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METHODS AND DEVICES FOR IMAGING LARGE INTACT TISSUE SAMPLES

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority benefit of the filing date of U.S. Provisional

Patent Application Serial No. 62/005,703, filed on 5/30/2014, the disclosure of which

application is herein incorporated by reference in its entirety.

INTRODUCTION

[0002] A major challenge to the imaging of large intact tissue samples is to conduct the

imaging process in a practically feasible period of time. Confocal microscopes suffer

from slow imaging speeds, and can also damage the signal-emitting capabilities of a

sample due to photo-bleaching before the sample is completely imaged. There is a need

in the art for high-speed, high-resolution imaging methods and devices that can be used

to decrease the amount of time required to image a large tissue sample while minimizing

the effects of photo-bleaching on the sample. The present invention addresses these and

other needs.

SUMMARY

[0003] Methods and devices for conducting high-speed, high-resolution imaging of large

intact tissue samples are provided. Aspects of the methods include placing a sample in an

optically homogenous sample manipulation component, performing a calibration

procedure to align a light sheet and a detection focal plane at a plurality of locations

within the sample, and performing an imaging procedure on the sample to collect an

image from each location. The collected images are reconstructed to form a complete

three-dimensional image of the sample. Devices for carrying out the steps of the methods

are also provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The invention may be best understood from the following detailed description

when read in conjunction with the accompanying drawings. Included in the drawings are

the following figures:

[0005] FIG. 1A shows an optical layout of a CLARITY optimized light-sheet

microscope (COLM).



[0006] FIG. IB, Panels a- show an optically homogeneous sample mounting

framework for large intact samples.

[0007] FIGS. 1C and ID show schematics for synchronized illumination detection and

automated alignment parameter calibration in COLM. All scale bars: 100 µιη.

[0008] FIG. 2, Panels a-d show rendered images of the internal details of an intact

mouse brain volume acquired from an intact clarified Thyl-eYFP mouse brain using

COLM.

[0009] FIG. 3, Panels a-i provide various magnified views of a large brain volume.

Panels d-i show high resolution images over a 50 micron-thick volume acquired from an

intact clarified Thyl-eYFP mouse brain using COLM. All scale bars: 100 µιη.

[0010] FIGS. 4A-4C show images of parvalbumin immunostaining in clarified intact

mouse brain imaged using COLM. The image in FIG. 4B was collected using COLM,

while the images in FIG. 4A and FIG. 4C were collected using confocal microscopy. All

images represent maximum Z-projections and all scale bars are 100 µιη.

[0011] FIG. 5 shows a schematic comparison of confocal, two-photon and light sheet

microscopy.

[0012] FIG. 6 shows a schematic summary of the control electronics framework and

COLM parts.

[0013] FIG. 7 shows a block flow diagram of one embodiment of the methods.

[0014] FIG. 8, Panel a shows a schematic representation of a multi-planar COLM

having two illumination beam paths and two detection beam paths. Panels b and c show

schematic representations of various imaging methods that can be carried out using the

system depicted in Panel a, to achieve deeper imaging and increased imaging speed.

[0015] FIG. 9 shows a schematic representation of a multi-planar COLM system that

can be used to generate four independent light sheets from one illumination beam path,

thus creating eight independent light sheets in total in an embodiment that includes two

illumination beam paths and two simultaneous imaging paths.

[0016] FIG 10, Panel a shows a picture of the physical implementation of multi-planar

COLM system detailed in FIG 8-Panel a . Panel b, c and d present an example dataset of

entire central nervous system (Brain and Spinal Cord) of adult mouse, acquired using

two detection system. Panel b is maximum projection of 3D Image from one camera,

Panel c from other, and d after merging the two.

[0017] FIG 11 shows a schematic representation of extended multi-planar COLM

system with four detection beams paths, by employing motorized flip mirrors (FM).

Using FM, a sample can be imaged from orthogonal views, which are then fused to



generate isotropic resolution 3D volume data (LS: Laser Source; Sh: Shutter; IFW:

Illumination Filter Wheel; BE: Beam Expander; 2DSc: 2D Galvo Scanner; SL: f-theta

Scan Lens; TL: Tube Lens; FM: Motorized Flip Mirror; Obj: Illumination Objective;

EFW: Emission Filter Wheel: and Cm: sCMOS or CCD Camera.

DETAILED DESCRIPTION

[0018] Methods and devices for conducting high-speed, high-resolution imaging of large

intact tissue samples are provided. Aspects of the methods include placing a sample in an

optically homogenous sample manipulation component, performing a calibration

procedure to align a light sheet and a detection focal plane at a plurality of locations

within the sample, and performing an imaging procedure on the sample to collect an

image from each location. The collected images are reconstructed to form a three-

dimensional image of the sample. Devices for carrying out the steps of the methods are

also provided.

[0019] Before the present invention is described in greater detail, it is to be understood

that this invention is not limited to particular embodiments described, as such may, of

course, vary. It is also to be understood that the terminology used herein is for the

purpose of describing particular embodiments only, and is not intended to be limiting,

since the scope of the present invention will be limited only by the appended claims.

[0020] Where a range of values is provided, it is understood that each intervening value,

to the tenth of the unit of the lower limit unless the context clearly dictates otherwise,

between the upper and lower limit of that range and any other stated or intervening value

in that stated range, is encompassed within the invention. The upper and lower limits of

these smaller ranges may independently be included in the smaller ranges and are also

encompassed within the invention, subject to any specifically excluded limit in the stated

range. Where the stated range includes one or both of the limits, ranges excluding either

or both of those included limits are also included in the invention.

[0021] Certain ranges are presented herein with numerical values being preceded by the

term "about." The term "about" is used herein to provide literal support for the exact

number that it precedes, as well as a number that is near to or approximately the number

that the term precedes. In determining whether a number is near to or approximately a

specifically recited number, the near or approximating unrecited number may be a

number which, in the context in which it is presented, provides the substantial equivalent

of the specifically recited number.



[0022] Unless defined otherwise, all technical and scientific terms used herein have the

same meaning as commonly understood by one of ordinary skill in the art to which this

invention belongs. Although any methods and materials similar or equivalent to those

described herein can also be used in the practice or testing of the present invention,

representative illustrative methods and materials are now described.

[0023] All publications and patents cited in this specification are herein incorporated by

reference as if each individual publication or patent were specifically and individually

indicated to be incorporated by reference and are incorporated herein by reference to

disclose and describe the methods and/or materials in connection with which the

publications are cited. The citation of any publication is for its disclosure prior to the

filing date and should not be construed as an admission that the present invention is not

entitled to antedate such publication by virtue of prior invention. Further, the dates of

publication provided may be different from the actual publication dates which may need

to be independently confirmed.

[0024] It is noted that, as used herein and in the appended claims, the singular forms "a",

"an", and "the" include plural referents unless the context clearly dictates otherwise. It is

further noted that the claims may be drafted to exclude any optional element. As such,

this statement is intended to serve as antecedent basis for use of such exclusive

terminology as "solely," "only" and the like in connection with the recitation of claim

elements, or use of a "negative" limitation.

[0025] As will be apparent to those of skill in the art upon reading this disclosure, each

of the individual embodiments described and illustrated herein has discrete components

and features which may be readily separated from or combined with the features of any

of the other several embodiments without departing from the scope or spirit of the

present invention. Any recited method can be carried out in the order of events recited or

in any other order which is logically possible.

[0026] In further describing various aspects of embodiments of the invention in greater

detail, aspects of the systems and devices of various embodiments are reviewed first in

greater detail, followed by a discussion of methods and kits according to certain

embodiments of the invention.

SYSTEMS

[0027] Aspects of the invention include systems and devices thereof configured for

imaging large intact tissue samples. In some embodiments, the subject systems include a

microscope device comprising an illumination beam path that comprises a light source, a



detection beam path that comprises a camera, an optically homogenous sample

manipulation component that comprises a sample chamber, a controller, a processor, and

a computer-readable medium comprising instructions that, when executed by the

processor, cause the controller to execute a calibration procedure to acquire a plurality of

alignment parameters for a sample in the sample chamber, and execute an imaging

procedure that utilizes the alignment parameters to generate a three dimensional image of

the sample. Each of these components is now further described in greater detail.

