed via a dichroic 
filter (DC3) to a Shack-Hartmann wavefront sensor consisting of microlens array LA2 focused 
onto EMCCD camera CAM3 (c.f., supplementary note 1).  
 
 
Abbreviations used in Fig S1: 
 
EO: excitation objective (Special Optics, 0.65 NA water dipping) 
DO: detection objective (Nikon 25x 1.1NA water dipping) 
EPO: epi objective (Olympus LUMPLFLN40XW, 0.8 NA, oil immersion) 
M: mirrors (Thorlabs P1 or EO2) 
L: lens with labeled focal length 
BD: beam dump 
MSK: annular mask (Photo Sciences Inc) 
CAM1: camera for lattice light sheet imaging (Hamamatsu Orca 4.0 V2) 
CAM2: camera for sensing the detection wavefront (Andor iXon 3 EMCCD) 
CAM3: camera for sensing the excitation wavefront (Andor iXon + EMCCD) 
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CAM4: camera for imaging sample plane through EO (Hamamatsu Orca 4.0 V2, used for 
autofocus) 

ACE1: camera for imaging illumination at the back pupil of EO (Baselar ACE) 
ACE2: sample-conjugate camera for inspecting cross-sectional pattern of the lattice light sheet 

(Baselar ACE) 
ACE3: view finding camera for imaging sample through the epi objective (Baselar ACE)) 
G1, G2: xy galvos for scanning/descanning TPE guide star through DO 
G3, G4: xz galvos for scanning lattice light sheet and scanning/descanning TPE guide star 

through EO 
G5: pitch galvo conjugated to the sample plane, to correct for light sheet pitch angle error 
G6: 10 mm galvo to select beam path between imaging (M3àG6àCAM1) and detection 

correction (M3àG6àG1) 
G7: 3mm galvo to switch two photon laser beam between: a beam dump (M27àG7àBD); the 

excitation pathway (M27àG7àM26); or the detection pathway (M27àG7àM7) 
RG: resonant galvo conjugated to the sample plane, to wobble the light sheet in the xy plane to 

minimize shadowing artifacts 
DM: deformable mirror (ALPAO 97-15) 
FM3: magnetic mirror mount, inserted when inspecting illumination pattern at rear pupil of EO 

using ACE1 
FM5: manual flip mirror to choose between epi illumination and light sheet illumination 
FM6: motorized flip mirror (Thorlabs MFF101) to choose between sending fluorescence 

emission from EO to the wavefront sensor (CAM3) or the auto-focus camera (CAM4)  
DC2: dichroic mirror, reflects NIR, transmits VIS beams (Semrock, 670 nm edge BrightLine® 

multiphoton short-pass dichroic beamsplitter) 
DC3: dichroic mirror, reflects fluorescence emission, transmits VIS excitation (Yokogawa 

dichroic beamsplitter, Di01-T405/488/561 or Di01-T442/488/561) 
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Fig. S2. Correction of lattice light sheet excitation aberrations.  In an aberration-free setting, 
the initial binary phase pattern at the SLM (top left) generates an ideal lattice light sheet cross-
section at the sample (bottom left).  However, sample-induced aberrations (e.g., center top), 
distort the light sheet within the specimen (center bottom).  These aberrations can be canceled by 
applying an appropriate corrective greyscale pattern at the SLM (right top), thereby recovering 
the desired light sheet pattern within the specimen (right bottom), (c.f. supplementary note 3). 
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Fig. S3. Curvature-induced pitch angle error of a lattice light sheet. Schematic representation 

of the deflection b  of a light sheet incident at an angle 1q  at the interface between an imaging 

