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OPTOGENETICS MICROSCOPE

Cross-Reference to Related Application

This application claims priority and benefit of U.S. Provisional Patent Application No.
62/164,905, filed May 21, 2015, the contents of which are incorporated by reference.

Field of the Invention

The invention generally relates to microscopy, and specifically to near total internal

reflection microscopy.

Background

Heart disease and Alzheimer’s are examples of diseases that involve electrically active
cells, such as neurons and cardiomyocytes. Studying those cells is therefore important to helping
people faced with such diseases.

One method of studying biological samples is fluorescence microscopy, a technique in
which fluorophores are bound to the specimen to detect phenomena such as cell surface binding,
neurotransmitter release, or specific DNA sequences. However, fluorophores and other
compounds in the surrounding medium and even in the optical components of the microscope
can autofluoresce and overwhelm fluorescence from the sample. Attempts have been made to
reduce background fluorescence by using total internal reflection fluorescence (TIRF)
microscopy. A TIRF microscope illuminates only a thin region of the sample so that
fluorophores in the surrounding medium do not receive the excitation energy needed for
fluorescence. However, existing TIRF microscopes require a prism to be pressed down onto the
sample in a configuration that severely limits what conditions are allowable for the sample. For
example, the TIRF prism occludes any culture media, as would be required for living cells, and
prevents any physical access to the sample. Thus, fluorescence microscopy has not proven

satisfactory for studying fine details of living, electrically active cells.
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Summary

The invention provides a near-TIRF microscope in which all of the optical components
are positioned underneath the sample and illumination occurs from the side rather than through
the objective lens. The side illumination allows the microscope to have more intense illumination
and a larger field of view. The microscope can be referred to as an “open-stage” microscope,
because the area above the stage is unencumbered by optical elements such as prisms. That
configuration allows for physical access to the sample and control over its environment. Thus the
sample can be, for example, living cells in a nutrient medium. That configuration solves many of
the problems associated with traditional TIRF microscopes. In particular, a thin region of sample
cells can be illuminated with a TIRF or near-TIRF beam without having to physically interfere
with the cells by loading them into a flow chamber. Instead, living cells in an aqueous medium
such as a maintenance broth can be observed. The sample can be further analyzed from above
with electrodes or other equipment as desired. Due to that advantageous configuration, an open-
stage TIRF microscope can be used to image cells expressing fluorescent voltage indicators.
Since the TIRF components do not interfere with the sample, living cells can be studied using a
microscope of the invention. Where a sample includes electrically active cells expressing
fluorescent voltage indicators, the microscope can be used to view voltage changes in, and thus
the electrical activity of, those cells. Since the electrical activity of cells such as neurons and
cardiomyocytes can be studied using devices and methods of the invention, the invention will
help researchers understand diseases affecting those cells, empowering them to discover new
preventions and cures for diseases such as Alzheimer’s and heart disease.

Devices and methods of the present invention can be used in conjunction with
optogenetics. In optogenetics, light is used to control and observe certain events within living
cells. For example, a light-responsive gene such as a fluorescent voltage indicator can be
introduced into a cardiomyocyte. The reporter may be a rhodopsin-type transmembrane protein
that generates an optical signal in response to changes in membrane potential, thereby
functioning as an optical reporter. For example modified versions of the microbial rhodopsin
protein Archaerhodopsin 3 (Arch) from Halorubum sodomense may be used as an optically
reporter. Examples of optical reporters are the microbial rhodopsin QuasAr2 and QuasAr3.
When excited with an illumination light at one wavelength, the reporter is energized to emit a

light of a different wavelength indicative of a change in membrane potential. The microscope
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therefore includes an illumination system for illuminating the sample with one wavelength of
light and an imaging system for recording an image of light given off by the reporter in a
different wavelength. The illumination system includes a light source and a prism. Illumination
light from the light source is transmitted through the prism, which imparts near-TIRF
illumination on the sample. The imaging system includes an objective lens and an image sensor
for recording the light emitted by the reporter.

Near-TIRF illumination can provide illumination of a thin region of cells approximately
10 microns thick. That means that it can illuminate a whole cell that is in contact with a sample
dish. TIRF, on the other hand, creates an evanescent wave along the surface of the interface of
reflection, thereby illuminating only a few hundred nanometers, or merely a small portion of the
cell. The near-TIRF illumination comes from the side rather than through the objective, and so
the near-TIRF microscope is able to illuminate a whole cell using intense illumination without
illuminating the medium or other optical components.