[0028] As summarized above, aspects of the invention include systems that include an

illumination beam path. Illumination beam path components are well known in the art

and are not described in great detail herein. In some embodiments, illumination beam

path components may include a collimator, shutter, illumination filter wheel, beam

expander, two-dimensional scanner, scan lens, tube lens, one or more mirrors, and a light

source, as described further below. Any of these components, or combinations or

arrangements thereof, may be utilized in a suitable manner in the subject systems and

devices.

[0029] In some embodiments, an illumination beam path includes a cylindrical lens that

is configured to generate a static light sheet. In some embodiments, an illumination beam

path includes galvanometer scanner/f-theta lens configured to create dynamic light sheets

with a Gaussian or Bessel beams. In some embodiments, a system may include two

illumination beam paths, wherein the illumination beam paths are configured to

illuminate a sample from opposite or opposing sides of the sample.

[0030] In some embodiments, a system may be configured to generate a plurality of light

sheets, such as one, two, three, four or more light sheets from a single illumination beam

path. In certain embodiments, a light sheet can be independently manipulated to

illuminate a desired portion of a sample. In some embodiments, two or more light sheets

can be used to illuminate a portion of a sample in a coordinated manner, such that a first

light sheet illuminates a first portion of the sample, and a second light sheet illuminates

second portion of the sample, wherein the first portion of the sample is different from the

second portion of the sample. In some embodiments, a plurality of light sheets can be

used to illuminate a portion of a sample, for example, up to three or more, such as four or

more, such as five or more, such as six or more, such as seven or more, such as eight or

more light sheets can be used to illumination a portion of a sample in a coordinated

manner. In some embodiments, each light sheet can be manipulated independently to

illuminate a given portion of a sample. In some embodiments, a plurality of light sheets



can be manipulated in a coordinated manner to accomplish imaging of a sample in

accordance with the methods described further herein.

[0031] In some embodiments, a system may include two illumination beam paths. In

certain embodiments, two illumination beam paths may be used to illuminate a sample

from opposite sides, thereby allowing one half of the sample to be imaged from one side,

and the other half of the sample to be imaged from another side.

[0032] Illumination beam paths in accordance with embodiments of the invention may

also include various light sources configured to generate light in the visible spectrum,

having a wavelength ranging from 390 to 700 nm, or in Infrared spectrum in sub-range

700 - 1500. In some embodiments, a light source may include a laser. In some

embodiments, a light source (such as a laser light source) is configured to emit light

having a wavelength of, e.g., 405 nm, 488 nm, 514 nm, 561 nm, 594 nm, or 647 nm. Any

of a variety of suitable light sources may be used with the subject systems.

[0033] As summarized above, aspects of the invention include systems that include a

detection beam path. Detection beam path components are well known in the art and are

not described in great detail herein. In some embodiments, detection beam path

components include a camera, tube lens, emission filter wheel, and a detection objective.

Any of these components, or combinations or arrangements thereof may be utilized in a

suitable manner in the subject systems and devices.

[0034] In some embodiments, a camera is a CCD camera or a scientific CMOS camera

(sCMOS) providing extremely low noise, rapid frame rates, wide dynamic range, high

quantum efficiency (QE), high resolution, and large field of view. Such cameras are

commercially available from scientific technology vendors.

[0035] In some embodiments, a detection objective is configured to have a refractive

index (RI) that matches the RI of a sample undergoing imaging. For example, in some

embodiments, a detection objective may be a 25X, 10X, or 4X detection objective whose

RI is matched with that of an immersion liquid and/or tissue sample undergoing imaging

analysis.

[0036] In some embodiments, a detection objective may be a low numerical aperture

detection objective. The numerical aperture of an objective describes how much of the

emitted light signal (e.g., fluorescence signal) can be collected by the objective and the

diffraction-limited resolution that can be achieved. Higher numerical aperture translates

to improved resolution in wavelength-dependent fashion, according to the relationship

defined by the Abbe diffraction limit of λ/2ΝΑ . In some embodiments, the numerical

aperture of the detection objective ranges from 0.1 to 1.4, such as 0.6 to 1.0



[0037] In some embodiments, a detection objective has a working distance (WD), which

is the distance between the focal plane (or imaging plane) and the physical edge of the

objective lens. The WD of a detection objective therefore determines how deep into a

sample imaging can be conducted without physical contact between the sample and the

objective lens. In some embodiments, a WD of a detection objective ranges from 0.1 to

100 mm, such as 6-8 mm.

[0038] In some embodiments, a system may include two detection beam paths. In certain

embodiments, two detection beam paths may be used to simultaneously image a sample

from opposite sides, thereby allowing one half of the sample to be imaged from one side,

and the other half of the sample to be imaged from another side. This embodiment

provides a two-fold increase in the sample size that can be imaged, as the overall

working distance of the combination of both objectives is increased by two fold through

the addition of a second objective in the second detection beam path.

[0039] As summarized above, aspects of the invention include an optically homogenous

sample manipulation component configured to contain a sample in an optically

homogenous environment. By "optically homogenous" is meant that the refractive

indeces (RIs) of the various materials in the environment are matched, or are similar,

such that a beam of light traveling through the optically homogenous environment will

be insubstantially impacted by any changes in the RIs of the materials through which it

travels.

[0040] In some embodiments, the optically homogenous sample manipulation

component comprises a bottom or base and an outer wall that defines a sample chamber

in the shape of a box with an open top. In some embodiments, a lens from one or more

illumination beam paths is disposed on or in a portion of the outer wall such that light

emitted from an illumination beam path enters directly into an interior portion of the

sample chamber via a transparent window. In some embodiments, the transparent

window is made of a material that matches the RI of the optically homogenous

environment. In some embodiments, the transparent window is made from, e.g., quartz

coverslips. In some embodiments, a detection objective of a detection beam path is

disposed on or in a portion of the outer wall. In some embodiments, a detection objective

is positioned in an orthogonal relationship to an illumination beam path (e.g., is

positioned at a 90° angle to an illumination beam path).

[0041] In some embodiments, the optically homogenous sample manipulation

component includes an xyz-theta sample mount that is configured to move a sample in

any of a plurality of directions, including x, y, and z directions as well as angular or



rotational directions. In some embodiments, the xyz-theta stage mount has a large travel

range and is configured to move at least 45 mm is each of the x, y, and z directions. In

some embodiments, the xyz-theta stage mount is configured to rotate the sample by a full

360° in the angular or theta direction. Such xyz-theta sample mounts are commercially

available from scientific technology vendors.

[0042] In some embodiments, the optics of the system are configured to move with

respect to the sample, whereas in some embodiments, the sample manipulation

component is configured to move the sample with respect to the optics of the system.

Movement of either the optics or the sample manipulation components can be, e.g., in a

step-by-step manner or in a continuous manner. In some embodiments, the optics and the

sample manipulation components can be moved in a synchronous manner, whereas in

certain embodiments, the optics and the sample manipulation components can be moved

in an asynchronous manner.

[0043] In some embodiments, the sample chamber of the optically homogenous sample

manipulation component is filled with a solution. In some embodiments, the solution has

an RI that matches the RI of the sample or the detection objective of the detection beam

path. For example, in some embodiments, the solution used to fill the sample chamber is

FocusClear or MountClear (both commercially available from CelExplorer Labs). In

some embodiments, the solution used to fill the chamber is a liquid with a refractive

index that ranges from 1.42 up to 1.46, such as 1.45. In some embodiments, the solution

used to fill the sample chamber is 87% glycerol. Solutions having the desired range of

refractive indices are commercially available from vendors, such as Cargille Labs.

[0044] In some embodiments, the sample chamber of the optically homogenous sample

manipulation component comprises a smaller inner chamber whose volume is less that

the volume of the larger, outer sample chamber. For example, in some embodiments, the

inner chamber is a cuvette that is configured to house a sample for analysis. In certain

embodiments, a cuvette made from fused quartz is used as the inner chamber. In some

embodiments, the inner chamber is filled with a solution, as described above, whose RI

matches the RI of the sample or the detection objective of the detection beam path. For

example, in some embodiments, the solution used to fill the inner chamber is FocusClear

or MountClear (both commercially available from CelExplorer Labs). In some

embodiments, the solution used to fill the inner chamber is RI 1.454, commercially

available from vendors such as Cargille Labs. In some embodiments, the solution used to

fill the inner chamber is 87% glycerol. In certain embodiments, a first solution may be

used to fill the inner chamber, and a different solution may be used to fill the larger,



outer chamber. For example, in some embodiments, the inner chamber is filled with

FocusClear, while the outer chamber is filled with RI 1.454 solution, or 87% glyercol

solution.