media of refractive index 1n and a specimen of refractive index 2n  (c.f. supplementary note 4).  
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Fig. S4. Focus correction sequence. The offset between the excitation light sheet (blue) and 
detection objective (DO) focal plane (red) is corrected by: (1) recording a side-view image of the 
light sheet fluorescence (green) and a two-photon scan across the focal plane of DO (red) through 
the excitation objective camera; (2) fitting the centers of the light sheet and two-photon 
fluorescence with sub-pixel precision; (3) calculating the axial difference; and (4) adjusting the z-
galvo offset to correct the focus (c.f. supplement note 5). 
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Fig. S5. OTF comparisons of human stem cell derived organoids. Maximum intensity 
projections along z (xy OTF, top row) and y (xz OTF, bottom row) of the optical transfer function 
quantitatively show the recovery of information through progressive rounds of increasing 
correction (c.f., Fig. 1E, Movie 1). 
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Fig. S6.   Clathrin-mediated endocytosis in zebrafish. (A,B) Slab rendering of 2µm z-
projections from (A) muscle and (B) brain cells expressing clathrin-LCA-mNeonGreen to 
highlight clathrin-coated pits and coated vesicles (yellow) and mem-mCardinal to label plasma 
membranes (magenta) in a developing zebrafish embryo 55 hpf. Scale Bar = 10 µm. (C) Estimates 
of the relative amount of cell surface internalized by the clathrin-dependent pathway in muscle 
and brain.  
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Fig. S7. Comparison of 
zebrafish images with and 
without adaptive optics. 
Orthoslices corresponding to 
four different depths from 
the spine and notochord of a 
developing embryo 55 hpf 
expressing clathrin-LCA-
mNeonGreen to highlight 
clathrin-coated pits and 
vesicles (yellow) and mem-
mCardinal to label plasma 
membranes (magenta). Both 
sets of images, before (left) 
and after (right) adaptive 
optical correction are shown 
deconvolved. Scale bar, 10 
µm.   
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Fig. S8. Effect of AO in aberrating samples. Effect of adaptive optical correction on the detection 
of clathrin coated structures located at: (A) the surface of an isolated, gene edited SUM cell 
expressing AP2-EGFP  and embedded in ~200 µm of Matrigel; (B) an intestinal epithelial organoid 
derived from gene-edited hESCs expressing clathrin light chain A-tRFP and embedded in 
Matrigel; and (C) the dorsal surface of a zebrafish embryo 24 hpf expressing Dr.clta-3xGSS-
mNeonGreen.  Top row compares the localization precision along the z-axis of the fluorescent 
puncta from a single time point extracted from a time series, visualized using LLSM with and 
without adaptive optics.  Middle row shows three representative images, before adaptive optical 
correction, of diffraction-limited clathrin coated structures and their corresponding 3D Gaussian 
fits.  Bottom row shows similar images and fits of three additional clathrin puncta after AO 
correction. Scale bar, 0.5 µm. (D) Comparison in the number of detects spots imaged with and 
without adaptive optics at different z-positions from the surface (epithelium) to deeper regions 
(spine & notochord) of the zebrafish embryo.   



 
 

41 

 
 

 
Fig. S9. Spatial distribution of subcellular organelles in a dividing zebrafish brain cell. The 
brain of a zebrafish embryo expressing markers for the cell surface (mem-citrine), trans-Golgi 
apparatus (GalT-mNeonGreen) and endoplasmic reticulum (Sec61b-tagRFPt) and stained for 
mitochondria (MitoTracker Deep Red) was imaged 14-16 hpf. (A) 3D volume rendering of a single 
cell imaged at different stages during cell division from interphase through cytokinesis. Scale bar, 
5 µm. (B) Distance map from the cell surface to the cell center. (C, D) Relative location of the 
organelles expressed as: (C) probability; and (D) cumulative frequency distributions. (E-F) 
Changes in cell area and volume during mitosis and cytokinesis (c.f., Movie 4). (G) Fraction of 
total organelle fluorescence distributed in the daughter cells. 
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Fig. S10. Spatial correlation of adjacent dividing cells in the brain of the zebrafish embryo. 
Example of three neighboring cells undergoing sequential cell division. The images correspond to 
the indicated time points from the time series in Movie 4; the cells were computationally displaced 
from one another for easier identification. Scale bars, 3 µm. 
  