Optionally, cells in the sample may also include optogenetic activators, such as a light-
gated ion channel. The optical actuator may be a genetically-encoded rhodopsin or modified
rhodopsin such as a microbial channelrhodopsin. For example, sdChR, a channelrhodopsin from
Scherffelia dubia, may be used or an improved version of sdChR—dubbed CheRiff—may be
used as an optical actuator. ““CheRiff” refers to a version of sdChR that uses mouse codon
optimization, a trafficking sequence, and the mutation E154A as described herein. The activator
responds to light of a particular wavelength to initiate an action potential in the electrically active
cell. To activate those optogenetic proteins, the microscope may include an activation system.
The activation system directs light onto the sample at a wavelength capable of activating the
channelrhodopsin. The activation light may be patterned light, which corresponds to certain areas
of the sample, such as particular cells in the sample. The pattern can be imparted on the light
beam with a spatial light modulator (SLM) such as a digital micromirror device (DMD). Light is
shined onto the SLM, which reflects a defined pattern of the light onto the sample. The light
pattern can correspond to particular cells expressing the activator.

The microscope may include additional reporters and associated systems for activating
them. Proteins that report changes in intracellular calcium levels may be used, such as a
genetically-encoded calcium indicator (GECI). The microscope may include a subsystem to

provide activation light for a GECI, such as yellow light for RCaMP. Exemplary GECIs include
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GCaMP or RCaMP variants such for example, JRCaMP1a, jJRGECO1a, or RCaMP2. A key
challenge in combining multiple optical modalities (e.g. optical excitation, activation, voltage
imaging, calcium imaging) is to avoid optical crosstalk between the modalities. The pulses of
light used to deliver optical activation should not induce fluorescence of the reporters; the light
used to image the reporters should not activate the light-gated ion channel; and the fluorescence
of one reporter should be readily distinguished from the fluorescence of other reporters. In some
aspects of the invention, this separation of modalities is achieved by selecting an activator and
reporters with little or no spectral overlap. In one embodiment, the activator is activated by blue
light, a Ca2+ reporter is excited by yellow light and emits orange light, and a voltage reporter is
excited by red light and emits near infrared light.

In certain aspects, the invention provides a near-TIRF microscope. The microscope
includes a stage having an object region configured to support a sample and an illumination
subsystem with a prism disposed beneath the object region and a light source operable to
transmit light onto the prism to cause the prism to illuminate the sample from beneath by near
total internal reflection. The microscope includes an imaging subsystem with an objective lens
unit disposed beneath the prism and an image capture device operable to receive an image of the
sample that is passed through the objective lens unit from the object region.

In some embodiments, the object region may support the sample by means of a sample
dish with a transparent bottom portion. The transparent bottom portion of the sample dish can be
provided by a coverslip mounted to a surrounding dish structure. The prism and transparent
bottom portion may be coupled by a low-autofluorescence index matching fluid; and the prism,
the index matching fluid, and the transparent bottom portion may have a common index of
refraction. The object region may comprise a dish with cells in an aqueous medium. The sample
dish can be configured to hold an aqueous medium and provide access to the sample from above.

In certain embodiments, the microscope may include an environmental control subsystem
operable to control environmental conditions above the aqueous medium to maintain living cells
in the aqueous medium. The environmental control subsystem can control humidity, temperature,
and other factors of the sample region.

In some embodiments, the illumination light source is a diode laser bar, a diode laser,
another type of laser, or an LED. The illumination light may have a wavelength capable of

exciting a microbial rhodopsin, such as QuasAr2 or QuasAr3. The wavelength of the
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illumination light may be, for example, between 580 and 650 nm. The illumination light may
have an intensity between 10 and 400 W/cm2 and preferably about 100 W/cm2. The illumination
subsystem may include baffles positioned to prevent unwanted reflected or refracted illumination
light from entering the objecting lens. The illumination subsystem may also have other beam
shaping optics disposed within a path defined by the illumination light.

In certain embodiments, the objective lens has a numerical aperture between 0.4 and 1.0,
inclusive, and preferably about 0.5. The image capture device may be a camera, such as a
CMOS camera. The camera may have a field of view sufficient to capture at least one cell, and
up to dozens or hundreds or thousands of cells, such as about five hundred cells. The image
capture device may have a minimum exposure time 1 ms or less, and may acquire images at 500
to 2000 Hz or preferably about 1 kHz.