[0045] As summarized above, aspects of the invention include a controller, processor

and computer readable medium that are configured or adapted to control or operate one

or more components of the subject systems. In some embodiments, a system includes a

controller that is in communication with one or more components of the systems, as

described herein, and is configured to control aspects of the systems and/or execute one

or more operations or functions of the subject systems. In some embodiments, a system

includes a processor and a computer-readable medium, which may include memory

media and/or storage media. Applications and/or operating systems embodied as

computer-readable instructions on computer-readable memory can be executed by the

processor to provide some or all of the functionalities described herein.

[0046] In some embodiments, a system includes a user interface, such as a graphical user

interface (GUI), that is adapted or configured to receive input from a user, and to execute

one or more of the methods as described herein. In some embodiments, a GUI is

configured to display data or information to a user.

[0047] Referring now to FIG. 1A, an embodiment of a microscope device is depicted.

The depicted microscope device includes a first and a second illumination beam path,

wherein each illumination beam path includes a collimator, shutter, illumination filter

wheel, beam expanders, 2d galvanometer scanner, scan lens (or f-theta lens), tube lens,

mirror and illumination objective. The depicted microscope device also includes a

detection beam path that includes an sCMOS camera, tube lens, emission filter wheel

and a detection objective that is positioned within the optically homogenous sample

manipulation component.

[0048] Referring now to FIG. IB, various components of an optically homogenous

sample manipulation component are depicted. Panel a shows a quartz cuvette that may

serve as an inner sample chamber. Panel b shows an xyz-theta sample mount stage

positioned on the base of the sample chamber. The detection objective of the detection

beam path and the lenses of two illumination beam paths are also shown. Panel c shows

the cuvette placed within the sample chamber to form an inner sample chamber. Panel d

shows the sample chamber filled with RI 1.454 liquid.

[0049] Referring now to FIG. 6, a schematic summary of the control electronics

framework and COLM parts are shown. As depicted, a control computer or processor

communicates with the various components of the systems, including, e.g., an sCMOS



camera in the detection beam path, a laser controller in the illumination beam path, and

various additional components.

[0050] Referring now to FIG. 8, Panel a, an embodiment of a multi-planar COLM

system is shown. As depicted, the system includes two illumination beam paths and two

detection beam paths. The illumination beam paths are configured to illuminate a sample

from opposite sides, and the detection beam paths are configured to image the sample

from opposite sides. Simultaneous imaging of multiple planes is achieved by operating

the two detection arms slightly shifted (about 100 microns is sufficient as shown in FIG.

8, Panel c.) from each other in the row-by-row readout direction.

[0051] Referring now to FIG. 9, an embodiment of an illumination beam path of a multi

planar COLM system is shown. As depicted, the illumination beam path includes a

variety of components that are configured to generate multiple independent light sheets.

Specifically, the depicted embodiment is configured to generate four independent light

sheets. It should be noted that one of ordinary skill in the art could also select various

components in order to generate a different number of independent light sheets for use in

the subject methods, described further herein.

[0052] Referring now to FIG. 11, a two detection path can be extended to four detection

paths by employing the use of motorized flip mirrors to redirect illumination beams to

two different configurations that allow imaging by the corresponding pair of detection

arms.

METHODS
[0053] Aspects of the invention include methods that may be used for imaging large

intact tissue samples. In some embodiments, the subject methods involve placing a

sample in the sample chamber of an optically homogenous sample manipulation

component, performing a calibration procedure to align a light sheet and a detection focal

plane of a microscope device at a plurality of locations within the sample to acquire an

alignment parameter for each location, performing an imaging procedure to collect an

image from each of the plurality of locations within the sample, and constructing a three-

dimensional image of the sample using the image from each location. Aspects of the

methods are now further described in greater detail below.

[0054] As described above, aspects of the methods involve placing a sample in an

optically homogenous sample manipulation component. In some embodiments, a sample

is placed on a sample mount stage, such as an xyz-theta sample mount stage that is

configured to move the sample in any direction. In some embodiments, the methods

involve placing a sample in the sample chamber of an optically homogenous sample



manipulation component, and filling the sample chamber with a solution that has a

refractive index (RI) that matches that of the sample. In some embodiments, prior to

performing the imaging analysis described herein, a sample may be prepared for

microscopic analysis. In some embodiments, a sample is prepared by fixing the sample

with a plurality of hydrogel subunits, polymerizing the hydrogel subunits to form a

hydrogel-embedded sample, and clearing the hydrogel-embedded sample. Preparation

methods are further described in International Patent Application No.

PCT/US20 13/03 1066, the disclosure of which is herein incorporated by reference in its

entirety.

[0055] Aspects of the methods involve executing a calibration procedure that is used to

align a detection focal plane of the microscope device with an illumination plane of the

sample that is illuminated with a sheet of light. In some embodiments, the calibration

procedure involves specifying a start position and an end position for the sample in the z-

direction. In certain embodiments, the calibration procedure involves specifying a z-step

value that is used to divide the sample into a plurality of planes in the z-direction, where

each plane represents a two-dimensional segment or portion of the sample. In some

embodiments, the z-step value ranges from 0.1 µιη to 1 mm, such as 1 to 5 µιη.

[0056] In some embodiments, the calibration procedure involves digitally dividing a

sample into a plurality of tiles. By "tile" is meant an image of a discrete portion of a

sample. When the field of view of a microscope objective is smaller than the sample

itself, it may be necessary to collect multiple stacks of images in tiling arrangements, and

then stitch together the tiles to generate a complete image. In some embodiments, the

methods involve defining the coordinates of the two opposite corners of a region that

will define the number of tiles, and setting a desired z-step value that will be used to

collect a stack of tile images. In some embodiments, regions are selected as tiles having

an overlap with each other ranging from 10 to 50%, such as 15 to 20%.

[0057] Aspects of the calibration procedure involve acquiring an alignment parameter

for each of a plurality of locations within the sample. To acquire the alignment parameter

at each location, a light sheet produced by moving a beam of light in one dimension is

used to illuminate a plane of the sample. The plane of the sample that is illuminated by

the light sheet is referred to herein as a "sample illumination plane" or "illumination

plane." Alignment between the detection focal plane of the microscope and the sample

illumination plane is accomplished by finding a maximum image quality measurement in

a specified neighborhood corresponding to optimal alignment between the sample

illumination plane and the detection focal plane. In some embodiments, the image



quality measurement is an optical focus quality measurement that comprises a ratio of

high frequency and low frequency signals in Fourier space.

[0058] The result of the calibration procedure is a plurality of alignment parameters that

correspond to different locations within the sample. By applying an alignment parameter

at a given location within the sample, optimal alignment between the detection focal

plane of the microscope device and the light sheet is achieved at the location. In some

embodiments, a z-step value of 1 mm is used to carry out the calibration procedure, and

linear interpolation between two adjacent locations within the sample is used to

determine an alignment parameter at a location between the two adjacent locations. In

this way, the calibration procedure can be performed using a z-step value of 1 mm, and

the results can then be applied to the entire sample to determine an alignment parameter

at any location. In some embodiments, the calibration procedure is automated. In some

embodiments, a processor executes instructions that cause a controller to execute the

calibration procedure and acquire a plurality of alignment parameters for the sample.

[0059] As described above, aspects of the methods include performing an imaging

procedure that utilizes the alignment parameters to align a detection focal plane of the

microscope device with an illumination plane of the sample. In some embodiments, the

imaging procedure involves aligning a detection focal plane of the microscope device

with an illumination plane of the sample, illuminating a linear portion of the illumination

plane with a beam of light from a light source, and capturing a plurality of emitted light

signals from the illuminated linear portion of the illumination plane with the camera. In

certain embodiments, alignment of a detection focal plane of the microscope device and

an illumination plane of the sample is synchronized, such that illumination of the

illumination plane is carried out at the same time that the detection focal plane is aligned

with the illumination plane. In this way, only the portion of the sample that is actively

being imaged is illuminated, thereby reducing photo-bleaching of signals in the sample

that may result from excessive illumination.

[0060] In some embodiments, the imaging procedure involves directing a beam of light

from a light source to sweep across an illumination plane and thereby illuminate a

plurality of linear portions of the illumination plane. In some embodiments, as the beam

of light sweeps across the illumination plane, a plurality of emitted light signals from

each different linear portion of the illumination plane is captured by the camera, resulting

in a two dimensional image of the sample that coincides with the illumination plane. In

some embodiments, the period of time during which an illumination plane of the sample

is illuminated ranges from 1 millisecond (ms) to 1 second, such as 5 to 100 ms.