 
 

43 

 
 
Fig. S11. Multi-tile AO-LLSM volume acquisition. A 213 x 213 x 113 µm volume of muscle 
and spinal cells in a zebrafish embryo expressing an EGFP plasma membrane marker, imaged 96 
hpf.  The volume was stitched together from 7 x 7 x 3 subvolumes, where it is assumed that a 
single pair of excitation and detection corrections can recover diffraction-limited performance in 
each subvolume.  In the top example, independent excitation (left) and detection (right) corrections 
measured and applied to each subvolume indeed recover optimal performance. In the bottom 
example, the AO corrections (insets, top row) determined for the central tile (top row, circled) are 
applied to all subvolumes, under the assumption that a single corrective pair is sufficient to cover 
the entire volume.  While this correctly cancels the aberrations in the center tile, it can actually 
increase the total aberration in surrounding tiles (bottom, left and right), where different 
aberrations exist in practice, and thereby reduce the overall imaging performance (bottom center) 
(c.f., Fig. 4A, movie S4). 
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Fig. S12. In vivo imaging of a developing neural circuit. Newly differentiated neurons in a 
developing zebrafish spinal cord expressing stochastic combinations of three fluorophores 
(volume rendered in cyan, yellow and magenta) are shown in uncorrected (top left) and AO 
corrected (top right) stitched volumes.  Three boxed regions at top are shown at higher 
magnification below to show before and after AO comparisons in more detail (c.f., Fig. 6A-D, 
Movie 8, movie S6). 
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Fig. S13. Comparative migration rates of immune cells in zebrafish embryos versus a 
collagen mesh. (A) 3D volume rendering at a single time point from a time series (22 min, Movie 
9) showing a migrating immune cell in the intersticial space near the ear of a zebrafish embryo 
expressing a citrine membrane marker,70 hpf. The segmented immune cell (green) and its past 
3D-trajectory color coded by speed are overlaid. Scale bar, 10 µm. (B) Volume renderings of the 
same cell, projected at five different time points spanning 25 min, together with the corresponding 
complete 3D-trajectory during this time interval. (C-G) Speed and displacement from the initial 
position for five immune cells in three different zebrafish embryos; plot (C) corresponds to the 
cell depicted in (A, B).  (H) Speed and displacement from the initial position for a mammalian 
HL-60 neutrophil migrating in a 3D collagen mesh, taken from the data were extracted from the 
time series in Movie 9 of (6). (I) Changes in surface area of the immune cell in (C) and the HL-60 
cell in (H).  
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Fig. S14. Trailing tail of a migrating immune cell in the ear of a zebrafish embryo.  Green 
arrows highlight the presence of a tail trailing at the end of an immune cell at six different time 
points during its migration in the interstitial space near the ear of a zebrafish embryo expressing a 
citrine membrane marker, 70 hpf (c.f., Movie 9).   
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Fig. S15. Division of an endothelial cell lining the hindbrain in a zebrafish embryo.  (A-G) 
3D renderings at six time points from a time series (Movie 9) illustrating an endothelial cell 
undergoing division.  (A) The cell and its surroundings at t = 20 min. (B-G) Enlarged views 
presenting two orientations. The cell is flat before (B) and after (G) mitosis, and a number of 
projections anchor the cell to the underlying hindbrain lining during mitosis (C-F). 
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Fig. S16. Morphological changes in an extravasating cancer cell. Volume and surface area 
versus time of a MDA-MB-231 cell in the process of transendothelial migration. While portion of 
this extravasating cell remained outside the blood vessel, it generated actin-rich projections to 
survey the surrounding tissue, resulting in an increase of its surface area by ~50% within two hours 
(c.f., Fig 6I, Movie 10). 
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Fig. S17. C. elegans anchor cell invasion into the vulval epithelium. (Top left) Uncorrected 
(left) and AO corrected (right) single xy orthoslices depicting a lateral view of the C. elegans 
anchor cell (AC), visualized with mCherry::moesinABD (green), and the basement membrane, 
labelled with laminin::GFP (magenta), prior to the initial basement membrane breach. (Top right) 
Volume rendered transverse views, uncorrected (top) and AO corrected (bottom), of the AC 
adhering to the basement membrane prior to invasion. (Bottom) Ventral uncorrected (left) and AO 
corrected (right) views from single xz orthoslices of the AC prior to invasion. (c.f., movie S7) 
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Fig. S18. AO-LLSM of Arabidopsis cotyledon epidermal cells. (Top left) Uncorrected (left) and 
AO corrected (right) single xy orthoslices from a plant transgenic for microtubule reporter 
p35S::GFP-MBD.  (Top right) A similar comparison from a single pair of xz orthoslices.  (Bottom) 
3D volumetric rendering of microtubules in the epidermal cells before (left) and after (right) AO 
correction. (c.f., movie S8). 
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Fig. S19.  Monte Carlo simulations of aberration-induced distortions to a lattice light sheet.  
Blooming (top) and axial displacement (bottom) of a lattice light sheet before (red) and after (blue) 
application of adaptive optics, for simulated aberrations of RMS amplitude as shown,with each 
simulation comprised of randomly selected combinations of Zernike modes ( ', ')m