In embodiments, the microscope includes an activation subsystem comprising an
activation light source configured to transmit activation light that is spectrally distinct from the
illumination light onto the sample. The activation light source can be a diode laser bar, a diode
laser, an LED, or any other suitable light source. The activation subsystem may transmit the
activation light upwards through the objective lens unit and onto the sample. The activation
subsystem can include an activation tube lens disposed within a path defined by the activation
light, operable to focus the activation light at a back aperture of the objective lens. It may also
include a dichroic mirror to reflect the activation light upwards onto the sample. The dichroic
mirror is further configured to allow the imaging light to pass downward through it to the image
capture device. In embodiments, the activation light has a wavelength capable of exciting a light-
sensitive activator protein. The light-sensitive activator protein may be a light-gated ion channel,
such as CheRiff. The wavelength of the activation light can be, for example, between 450 and
495 nm. The activation light may have an intensity of about 22 mW/cm?2.

The activation subsystem may be further operable to spatially pattern the activation light
onto the sample, such as with a spatial light modulator (SLM). The spatial light modulator may
be a digital micromirror device, a digital light processor (DLP), a liquid crystal display, or
another suitable SLM. The SLM can be controlled by a computer. The computer may define an
illumination pattern. The illumination pattern can be input by a user or it can be generated by the
computer based on an input from the imaging subsystem, such as a pattern of one or more cells

in the sample. The computer may define an illumination pattern with the spatial light modulator
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that corresponds to the pattern of cells in the sample, thereby causing the activation subsystem to
transmit illumination light onto the one or more cells.

In embodiments, the microscope may be configured to transmit a second illumination
light. The second illumination light may have a wavelength capable of exciting a light-sensitive
reporter protein such as a light-sensitive calcium-indicating protein.

In certain aspects, the invention provides a method for imaging a sample. The method
includes positioning a sample dish in an object region of a stage of a fluorescence microscopy
instrument, wherein the sample dish comprises a transparent bottom portion and contains a
biological sample in an aqueous medium. The method further includes illuminating the
biological sample from beneath via an illumination light passing through a prism disposed
underneath the transparent bottom portion, whereby the prism imparts near total internal
reflection on the illumination light. The method further includes imaging the biological sample
through the transparent bottom portion using an imaging subsystem of the instrument, the
imaging subsystem comprising an objective lens unit disposed beneath the sample dish and an
image capture device.

In some embodiments, the transparent bottom portion of the sample dish can be provided
by a coverslip mounted to a surrounding dish structure. The prism and transparent bottom
portion may be coupled by a low-autofluorescence index matching fluid; and the prism, the
index matching fluid, and the transparent bottom portion may have a common index of
reflection. The sample dish can be configured to hold an aqueous medium and provide access to
the sample from above.

In certain embodiments, the method may include using an environmental control
subsystem to control environmental conditions above the aqueous medium to maintain living
cells in the aqueous medium. The environmental control subsystem can control humidity,
temperature, gas, and other factors of the sample region.

In some embodiments of the method, the illumination light source is a diode laser bar, a
diode laser, other form of laser, or an LED. The illumination light may have a wavelength
capable of exciting a microbial rhodopsin, such as QuasAr2 or QuasAr3. The wavelength of the
illumination light may be, for example, between 580 and 650 nm. The illumination light may
have an intensity between 10 to 400 W/cm2 and preferably about 100 W/cm2. The method may

further comprise a second illumination light capable of exciting RCaMP. The wavelength of
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illumination light may be, for example, between 530 and 580 nm. The second illumination light
may have an intensity of about 1 W/cm2.

The method may further comprise using baffles positioned to block unwanted reflected
light from entering the objecting lens. The method may further comprise shaping the illumination
light beam using beam-shaping optics disposed within a path defined by the illumination light.

In certain embodiments, the objective lens has a numerical aperture between 0.4 and 1.0,
inclusive, and preferably about 0.5. The image capture device may be a camera, such as a
CMOS camera. The camera may have a field of view sufficient to capture at least one cell, and
up to dozens or hundreds of cells, and up to about five hundred cells. The image capture device
may have a minimum exposure time 2 ms or less, and preferably is 1 ms or less and may acquire
images at 1 kHz.

In embodiments, the method includes transmitting an activation light onto the sample
using an activation subsystem comprising an activation light source. The activation light is
spectrally distinct from the illumination light. The activation light source can be a diode laser
bar, a diode laser, or other type of laser, an LED, or any other suitable light. The activation
subsystem may transmit the activation light upwards through the objective lens unit and onto the
sample. The method can include focusing the activation light at a back aperture of the objective
lens using an activation tube lens disposed within a path defined by the activation light. It may
also include reflecting the activation light upwards onto the sample using a dichroic mirror, and
allowing the imaging light to pass downward through the dichroic mirror to the image capture
device. In embodiments, the activation light has a wavelength capable of activating a light-
sensitive activator protein. The light-sensitive activator or protein may be a light-gated ion
channel, such as CheRiff. The wavelength of the activation light can be, for example, between
450 and 495 nm. The activation light may have an intensity between 10 to 200 mW/cm?2 and
preferably about 22 mW/cm?2.