[0061] In some embodiments, the methods involve directing multiple independent light

sheets to illuminate different portions of a sample. For example, in some embodiments,

two or more light sheets are used to illuminate a sample from opposite sides of the

sample. In some embodiments, a plurality of light sheets are used to illuminate the

sample, such as two or more, three or more, four or more, five or more, six or more,

seven or more, or up to eight or more light sheets. In some embodiments, a single light

sheet is used to illuminate two or more different portions of a sample by quickly moving,

or "switching" the light sheet from one position to another.

[0062] In some embodiments, the imaging procedure further involves moving the sample

in the z-direction such that the light sheet will illuminate a new illumination plane, and

repeating the imaging procedure to generate another two dimensional image of the

sample coinciding with the new illumination plane. In some embodiments, the sample

remains stationary while the light sheet and the detection objective are moved to image a

new illumination plane. In some embodiments, the imaging procedure involves

synchronously moving the optics (e.g., the objectives in the illumination beam path(s))

and the light sheets that are used to illuminate the sample. In some embodiments, the

imaging procedure involves continuously moving the sample with the sample

manipulation components at a defined rate, such that the camera in the detection beam

path can continuously image various planes of the sample as they are illuminated. Any of

the above-described methodology can be implemented with respect any given light sheet.

As such, utilizing multiple light sheets in a COLM system can be used to increase the

overall speed of the imaging procedure for a particular sample, as well as increase the

size of a sample that can be imaged using the subject systems and methods.

[0063] In some embodiments, the result of the illumination procedure is a plurality of

two dimensional images of the sample, each corresponding to a different illumination

plane of the sample. In some embodiments, the imaging procedure is automated. In some

embodiments, a processor executes instructions that cause a controller to execute the

imaging procedure and acquire a plurality of two dimensional images of the sample, each

corresponding to a different illumination plane of the sample.

[0064] In some embodiments, the imaging procedure further involves data processing of

a plurality of two dimensional images to form a three dimensional image of the sample.

In some embodiments, two or more different two dimensional images of a sample may

be combined, or "stitched" together to form a single two dimensional image of a plane of

the sample. For example, as described above, when a sample is imaged using two or

more different independent light sheets, the images obtained from each light sheet may



be combined to form a single two dimensional image corresponding to a given plane of

the sample.

[0065] Three dimensional reconstruction software is commercially available, and can be

used to stitch together tiled images and/or reconstruct a plurality of two dimensional

images into a three dimensional image. Commercially available software programs

include those from Imaris, Bitplane and Amira, as well as open source software such as

the stitching plugins in Fiji, XuvTools, Vaa3D plugin, and TeraStitcher. In some

embodiments, manual or semi-automatic tracing of neuronal morphology in a sample

comprising neuronal tissue can be performed using specific modules in commercial

software, such as Imaris and Amira, or with open-source tools such as Neuromantic.

[0066] Referring now to FIG. 7, a block flow diagram of one embodiment of the

methods is shown. In the depicted embodiment, the method includes placing a sample in

the optically-homogenous sample manipulation component, performing a calibration

procedure on the sample to acquire a plurality of alignment parameters, performing an

imaging procedure on the sample using the alignment parameters, and constructing a

three-dimensional image of the entire sample using the images captured during the

imaging procedure.

[0067] Referring now to FIG. 8, Panel b, an embodiment of a method for obtaining

high-quality deep images or a large intact sample is shown. As depicted, two

independent planes, illuminated with two aligned sheets of light (either one beam from

each side illuminating the two different planes, or two from each side, with one from

each plane side illuminating the same plane and the remaining illuminating the other

plane), are imaged, either simultaneously or sequentially from opposite detection arms..

A two dimensional image of the sample is generated from each light sheet. Panel b

demonstrates images of the same plane imaged from two opposite detection arm. The

detection arms can be aligned precisely (for example, with sub-microns accuracy). Panel

b demonstrates images from slightly misaligned arms, and that by small corrections in

the X or Y dirrection can be superimposed. Using this method, larger samples can be

imaged, as the overall working distance of the combination of both objectives is

increased by two fold through the addition of the second objective in the second

detection beam path.

[0068] Referring now to FIG. 8, Panel c, various methods of increasing imaging speed

are shown. As depicted, fast switching of a light sheet may to illuminate two independent

planes be used to increase overall imaging speed. Similarly, simultaneous multi-planar

imaging can also be used to increase the overall speed of the imaging process. Non-stop



sample imaging, wherein multiple light sheets are continuously moved through the

sample or the sample is moved continuously through multiple light sheets while

continuously acquiring images, can also be used to increase the overall speed of the

imaging process. In addition, step-wise optical z-scanning can be used with multiple

light sheets to sequentially image different optical planes of a sample. Uni-directional

and bi-directional synchronized illumination and detection can also be used to increase

the overall speed of the imaging process. In bi-directional synchronized illumination and

detection, two or more independent light sheets are used to illuminate and image

different portions of a sample, as depicted in FIG. 8, Panel c . The use of multiple light

sheets moving in different directions increases the overall speed of the imaging process.

[0069] Referring now to FIG. 11, a method of increasing axial (z-resolution) is shown.

By imaging a sample from four independent, orthogonally arranged, signal detection

arms, a 3D image is acquired from four orthogonal views. By fusing these four views,

improvement in axial resolution (z-resolution) is achieved. FIG. 11 shows two

automatically switchable configurations wherein a sample is first image by a set of two

detection arms, and then by an orthogonally arranged part of the detection arm. This

switching is performed using fast, precise flip mirrors, which either reflect excitation

light or allow it to pass through unhindered.

APPLICATIONS

[0070] Using the subject methods and systems, the ordinarily skilled artisan will be able

to image any biological tissue. Methods and systems may be used to image a specimen

from any plant or animal, e.g. vertebrate or invertebrate, e.g. insect, worm, xenopus,

zebrafish, mammal, e.g. equine, bovine, ovine, canine, feline, murine, rodent, non-

human primate or human. The specimen may be of any tissue type, e.g. hematopoietic,

neural (central or peripheral), glial, mesenchymal, cutaneous, mucosal, stromal, muscle

(skeletal, cardiac, or smooth), spleen, reticulo-endothelial, epithelial, endothelial, hepatic,

kidney, pancreatic, gastrointestinal, pulmonary, fibroblast, and other cell types. In some

instances, the specimen is the organism, e.g. a worm, an insect, a zebrafish, or a

developing embryo. In other instances, the specimen is a whole organ, e.g. the whole

brain of a rodent. In other instances, the specimen is a portion of an organ, i.e. a biopsy,

e.g. a biopsy of a transplanted tissue. The specimen may be freshly isolated or

preserved, e.g. snap frozen. The specimen may have "normal" pathology, or may display

signs of abnormal or disease-associated pathology. Examples of such specimens include

those obtained from tumors or tumor-associated tissues, diseased tissues, and the like. As



such, the subject methods and systems find use in pathological analysis of tissue

specimens.

[0071] The subject methods and systems find use in conjunction with techniques for

preparing biological specimens for microscopic analysis. In some embodiments, the

methods involve preparing a sample for the subject imaging analysis by fixing the

sample with a plurality of hydrogel subunits, polymerizing the hydrogel subunits to form

a hydrogel-embedded sample, and clearing the hydrogel-embedded sample. Further

details regarding the preparation of specimens for microscopic analysis can be found in

International Patent Application No. PCT/US20 13/03 1066, the disclosure of which is

herein incorporated by reference in its entirety. As used herein, the term "CLARITY"

refers to a method of preparing a biological specimen for analysis as disclosed in

PCT/US20 13/03 1066.

[0072] The subject methods and systems find many uses. For example, the subject

methods may be applied to the study of the connectivity of the central nervous system.