nZ x y  through 
9n = .   
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Fig. S20. Detection of boundaries in zebrafish embryos. Examples of the correspondence 
between the segmentation map of the cell surface obtained with ACME and imaging data 
corresponding to: (A) muscle (c.f., Fig 2, Movie 3); (B) brain (c.f., Fig 3, Movie 4); and (C) the 
eye (c.f., Fig 5, Movie 7).  A random color was assigned to each cell. (D) Correspondence between 
the segmentation map of the nucleus (green) and imaging data in the eye (c.f., Fig 3, Movie 5). 
Imaging data of clathrin in (A) and the cell surface in (B, C) is raw, but deconvolved data for the 
cell surface and endomembranes is shown in (D).  
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Supplementary Table 
 
Table S1. Imaging conditions for all experiments. 
 

	

Sample	
(imaging	T,	

ºC) 
(Age)	

Fluorescent	label	

Voxel	
volume	
(dx,	dy,	
dz/ds	
nm3)	

Image	
Volume	

(x,y,z)	µm3	

Exposure	time	
(ch1,	ch2…) 
(#	time	pts) 
(image+rest)	

l: Power	
(µW)	

Square	Lattice	
Excitation	NA	
(outer,	inner),	
beam	length	

(µm)	

Photo-
bleaching	
correction	

#	volumes;	
Stitched?;	
Stitching	
Algorithm	

1B,	M1	
Organoid	
hESCs	
37ºC	

tagRFPt-Clathrin	LCA		
EGFP-Dynamin		

97	x	97	x	
200	

49.7	x	68.3	
x	30.2	

(5ms,	5ms)	
(240pts,	240pts)	

(2.8s)	

488:	(104)	
560:	(149)	 0.517,	0.55,	30	 Vision4D	 1;	no	

1D,	3F,	
MS2	

Zebrafish	
22ºC 
24hpf	

Citrine-membrane	
mNeonGreen-galt1	
mCardinal-cox8a	

97	x	97	x	
200	

49.7	x	68.3	
x	9.8		

(26ms,	26ms)	
(100pts,	100pts)	
(7.85s+6.13s)	