In some embodiments, the method includes spatially patterning the activation light using
a spatial light modulator (SLM). The spatial light modulator may be a digital micromirror device,
a digital light processor (DLP), a liquid crystal display, or another suitable SLM. The SLM can
be controlled by a computer. The method may involve controlling the SLM with a computer. It
may further involve defining an illumination pattern using the computer. In embodiments, the

illumination pattern can be input by a user or it can be generated by the computer based on an
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input from the imaging subsystem, such as a pattern of one or more cells in the sample. The
method may involve defining with the computer an illumination pattern with the spatial light
modulator that corresponds to the pattern of cells in the sample, thereby causing the activation
subsystem to transmit illumination light onto the one or more cells.

In embodiments, the method may include transmitting a second illumination light onto
the sample. The second illumination light may have a wavelength capable of exciting a light-
sensitive reporter protein such as a light-sensitive calcium-indicating protein.

A microscope of the invention preferably includes a high-resolution, large FOV imaging
system. The imaging system may include an objective lens, a tube lens, optical filters, mirrors, a
focusing mechanism, and other optical elements to form an image in an image plane. The
imaging system may also include an image detector that resides in the image plane of the
imaging system for recording fluorescence images of the sample.

The illumination subsystem provides light to excite fluorescent indicators in the sample.
The illumination subsystem includes a light source of appropriate wavelength and power. Light
sources may include diode lasers, diode bar lasers, other types of lasers, LEDs, or other sources
with suitable characteristics. Optical filters, mirrors, lenses, prisms, fibers, and other optical
elements may be used to alter the spectrum and spatial characteristics of the light source. The
illumination subsystem provides near-TIRF illumination through the use of a prism disposed just
beneath the sample. The prism preferably includes a low autofluorescence material such as fused
silica. Any gap between the prism and the transparent substrate supporting the sample may be
filled with an index matching fluid such as microscope immersion oil (such as type FF
microscope oil manufactured by Cargille Corporation) with low auto-fluorescence. Since the
illumination light for near-TIRF illumination can enter the prism from the side, the illumination
light need not pass through the objective lens, which minimizes autofluorescence from glass
elements of the objective. The illumination may be coupled into the sample at an angle that is
near the total internal reflection angle in order to minimize background fluorescence from the
cell growth medium. The near-TIR angle is exhibited at the interface between the sample support
(typically a transparent substrate) and the sample itself (which may include for example, living
cells in a nutrient media) . [llumination may be directed at the sample from multiple directions to

further reduce background fluorescence.
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The microscope may include an optional activation subsystem for exciting light-sensitive
compounds in the sample. The activation subsystem may include one or more light sources and a
means for coupling the illumination to the sample. In certain embodiments, the activation
subsystem may include a spatial light modulator (SLM) to facilitate selective optical activation
of the sample. Light sources may include LEDs, diode lasers, other types of lasers, arc lamps, or
other sources with suitable characteristics. Optical filters, mirrors, lenses, prisms, fibers, and
other optical elements may be used to alter the spectrum and spatial characteristics of the light
source. The SLM may be a digital micromirror device (DMD), liquid crystal display (LCD), or
other type of SLM. The SLM may be connected to a computer that controls the light pattern,
which may be user-defined or it may be automatically generated by a computer program to
correspond to certain features of the sample, such as an individual cell, a group of cells, or a part
of a cell. The activation light may be coupled to the sample by a dichroic mirror in the imaging
path, a small mirror placed at the back focus of the objective lens, or from above.

Methods of the invention comprise positioning a biological sample in an aqueous
medium on the object region of a microscope, illuminating the sample with an illumination light
via a prism that imparts near total internal reflection on the illumination light, and imaging the
sample with an image capture device through an objective lens disposed beneath the sample. In
certain embodiments, the method further comprises using an environmental control subsystem to
control environmental conditions such as humidity, temperature, and gas above the aqueous
medium to maintain living cells in the sample. The method may further comprise transmitting an
activation light onto the sample using an activation subsystem. Activation light can be spatially
patterned using a spatial light modulator. The pattern may be defined by a user or by a computer,
and may correspond to one or more cells in the sample, such that only certain cells in the sample
are activated. The method may further involve the use of optical filters, mirrors, lenses, prisms,
fibers, and other optical elements to alter the spectrum and spatial characteristics of the light

source.

Brief Description of the Drawings

FIG. 1 shows a microscope with high spatial and temporal resolution for imaging
dynamic processes.