"Connectivity" as used herein generally means the connections between neurons, and

includes connections at the single cell level, e.g. synapses, axon termini, dendritic spines,

etc. and connections between groups of neurons and regions of the CNS as major axon

tracts, e.g. corpus callosum (CC), anterior commissure (AC) hippocampal commissure

(HC), pyramidal decussation, pyramidal tracts, external capsule, internal capsule (IC),

cerebral peduncle (CP), etc. A whole brain and/or spinal cord specimen or region thereof

(e.g. cerebrum (i.e. cerebral cortex), cerebellum (i.e. cerebellar cortex), ventral region of

the forebrain (e.g. striatum, caudate, putamen, globus pallidus, nucleus accumbens;

septal nuclei, subthalamic nucleus); regions and nuclei of the thalamus and

hypothalamus; regions and nuclei of the deep cerebellum (e.g., dentate nucleus, globose

nucleus, emboliform nucleus, fastigial nucleus) and brainstem (e.g. substantia nigra, red

nucleus, pons, olivary nuclei, cranial nerve nuclei); and regions of the spine (e.g. anterior

horn, lateral horn, posterior horn)) may be prepared post-mortem and the connectivity of

the neurons therein microscopically analyzed using the subject methods and systems, e.g.

obtained, stored, rendered, used, and actuated, e.g. to provide the full connectivity of a

brain, e.g. a human brain, after death. Such studies will contribute greatly to the

understanding of how the brain develops and functions in health and during disease, and

of the underpinnings of cognition and personality.

[0073] As another example, the subject methods and systems may be employed to

diagnose or monitor disease. "Diagnosis" as used herein generally includes a prediction

of a subject's susceptibility to a disease or disorder, determination as to whether a subject



is presently affected by a disease or disorder, prognosis of a subject affected by a disease

or disorder (e.g., identification of cancerous states, stages of cancer, likelihood that a

patient will die from the cancer), prediction of a subject's responsiveness to treatment for

the disease or disorder (e.g., positive response, a negative response, no response at all to,

e.g., allogeneic hematopoietic stem cell transplantation, chemotherapy, radiation therapy,

antibody therapy, small molecule compound therapy) and use of therametrics (e.g.,

monitoring a subject's condition to provide information as to the effect or efficacy of

therapy). For example, a biopsy may be prepared from a cancerous tissue and

microscopically analyzed using the subject methods and systems to determine the type of

cancer, the extent to which the cancer has developed, whether the cancer will be

responsive to therapeutic intervention, etc. As another example, a biopsy may be

prepared from a diseased tissue, e.g. kidney, pancreas, stomach, etc., and imaged using

the subject methods and systems to determine the condition of the tissue, the extent to

which the disease has developed, the likelihood that a treatment will be successful, etc.

The terms "treatment", "treating" and the like are used herein to generally mean

obtaining a desired pharmacologic and/or physiologic effect. The effect may be

prophylactic in terms of completely or partially preventing a disease or symptom thereof

and/or may be therapeutic in terms of a partial or complete cure for a disease and/or

adverse effect attributable to the disease. "Treatment" as used herein covers any

treatment of a disease in a mammal, and includes: (a) preventing the disease from

occurring in a subject which may be predisposed to the disease but has not yet been

diagnosed as having it; (b) inhibiting the disease, i.e., arresting its development; or (c)

relieving the disease, i.e., causing regression of the disease. The therapeutic agent may be

administered before, during or after the onset of disease or injury. The treatment of

ongoing disease, where the treatment stabilizes or reduces the undesirable clinical

symptoms of the patient, is of particular interest. Such treatment is desirably performed

prior to complete loss of function in the affected tissues. The subject therapy will

desirably be administered during the symptomatic stage of the disease, and in some cases

after the symptomatic stage of the disease. The terms "individual," "subject," "host," and

"patient," are used interchangeably herein and refer to any mammalian subject for whom

diagnosis, treatment, or therapy is desired, particularly humans.

Similarly, the subject methods and systems may be used to monitor tissue grafts

to determine how well the subject has accepted a transplanted organ/tissue, e.g. heart,

kidney, liver, or other organ. In such instances, a biopsy of the transplanted organ may



be microscopically analyzed using the subject methods and systems to look for, e.g.,

tissue integrity, tissue vascularization, the infiltration of immune cells, etc.

[0075] The subject methods and systems also provide a useful system for screening

candidate therapeutic agents for their effect on a tissue or a disease. For example, a

subject, e.g. a mouse, rat, dog, primate, human, etc. may be contacted with a candidate

agent, an organ or a biopsy thereof may be prepared, and the prepared specimen

microscopically analyzed using the subject methods and systems to look for one or more

cellular or tissue parameters. Parameters are quantifiable components of cells or tissues,

particularly components that can be accurately measured, desirably in a high throughput

system. A parameter can be any cell component or cell product including cell surface

determinant, receptor, protein or conformational or posttranslational modification

thereof, lipid, carbohydrate, organic or inorganic molecule, nucleic acid, e.g. mRNA,

DNA, etc. or a portion derived from such a cell component or combinations thereof.

While most parameters will provide a quantitative readout, in some instances a semi

quantitative or qualitative result will be acceptable. Readouts may include a single

determined value, or may include mean, median value or the variance, etc.

Characteristically a range of parameter readout values will be obtained for each

parameter from a multiplicity of the same assays. Variability is expected and a range of

values for each of the set of test parameters will be obtained using standard statistical

methods with a common statistical method used to provide single values. Thus, for

example, one such method may comprise detecting cellular viability, tissue

vascularization, the presence of immune cell infiltrates, efficacy in altering the

progression of the disease, etc. In some embodiments, the screen includes comparing the

analyzed parameter(s) to those from a control, or reference, sample, e.g. a specimen

similarly prepared from a subject not contacted with the candidate agent. Candidate

agents of interest for screening include known and unknown compounds that encompass

numerous chemical classes, primarily organic molecules, which may include

organometallic molecules, inorganic molecules, genetic sequences, etc. Candidate agents

of interest for screening also include nucleic acids, for example, nucleic acids that

encode siRNA, shRNA, antisense molecules, or miRNA, or nucleic acids that encode

polypeptides. An important aspect of the invention is to evaluate candidate drugs,

including toxicity testing, and the like.

[0076] The subject methods and systems may also be used to visualize the distribution of

genetically encoded markers in whole tissue at subcellular resolution, for example,

chromosomal abnormalities (inversions, duplications, translocations, etc.), loss of genetic



heterozygosity, the presence of gene alleles indicative of a predisposition towards

disease or good health, likelihood of responsiveness to therapy, ancestry, and the like.

Such detection may be used in, for example, diagnosing and monitoring disease as, e.g.,

described above, in personalized medicine, and in studying paternity.

EXAMPLES

[0077] As can be appreciated from the disclosure provided above, the present disclosure

has a wide variety of applications. Accordingly, the following examples are put forth so

as to provide those of ordinary skill in the art with a complete disclosure and description

of how to make and use the present invention, and are not intended to limit the scope of

what the inventors regard as their invention nor are they intended to represent that the

experiments below are all or the only experiments performed. Those of skill in the art

will readily recognize a variety of noncritical parameters that could be changed or

modified to yield essentially similar results. Thus, the following examples are put forth

so as to provide those of ordinary skill in the art with a complete disclosure and

description of how to make and use the present invention, and are not intended to limit

the scope of what the inventors regard as their invention nor are they intended to

represent that the experiments below are all or the only experiments performed. Efforts

have been made to ensure accuracy with respect to numbers used (e.g. amounts,

dimensions, etc.) but some experimental errors and deviations should be accounted for.

Overview of Examples

[0078] As provided above, in light sheet microscopy a sample is illuminated from the

side with a thin sheet of light, and the emitted light signal (e.g., fluorescence signal) is

detected with an in-focus orthogonally arranged objective. The optical sectioning is

achieved by the confinement of illumination to a selective plane, which allows use of fast

CCD or sCMOS cameras to capture the whole image simultaneously, and results in an

increase in imaging speed. Moreover, light sheet microscopy minimizes photo-bleaching

(FIG. 5) by confining illumination to the plane of interest. These properties of light sheet

microscopy are well-suited for the imaging of large clarified samples, produced, for

example, by the CLARITY process. CLARITY optimized light-sheet microscopy

(COLM) (FIG. 1A-D) allows the entire depth of a clarified sample, e.g., a mouse brain

(>5 mm), to be imaged at high resolution using CLARITY-optimized objectives (FIGS.

2, 3, 4B), and high-speed collection of large clarified volumes leads to vastly decreased



photo-bleaching (FIGS. 2, 3). Two detection arms allow increased imaging quality over

larger depth as a part of the sample is imaged from the detection arm nearest to it. (FIG.