488:	(27)	
560:	(31)	 0.517,	0.55,	30	 Vision4D	 1;	no	

2A,	M2	
Zebrafish	
22ºC 
82hpf	

dsRed-Clathrin	LCA	 97	x	97	x	
250	

74.5	x	99.3	
x	40.25		

45ms	
100pts	

(7.24s+2.7s)	
560:	(186)	 0.517,	0.55,	30	

Image	J	–	
histogram	
matching	

1;	no	

2BC,	
M3,	
MS3	

Zebrafish	
22ºC 
55hpf	

mNeonGreen-
Clathrin	LCA	

mCardinal-membrane	

97	x	97	x	
200	

74.5	x	99.3	
x	30.2		

(26ms,	26ms)	
(100pts,	1pt)	
(3.93s+3.57s)	

488:	(27)	
560:	(31)	 0.517,	0.55,	30	 no	 1;	no	

3AB,	
S9A,	

S10,	M4	

Zebrafish	
22ºC 
14hpf	

Citrine-membrane	
mNeonGreen-galt1		

tRFPt-sec61b	
Mito	FM	dye	

97	x	97	x	
200	

74.5	x	99.3	
x	40.6		

(19ms,	19ms,	
19ms)	

(200pts,	200pts,	
200pts)	

(11.46s+32.29s)	

488:	(16)	
560:	(31)	
642:	(27)	

0.517,	0.55,	30	 no	 1;	no	

3CD,	
M5	

Zebrafish	
22ºC 
30hpf	

Citrine-membrane	
endomembranes	

(bodipyMethylEster)	

97	x	97	x	
200	

45.3	x	64.1	
x	44.5		

(10ms,	10ms)	
(200pts,	200pts)	
(4.02s+6.51s)	

488:	(16)	
560:	(31)	 0.517,	0.55,	30	 no	 1;	no	

4A,B,	
S11,	
MS4	

Zebrafish	
22ºC 
96	hpf	

EGFP-membrane	 97	x	97	x	
180		

34.1	x	34.1	
x	50.2	(per	
volume)	
213	x	213	
x	113	

(stitched)	

8ms,	1pts		
(2.23	+	2.1s	per	

tile;	
	11.1	min	

	per	time	point)	

488:	(16)	
	 	0.517,	0.55,	30	 	Vision4D	

	7x7x3;	yes	
MATLAB	

Stitching	+	DMG	

4C	
Zebrafish	
22ºC 
30hpf	

EGFP-membrane	 97	x	97	x	
250	

34.9	x	46.6	
x	25.3	(per	
volume)	
166.6	x	
180.2	x	
134.7	

(stitched)	

10ms,	76pts	
(1.01s	+	2.35	per	

tile;	
7.4	min	

per	time	point)	

	488:	(32)	 	0.517,	0.55,	30	 	Vision4D	
5x4x7;	yes	
MATLAB	

Stitching	+	DMG	

4D,	M6,	
MS5	

Zebrafish	
22ºC 
30hpf	

Bodipy	green,	
nuclear-localized	
GCaMP6fast,	

DsRed	(glutamatergic	
ipsilateral	projecting	

neurons	

97	x	97	x	
150	

34.9	x	49.6	
x	35.1	(per	
volume)	
156	x	220	
x	162	

(stitched)	

(10ms,	10ms)	
(30pts,	30pts)	

(4.68s+2.34s	per	
tile;	

30	min	
per	time	point)	

	488:	(32)	
560:	(47)	 	0.517,	0.55,	30	 	Vision4D	

5x5x6;	yes	
MATLAB	

Stitching	+	DMG	

5A-D,	
M7	

Zebrafish	
22ºC 
24hpf	

Citrine-membrane	
mNeonGreen-galt1		

tRFPt-sec61b	
Mito	FM	dye	

97	x	97	x	
200	

34.9	x	40.6	
x	30.2	(per	
volume)	
134	x	
149.2	x	
68.2	

(stitched)	

(9ms,	9ms,	9ms)	
(29pts,	29pts,	

29pts)	
(4.07s	per	tile;		

5.9	min		
per	time	point)	

488:	(16)	
560:	(31)	
642:	(27)	