10 Panels b , c and d.)

MATERIALS AND METHODS

Reagents and Samples

[0079] Hydrogel monomer (HM) solution 400 ml HM solution was prepared by

mixing 40 mL of 40% acrylamide (Bio-Rad, cat. no. 161-0140, 4% final concentration),

10 mL of 2% bisacrylamide (Bio-Rad, cat. no. 161-0142; 0.05% final concentration), 40

mL of 10X PBS, 100 mL of 16% PFA (Electron Microscopy Sciences, cat. no. 15710-S;

4% final concentration), 210 mL of distilled water and l g of VA-044 thermal initiator

(Wako, cat. no. VA-044; 0.25% w/v final concentration). All the reagents were kept on

ice. 40 mL of the HM solution were aliquoted into 50 mL Falcon tubes and stored at -

20°C until needed. Acrylamide and bisacrylamide concentration in HM solution can be

proportionally reduced to speed up the clearing process. Concentrations of

0 .5%/0 .0 125%>acrylamide/bisacrylamide ranging up to 4.0%>/0.05%> were successfully

employed; however lower acrylamide/bisacrylamide concentrations may be employed to

start with as clearing speed is increased several-fold.

[0080] SDS/borate clearing buffer (SBC) Stocks of 20% SDS (Sigma cat no. L337 or

Amresco cat no. 0837; in H20) and 1 M boric acid buffer (pH adjusted to 8.5) were

prepared. Final clearing buffer was freshly prepared by diluting 20% SDS and 1 M boric

acid buffer 5-fold in distilled water.

[0081] Other reagents Other reagents used were as follows: FocusClear (CelExplorer

Labs); Custom Refractive Index liquids (RI 1.454, cat. no. 1806Y, Cargille Labs);

Clearing solution (Boric Acid (Sigma, cat. no. B7901); Sodium Hydroxide pellets (EMD,

cat. no. SX0590-3).

[0082] Imaging samples Imaging samples were prepared from adult Thyl-eYFP or WT

mice. All animal experiments were carried out with Stanford University Institutional

review panel approval.



Molecular Labeling

[0083] A tissue sample may have endogenous transgenic expression of fluorophores to

label molecular and structural details in the sample, but additionally,

immunohistochemistry can be used for labeling structure and molecules of interest.

[0084] Tissues were washed thoroughly in PBST (or boric acid buffer/0. l%Triton X-100

wash for whole brains) for at least 1 day at 37°C. Samples were incubated in primary

antibody / PBST solution (beginning with 1:50 dilution) for 2 days at 37°C for tissue

blocks, or for up to a week for the whole intact brain. ~1M borate/0. l%Triton X-100

buffer (pH 8.5) can also be used in place of PBST for antibody incubations to reduce

background staining. Antibodies were incubated with a 1 mm-thick block in 1 mL

solution or with a whole mouse brain in 5 mL solution with scaled-up antibody volumes

supplemented periodically; for example, 50 anti-TH Ab (10-20 µΐ) can be added,

followed by 20 more every two days for ~ 1 week. High antibody concentrations

( 1:20-l :100) were required for effective immunostaining to ensure deep penetration into

tissue and to overcome the large aggregate number of antibody binding sites over the

volume. A second major factor for successful immunostaining was complete removal of

lipids during clearing.

[0085] Primary antibodies were washed off with PBST buffer at 37°C for 1 day for

tissue blocks and for 2-3 days for whole brain (refresh buffer every 4-6 hours). Samples

were incubated with desired secondary antibody ( 1:50-l :100) in PBST at 37°C for 2 days

for tissue blocks or for up to 1 week for whole brain. Note that a nuclear labeling dye,

such as DAPI, can also be added at this step. Secondary antibodies were washed off with

PBST at 37°C for 1 day for tissue blocks and 2-3 days for whole brain. To prepare for

imaging, the tissue was transferred into FocusClear for refractive index homogenization.

Multiple rounds of labeling were performed by eluting (removing) the prior label after

imaging by incubating the tissue in clearing buffer at 60°C overnight, followed by

another round of labeling.



EQUIPMENT SETUP

CLARITY optimized light-sheet microscope

[0086] A light sheet microscope consists of one or more standard wide field detection

optical arms, which include a detection objective, a tube lens and a camera, and one or

more orthogonally-arranged independent illumination arms consisting of a low NA

objective, tube lens and either a cylindrical lens to generate a static light sheet or

galvanometer-scanners/f-theta lens for creating dynamic light sheets with a Gaussian or

Bessel beams.

[0087] CLARITY optimized light-sheet microscopy (COLM) was developed to

maximize compatibility of clarified samples with light sheet microscopy, using

CLARITY objectives (25X and 10X, Olympus), a fast sCMOS camera, two-axis galvo

scanners along with the f-theta lens, a low NA objective to generate dynamic light sheets

using a Gaussian beam, an optimized sample chamber (detailed in the following section)

and an xyz-theta sample mount stage that provided a long travel range of 45 mm in each

of the dimensions to allow imaging of large samples (FIGS. 1A-D).

[0088] COLM employed synchronized illumination-detection to improve imaging

quality, especially at higher depths (FIG. 1C), exploiting the uni-directional readout (as

opposed to standard bi-directional) mode available in the next generation sCMOS

cameras. The scanning beam (which created the dynamic light sheet) was synchronized

with the uni-directional single line readout of the emitted signal, resulting in a virtual

confocal-slit arrangement, which rejected out-of-focal-plane signal due to scattering

deeper in the sample. Automated-alignment parameter calibration (using linear

adaptation) in COLM corrected for misalignment artifacts across the whole sample space

(FIG. ID). The control electronics design and parts for COLM are summarized in FIG.

6 . FPGA logic was used to control and synchronize various parts of the microscope.

Sample mounting apparatus for COLM

[0089] A component of COLM was a CLARITY optimized sample mounting strategy

that minimizes optical inhomogeneity along one or more detection paths (FIG. IB).

Clarified whole mouse brain (or any large clarified intact tissue such as a spinal cord)

was mounted in a cuvette made of fused quartz glass (standard cuvettes used for

spectrophotometer measurements) filled with FocusClear; the refractive index of fused

quartz (-1.458) was nearly identical to that of FocusClear. Using a bottom-adapter (FIG.

IB), the sample cuvette was mounted onto the xyz-theta stage, inside the sample



chamber (FIG. IB). The much larger chamber was then filled with a relatively

economically-priced custom refractive index matching liquid (RI 1.454, cat. no. 1806Y,

Cargille Labs), resulting in an optically homogeneous sample manipulation system. RI

liquid cost several hundred dollars per half liter, which was enough to fill the sample

chamber (and more than an order of magnitude cheaper than FocusClear) and could be

re-used many times. Alternatively, the chamber also could be filled with 87% glycerol.

Computational workstation for data analysis

[0090] Since the image data sizes are very large, it was important to employ a

computational workstation with abundant RAM, multicore CPUs and an excellent

graphics card. Data shown here were handled on a workstation with the following

configuration: Intel server board S2600CO, two Intel Xeon E5-2687W 8C CPUs, -130

GB of DIMM RAM, - 8 TB of hard disk (Seagate Sawio 10K), NVidia K5000 graphics

card and a high-resolution monitor (NEC MultiSync PA301W 30 inch 2560x1600).

IMAGING AND ANALYSIS

CLARITY optimized light-sheet microscopy

[0091] The sample (e.g. intact mouse brain) was mounted in a quartz cuvette of

appropriate dimension, so that the sample remained stationary while imaging (FIG. IB).

Note that many different sizes of quartz cuvettes are available from vendors (such as

Starna Cells); a small piece of acrylamide gel (or similar transparent material) may be

used to provide structural padding on the side opposite to the imaging side. For adult

mouse brain, 10 x 5 mm or 10 x 10 mm base cuvettes with padding may be used,

depending on age.

[0092] The cuvette was filled with FocusClear, just enough to cover the entire sample.

Using an adapter, the cuvette was mounted on the xyz-theta stage (FIG. IB). Bubbles or

dust particles were avoided as they interfere with the imaging.

[0093] Clarified samples, such as intact adult mouse brain, were mounted in a quartz

cuvette filled with refractive index matching solution such as FocusClear. The refractive

index of quartz glass (-1.458) was nearly identical to that of FocusClear (-1.454). A

bottom-adapter was used to attach the cuvette to the xyz-theta stage in the sample

chamber, which was then filled with a matching refractive index liquid (-1.454). This

resulted in an optically homogenous sample manipulation system with minimal

refractive-index transition boundaries.



[0094] Tiling parameters were set as follows. Some samples were larger than the field of

view of the objective used, and therefore required tiling of image stacks to cover the

entire sample. To specify the number of tiles, the coordinates of the two opposite corners

of the region of interest were defined, with 20% or more tile overlap. The start and end z-

position of the stack were specified by finding the first and last image frames containing

useful signal from the sample, and then the desired z-step value was set.