0.517,	0.55,	30	 no	

4x4x3;	yes	
ImageJ	

Grid/Collection	
Stitching	

6A-D,	
S12-15,	
M8,	
MS6	

Zebrafish	
22ºC 
58hpf		

Autobow,		
stochastic	expression	
of	phi-YFP,	Cerulean	

and	mKate	

97	x	97	x	
150	

34.9	x	40.6	
x	90.2		
(per	

volume)	
60.5	x	
228.9	x	
90.2	

(stitched)	

(30ms,	30ms,	
30ms)	

(72pts,	72pts,	
72pts)	

(54.09s	+	6.7s	per	
tile;		

20.9	min		
per	time	point)		

	445	
488:	(40)	
560:	(93)	

0.517,	0.55,	30		 	Vision4D	
5x2x1;	yes	
MATLAB	

Stitching	+	DMG		

6EF,	M9	
Zebrafish	
22ºC 
70hpf	

Citrine-membrane		
TexasRed	-	3kDa	

Dextran	

97	x	97	x	
200	

99.3	x	99.3	
x	40.2	

(10ms,	10ms)	
(597pts,	597pts)	
(4.02s+9.00s)	

	488:	(11)	
560:	(22)	 0.517,	0.55,	30	 no	 1;	no	
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6G,	
M10	

	Zebrafish	
22ºC 
48hpf		

xenograft	
with	MDA-
MB-231	

Human	Cells	

EGFP-kdrl	
mCherry-CAAX	

97	x	97	x	
180	

34.9	x	68.3	
x	50.2	

(10ms,	10ms)	
(47pts,	47pts)	
(5.58s+50.97s)		

	488:	(8)	
560:	(31)	 	0.517,	0.55,	30	 Vision4D	 	1;	no	

6H,	
M10	

	Zebrafish	
22ºC 
48hpf		

xenograft	
with	MDA-
MB-231	

Human	Cells	

EGFP-kdrl	
mCherry-CAAX	

97	x	97	x	
180	

34.9	x	68.3	
x	50.2	

(10ms,	10ms)	
(60pts,	60pts)	
(5.58s+50.99s)		

	488:	(8)	
560:	(31)	

	0.517,	0.55,	30	 Vision4D	 	1;	no	

6I,	M10	

	Zebrafish	
22ºC 
48hpf		

xenograft	
with	MDA-
MB-231	

Human	Cells	

EGFP-kdrl	
mCherry-CAAX	

97	x	97	x	
180	

34.9	x	68.3	
x	50.2	

(10ms,	10ms)	
(60pts,	60pts)	
(5.58s+52.97s)		

	488:	(16)	
560:	(46)	 	0.517,	0.55,	30	 Vision4D	 	1;	no	

S6	
Zebrafish	
22ºC 
55hpf	

mNeonGreen-
Clathrin	LCA	

mCardinal-membrane	

97	x	97	x	
200	

74.5	x	99.3	
x	30.2		

74.5	x	99.3	
x	2	

(shown,	z-
projection)	

(26ms,	26ms)	
(100pts,	1pt)	
(3.93s+3.57s)	

488:	(16)	
560:	(31)	

0.517,	0.55,	30	 no	 1;	no	

S7,	S8C	
Zebrafish	
22ºC 
24hpf	

mNeonGreen	-
Clathrin	LCA		

mCardinal-membrane	

97	x	97	x	
200	

74.5	x	99.3	
x	30.2		

(26ms,	26ms)	
(100pts,	1pt)	
(3.93s+3.57s)	

488:	(16)	
560:	(31)	 0.517,	0.55,	30	 no	 1;	no	

S8A	

SUM159	cell	
embedded	in	
matrigel	
37ºC	

EGFP-AP-2	
97	x	97	x	

250	
49.7	x	49.7	
x	25.2	

20ms	
2pts	

(2.02s+0.46s)	
488:	(53)	 0.517,	0.55,	30	 no	 1;	no	

S8B	

Organoid	
SUM159	

embedded	in	
matrigel	
37ºC	

tagRFPt	-AP-2	
97	x	97	x	

250	
77.6	x	99.3	
x	24.5	

26ms	
100pts	

(2.55s+0.47s)	
560:	(46)	 0.517,	0.55,	30	 no	 1;	no	

S17,	
MS7	

C.	elegans	
22ºC 

L3	stage	

GFP-laminin	
mCherry-moesinABD	

97	x	97	x	
180	

34.9	x	68.3	
x	30.2	

(10ms,	10ms)	
(30pts,	30pts)	
(3.36s+115.5s)	

488:	(16)	
560:	(46)	

0.517,	0.55,	30	 no	 1;	no	

MS8	
Arabidopsis	

22ºC 
	

P32S-GFP-MBD	 97	x	97	x	
180	

34.9	x	68.3	
x	40.1	

20ms	
120pts	

(4.46s+0.87s)	
488:	(32)	 0.517,	0.55,	30	 no	 1;	no	
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Captions for Supplementary Movies 
 

 
 
Movie S1. Volume rendering of 200 nm beads embedded in 1% agarose imaged with no correction 
(left) and with complete AO correction (detection, excitation and autofocus, right). The volume is 
rotated around the x axis showing its z and y projections (c.f., Fig 1). 
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Movie S2.  Subcellular structure and dynamics in the spine of a zebrafish embryo 24 hpf 
expressing markers for the cell surface (mCardinal-membrane), trans-Golgi apparatus 
(mNeonGreen-GalT) and mitochondria (TagRFPt-cox8a).  Part 1 of the movie compares volume 
renderings at a single time point using unprocessed data, deconvolved data without AO correction, 
and deconvolved data with AO correction.  Part 2 compares, at a single time point, xy maximum 
intensity projections of unprocessed data, data with AO correction only, and data with AO and 
deconvolution Part 3 shows the dynamics of the organelles after AO correction plus deconvolution 
(c.f., Fig 1D). 
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Movie S3. Dynamics of CCPs and CCVs (green) relative to muscle cell membranes, including 
their t-tubules (red), in a 2µm slab through the tail of a zebrafish embryo 50-55 hpf.  Both CCPs 
pinned to t-tubules and CCVs rapidly shuttling between t-tubules along the fiber axis are observed. 
(c.f., Fig. 2, Movie 3). 
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 Movie S4. A large image 
volume assembled from 7 x 
7 x 3 subvolumes in the tail 
of a zebrafish embryo 96 
hpf comparing three 
stitched and deconvolved 
datasets: (top) no AO 
correction; (middle) AO 
correction from center tile 
applied to all tiles; and 
(bottom) independent 
correction applied to each 
tile (c.f., fig 4).  
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Movie S5. Volume rendered time series of zebrafish spine development from 30-34 hpf imaged at 
30 min intervals. The excitation and detection path aberrations are shown on either side of the 
aberration corrected spine volume. The subset of tiles at a given time point where AO corrections 
are updated are highlighted with green boxes (c.f., Fig 4D). 
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Movie S6. Sagittal view of the migration of rostrocaudally projecting axons of newly differentiated 
neurons labeled by Autobow, imaged at 10.4 min intervals from 58 to 70 hpf (c.f., Fig. 6A-C). 
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Movie S7. Visualizing C. elegans AC invasion in vivo. Basement membrane (magenta) and AC-
specific F-actin (green) in the C. elegans L3 stage somatic gonad and vulval epithelium, prior to 
the time of AC invasion, showing xy and xz orthoslices and volume rendered views before (left) 
and after (right) AO correction and deconvolution (c.f., fig S17). 
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Movie S8.  Arabidopsis cotyledon epidermal cells expressing microtubule reporter p35S::GFP-
MBD, showing xy and xz orthoslices and volume rendered views before (left) and after (right) AO 
correction and deconvolution (c.f., fig. S18). 
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