[0095] Any misalignment between a light sheet and a detection focal plane, which

(particularly during imaging of large samples) can result in blurred images, was adjusted.

The light sheets and focal-plane alignment parameters were optimized over the entire

sample space as defined above. This was achieved by optimizing these parameters at

every millimeter of tissue for all the tiles, and then linearly interpolating the values for z-

steps in between these millimeter steps. Optimal parameters were identified by finding

maxima in a specified neighborhood corresponding to the image quality measure; to

automate this process, an optical focus-quality measure was implemented, as the ratio of

high frequency and low frequency signal in Fourier space.

[0096] The imaging experiment was initiated and data was collected as follows. Two

light sheets were created from opposite sides and the emitted fluorescence was imaged

with an in-focus detection objective, tube lens and sCMOS camera. Illumination and

emission filter wheels (motorized) were used to generate well-defined excitation light

and emission signal bands respectively.

[0097] Synchronized illumination and detection was achieved by synchronizing the

scanning beam with the uni-directional readout of a sCMOS camera chip, resulting in a

virtual-slit effect that allowed substantially improved imaging quality, as illustrated by

the images shown acquired from the same plane with COLM and with conventional

light-sheet microscopy (FIG. 1C). Signal intensity profile of a field in images acquired

with COLM was improved compared to images acquired with conventional light-sheet

microscopy (FIG. 1C, graph at right).

[0098] To adjust for refractive index inhomogeneity of large clarified samples,

misalignment of illumination was corrected with the focal plane of the detection

objective with a linear adaptive calibration procedure before starting the imaging

experiment as described above.



3D reconstruction and analysis

[0099] Three-dimensional reconstructions were performed either with commercial

software (e.g., Imaris from Bitplane or Amira) or via free/open-source projects (eg,

Vaa3D, www.vaa3d.org). The stitching of tiles was performed with TeraStitcher. Manual

or semi-automatic tracing of neuronal morphology can be performed using specific

modules in commercial software such as Imaris and Amira, or with open-source tools

such as Neuromantic.

EXAMPLE 1: ULTRAFAST IMAGING OF WHOLE MOUSE BRAIN
USING COLM

[00100] Thyl-eYFP mouse brain was perfused with 0.5% acrylamide monomer solution,

and clarified passively at 37°C with gentle shaking. Camera exposure time of 20 ms was

used, and the refractive index liquid 1.454 was used as immersion media. The entire

dataset was acquired in ~4 hours using a 10X, 0.6 NA objective. Internal details of the

intact mouse brain volume were visualized by successive removal of occluding dorsal-

side images (FIG. 2, Panels b, c and d). Fig. 10 Panels b,c and d present an example of

imaging entire central nervous system (Brain and Spinal cord attached) using two

independent detection arm COLM implementation.

EXAMPLE 2 : FAST HIGH-RESOLUTION IMAGING OF CLARIFIED BRAIN
USING COLM

[00101] Thyl-eYFP mouse brain was perfused with 0.5% acrylamide monomer solution.

A 3.15 mm x 3.15 mm x 5.3 mm volume was acquired from an intact clarified brain

using COLM with 25x magnification. The complete image dataset was acquired in -1.5

hours; for optimal contrast the LUT of zoomed-in images was linearly adjusted between

panels. Magnified views from FIG. 3 panel c region defined by rectangles were obtained

(FIG 3, Panels a, b). Maximum-intensity projections of over a 50 micron-thick volume

were obtained (FIG 3, Panels d-i, shown by the progression of boxes and arrows).

Camera exposure time of 20 ms was used; refractive index liquid 1.454 was used as the

immersion medium.



EXAMPLE 3 : MOLECULAR INTERROGATION OF CLARIFIED TISSUE

[00102] Whole mouse brain was perfused with 4% acrylamide monomer solution and

clarified passively, and immunostained to label all parvalbumin (PV) positive neurons.

The intact brain was imaged using COLM with a 25X objective. Labeled cells at

different depths in the sample were observed (FIG 4B).

[00103] CLARITY optimized objectives were used to image clarified mouse brain tissue

blocks with a confocal microscope (FIG. 4A and C). The mouse brain was perfused

with 4% acrylamide monomer solution and immunostained with anti-PV antibody.

Confocal microscopy with CLARITY optimized water-immersion objectives (10X, 0.6

NA, 3 mm) was used to acquire high quality images of a 1 mm thick tissue block, and

the images were processed to generate maximum intensity projection images of PV

positive neurons (FIG. 4A).

[00104] It was also possible to perform multiple rounds of immunostaining and confocal

imaging with CLARITY optimized water-immersion objectives (10X, 0.6 NA, 3 mm) in

the same tissue block from clarified mouse brain. 1% acrylamide monomer solution was

used to perfuse the mouse brain. After the first round of immunostaining for PV (FIG.

4C, left panel), the label was eluted overnight ( 1 hours) by incubation in clearing

buffer at 60°C (FIG. 4C, middle panel). The tissue block was subsequently

immunostained with anti-PV antibody (FIG. 4C, right panel). DAPI present in the first

round was successfully eluted as well. All images shown represent maximum Z-

projections.

EXAMPLE 4 : COMPARISON OF CONFOCAL, TWO-PHOTON AND
LIGHT SHEET MICROSCOPY

[00105] Confocal microscopy (FIG. 5, left column) achieves optical sectioning by

employing a pinhole in front of the photomultiplier tubes (PMTs). Two-photon

microscopy (FIG. 5, middle column) utilizes the fact that only simultaneous absorption

of two photons (of longer wavelengths) results in fiuorescence signal emission, an event

more likely to occur at the point of highest light intensity in the sample i.e. the focal

plane. Light sheet fluorescence microscopy (FIG. 5, right column) achieves optical

sectioning by selectively confining the illumination to the plane of interest. Confocal and

two-photon are point scanning and hence inherently slow, whereas light sheet

microscopy uses fast sCMOS/CCD cameras to image the selectively illuminated focal

plane, resulting in 2 to 3 orders of magnitude faster imaging speed and minimal photo-

bleaching.



[00106] The compatibility of clarified samples with light sheet was assessed and greater

than 2 orders of magnitude faster imaging speed with minimal photobleaching was

achieved; for example, an entire mouse brain was imaged in about 4 hours using a 10X

magnification objective and in about 1.5 days using a 25X objective, as opposed to many

days and months, respectively, with a confocal microscope. CLARITY optimized light-

sheet microscopy (COLM) is especially well suited for interrogation of large tissue

samples labeled with transgenic or histochemical approaches. The increased speed of

acquisition and higher quality of data generated via CLARITY using new microscopy

methods, combined with high-speed CLARITY processing itself enabled by parallelized

and efficient tissue transformation protocols described here, together define a versatile

and efficient platform for structural and molecular interrogation of large and fully

assembled tissues.

[00107] Although the foregoing invention has been described in some detail by way of

illustration and example for purposes of clarity of understanding, it is readily apparent to

those of ordinary skill in the art in light of the teachings of this invention that certain

changes and modifications may be made thereto without departing from the spirit or

scope of the appended claims.

[00108] Accordingly, the preceding merely illustrates the principles of the invention. It

will be appreciated that those skilled in the art will be able to devise various

arrangements which, although not explicitly described or shown herein, embody the

principles of the invention and are included within its spirit and scope. Furthermore, all

examples and conditional language recited herein are principally intended to aid the

reader in understanding the principles of the invention and the concepts contributed by

the inventors to furthering the art, and are to be construed as being without limitation to

such specifically recited examples and conditions. Moreover, all statements herein

reciting principles, aspects, and embodiments of the invention as well as specific

examples thereof, are intended to encompass both structural and functional equivalents

thereof. Additionally, it is intended that such equivalents include both currently known

equivalents and equivalents developed in the future, i.e., any elements developed that

perform the same function, regardless of structure. The scope of the present invention,

therefore, is not intended to be limited to the exemplary embodiments shown and

described herein. Rather, the scope and spirit of present invention is embodied by the

appended claims.



CLAIMS

What is claimed is:

1. A microscope device comprising:

an illumination beam path that comprises a light source;

a detection beam path that comprises a camera;

an optically homogenous sample manipulation component that comprises a sample

chamber having a volume;

a controller;

a processor; and

a computer-readable medium comprising instructions that, when executed by the

processor, cause the controller to:

execute a calibration procedure to acquire a plurality of alignment parameters for

a sample placed in the sample chamber; and

execute an imaging procedure that utilizes the alignment parameters to generate a

three dimensional image of the sample.

2 . The microscope device according to Claim 1, wherein the optically homogenous

sample manipulation component comprises an xyz-theta sample mount stage.

3 . The microscope device according to any one of the preceding claims, wherein the

xyz-theta sample mount stage has a travel range of at least 45 mm in each dimension.

4 . The microscope device according to any one of the preceding claims, wherein the

sample chamber is filled with a solution.

5 . The microscope device according to any one of the preceding claims, wherein the

optically homogenous sample manipulation component comprises an inner chamber having a

volume that is less than the volume of the sample chamber.

6 . The microscope device according to any one of the preceding claims, wherein the

inner chamber is a cuvette.



7 . The microscope device according to any of one the preceding claims, wherein the

cuvette is filled with a solution.

8. The microscope device according to any one of the preceding claims, wherein the

cuvette comprises fused quartz.

9 . The microscope device according to any one of the preceding claims, wherein the

calibration procedure comprises specifying a start position and an end position for a sample in

the z-direction.

10. The microscope device according to any one of the preceding claims, wherein the

calibration procedure comprises specifying a z-step value.

11. The microscope device according to any one of the preceding claims, wherein the

calibration procedure comprises digitally dividing a sample into a plurality of tiles.

12. The microscope device according to any one of the preceding claims, wherein the

calibration procedure comprises aligning a light sheet and a detection focal plane at a plurality of

locations within a sample to acquire an alignment parameter for each location.

13. The microscope device according to any one of the preceding claims, wherein the

calibration procedure comprises acquiring an alignment parameter for a location within the

sample by linear interpolation from two adjacent locations.

14. The microscope device according to any one of the preceding claims, wherein

aligning the light sheet and the detection focal plane comprises maximizing an image quality

measurement.

15. The microscope device according to any one of the preceding claims, wherein the

image quality measurement is an optical focus quality measurement.

16. The microscope device according to any one of the preceding claims, wherein the

optical focus quality measurement comprises a ratio of high frequency and low frequency

signals in Fourier space.



17. The microscope device according to any one of the preceding claims, wherein the

calibration procedure is automated.

18. The microscope device according to any one of the preceding claims, wherein the

imaging procedure comprises:

aligning a detection focal plane of the microscope with an illumination plane of the

sample using an alignment parameter;

illuminating a linear portion of the illumination plane with the light source; and

capturing a plurality of emitted light signals along the illuminated linear portion of the

illumination plane with the camera.

19. The microscope device according to any one of the preceding claims, wherein

aligning the detection focal plane of the microscope with the illumination plane is synchronized

with illuminating the linear portion of the illumination plane.

20. The microscope device according to any one of the preceding claims, wherein the

imaging procedure further comprises:

directing the light source to illuminate a plurality of different linear portions of the

illumination plane; and

capturing a plurality of emitted light signals along each of the different linear portions of

the illumination plane to form a two dimensional image of the sample with the camera.

2 1. The microscope device according to any one of the preceding claims, wherein the

imaging procedure further comprises:

collecting a plurality of two dimensional images from different illumination planes

within the sample; and

assembling the two dimensional images to form a three dimensional image of the

sample.

22. The microscope device according to any one of the preceding claims, wherein the

imaging procedure is automated.

23. The microscope device according to any one of the preceding claims, wherein the

camera is a CCD camera or an sCMOS camera.



24. The microscope device according to any one of the preceding claims, wherein the

detection beam path comprises a detection objective.

25. The microscope device according to any one of the preceding claims, wherein the

detection objective has a refractive index that is matched to a refractive index of a sample.

26. The microscope device according to any one of the preceding claims, wherein the

illumination beam path comprises a low numerical aperture objective configured to generate

dynamic light sheets.

27. The microscope device according to any one of the preceding claims, wherein the

device comprises two illumination beam paths.

28. The microscope device according to any one of the preceding claims, wherein the

device comprises two detection beam paths.

29. The microscope device according to any one of the preceding claims, wherein the

two illumination beam paths are configured to illuminate the sample from opposing sides of the

optically homogenous sample manipulation component.

30. The microscope device according to any one of the preceding claims, wherein

one or more of the detection beam paths is positioned in an orthogonal relationship to one or

more of the illumination beam paths.

31. A method of imaging a sample using a microscope device, the method

comprising:

placing the sample in a sample chamber in an optically homogenous sample

manipulation component;

performing a calibration procedure to align one or more light sheets and one or more

detection focal planes of a microscope device at a plurality of locations within the sample to

acquire an alignment parameter for each location;

performing an imaging procedure to collect an image from each of the plurality of

locations within the sample, wherein the imaging procedure comprises:

applying the alignment parameter to each location; and



simultaneously illuminating the location with a light sheet and capturing an

image of the location; and

constructing a three-dimensional image of the sample using the image from each

location.

32. The method according to Claim 31, wherein performing the imaging procedure

comprises simultaneously illuminating two or more different planes of the sample using two or

more independent light sheets.

33 . The method according to Claim 31, wherein performing the imaging procedure

comprises simultaneously illuminating two different planes of the sample using fast switching of

a single light sheet.

34. The method according to Claim 31, wherein the sample has been prepared for

microscopic analysis by:

fixing the sample with a plurality of hydrogel subunits;

polymerizing the hydrogel subunits to form a hydrogel-embedded sample; and

clearing the hydrogel-embedded sample.

35 . The method according to any one of Claims 31-34, wherein the sample comprises

a biological tissue.

36. The method according to any one of Claims 31-35, wherein the biological tissue

comprises a brain tissue.

37. The method according to any one of Claims 31-36, wherein the sample comprises

an entire organ.

38. The method according to any one of Claims 31-37, wherein the organ is a brain,

eye, heart, liver, pancreas, muscle, bone, kidney, or ovary.

39. The method according to any one of Claims 31-38, wherein the sample comprises

an entire organism or a developing embryo.



40. The method according to any one of Claims 31-39, further comprising filling the

sample chamber with a solution having a refractive index that matches a refractive index of the

sample.

41. The method according to any one of Claims 31-40, wherein the calibration

procedure comprises specifying a start position and an end position for the sample in the z-

direction.

42. The method according to any one of Claims 31-41, wherein the calibration

procedure comprises specifying a z-step value.

43 . The method according to any one of Claims 31-42, wherein the calibration

procedure comprises digitally dividing the sample into a plurality of tiles.

44. The method according to any one of Claims 31-43 , wherein the calibration

procedure comprises aligning a light sheet and a detection focal plane at a plurality of locations

within the sample to acquire an alignment parameter for each location.

45 . The method according to any one of Claims 31-44, wherein the calibration

procedure comprises acquiring an alignment parameter for a location within the sample by linear

interpolation from two adjacent locations.

46. The method according to any one of Claims 31-45 , wherein aligning the light

sheet and the detection focal plane comprises maximizing an image quality measurement.

47. The method according to any one of Claims 31-46, wherein the image quality

measurement is an optical focus quality measurement.

48. The method according to any one of Claims 31-47, wherein the optical focus

quality measurement comprises a ratio of high frequency and low frequency signals in Fourier

space.

49. The method according to any one of Claims 31-48, wherein the calibration

procedure is automated.



50. The method according to any one of Claims 31-49, wherein the imaging

procedure comprises:

aligning a detection focal plane of a camera with an illumination plane of the sample

using an alignment parameter;

illuminating a linear portion of the illumination plane with the light source; and

capturing a plurality of emitted light signals along the illuminated linear portion of the

illumination plane.

51. The method according to any one of Claims 31-50, wherein aligning the detection

focal plane of the camera with the illumination plane is synchronized with illuminating the

linear portion of the illumination plane.

52. The method according to any one of Claims 31-51, wherein the imaging

procedure further comprises:

directing the light source to illuminate a plurality of different linear portions of the

illumination plane; and

capturing a plurality of emitted light signals along each of the different linear portions of

the illumination plane to form a two dimensional image of the sample.

53 . The method according to any one of Claims 31-52, wherein the imaging

procedure further comprises:

collecting a plurality of two dimensional images from different illumination planes

within the sample; and

assembling the two dimensional images to form a three dimensional image of the

sample.

54. The method according to any one of Claims 31-53, wherein the imaging

procedure is automated.
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