FIG. 2 shows another view of the microscope of FIG. 1.
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FIG. 3 shows another view of the microscope of FIG. 1 with side walls removed.

FIG. 4 shows another view of the microscope of FIG. 1 with the object region visible.

FIG. 5 diagrams methods of the invention.

FIG. 6 is a schematic view showing how the illumination subsystem, the imaging
subsystem, and the activation subsystem may be disposed within the microscope.

FIG. 7 shows a close-up view of the sample stage and object region

FIG. 8 shows a detailed view of part of the illumination subsystem including a prism.

FIG. 9 shows an illumination subsystem of the present disclosure.

FIG. 10 shows an imaging subsystem of the present disclosure.

FIG. 11 shows an activation subsystem of the present disclosure.

FIG. 12 shows another embodiment of an activation subsystem of the present disclosure.

FIGS. 13A-13C show various views of a prism for use with the present disclosure.

FIGS 14A-14C show an illumination light source suitable for use with the present
disclosure.

FIG. 15 shows providing patterned illumination while taking an image of the sample

FIG. 16 shows a system for control and use of microscopy instrument.

FIG. 17 is an image of QuasAr in rat hippocampal neurons.

FIG. 18 is a white light image of rat hippocampal neurons.

FIG. 19 shows traces from the rat hippocampal neurons.

FIG. 20 is a zoomed-in view of the one epoch called out via a dashed-line box in FIG. 19.

FIG. 21 is an image of a glass coverslip.

FIG. 22 is an image of a fused silica coverslip.

FIG. 23 gives relative pixel counts for fused silica versus glass coverslip.

FIG. 24 shows recordings from mouse DRG neurons on fused silica and glass.

FIG. 25 is a GCaMPG6F image from cardiac cells.

FIG. 26 shows recordings from the boxes in FIG. 25.

FIG. 27 is an image of cardiac cells co-transfected with CheRiff and QuasAr2.

FIG. 28 is a cardiac trace showing spontaneous and paced activity.

FIG. 29 shows cardiac wave propagation.
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Detailed Description

The invention provides an open-stage microscope for illuminating a sample with near-
TIRF light in a configuration that allows living cells to be observed and imaged. The invention is
particularly useful for observing fluorescence in biological moieties with rapid dynamics and
fluorophores having low quantum efficiency. The microscope illuminates the sample from the
side rather than through the objective lens, which allows more intense illumination, and a
corresponding lower numerical aperture and larger field of view. By using illumination light at a
wavelength distinct from the wavelength of fluorescence, the open-stage TIRF microscope
allows the illumination to be nearly completely removed from the image with optical filters,
resulting in images that have a dark background with bright areas of interest. The microscope can
observe fluorescence to provide indicative measures of underlying chemical or biochemical
processes, for example the expression of a gene, the presence of an antibody, or the location of
specific proteins within a cell.

Fluorescent reporters such as QuasAr2 and QuasAr3 require intense light in order to
fluoresce. Low quantum efficiency and rapid dynamics demand intense light to measure
electrical potentials. The illumination subsystem is therefore configured to emit light at high
wattage or high intensity. Characteristics of a fluorophore such as quantum efficiency and peak
excitation wavelength change in response to their environment. The intense illumination allows
that to be detected. Autofluorescence caused by the intense light is minimized by the microscope
in multiple ways. The use of near-TIRF illumination exposes only a small portion of the sample
to the illumination light, thereby reducing excitation of the culture medium or other components
of the device. Additionally, the microscope is configured to provide illumination light that is
distinct from imaging light. Optical filters in the imaging subsystem filter out illumination light,
removing unwanted fluorescence from the image.

The near-TIRF microscope is configured to optically characterize the dynamic properties
of cells. The microscope realizes the full potential of all-optical characterization by
simultaneously achieving: 1) a large field of view (FOV) to allow measurement of interactions
between cells in a network or to measure many cells concurrently for high throughput; 2) high
spatial resolution to detect the morphologies of individual cells and facilitate selectivity in signal
processing; 3) high temporal resolution to distinguish individual action potentials; and 4) a high

signal to noise ratio to facilitate accurate data analysis. The microscope can provide a field of
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view sufficient to capture tens or hundreds of cells. The microscope and associated computer
system provides a very fast image acquisition rate on the order of 1 kilohertz, which corresponds
to a very short exposure time on the order of 1 millisecond, thereby making it possible to record
the rapid changes that occur in electrically active cells such as neurons. The microscope can
therefore acquire fluorescent images using the recited optics over a substantially shorter time
period than prior art microscopes.

The microscope achieves all of those demanding requirements to facilitate optically
characterizing the dynamic properties of cells. The microscope provides a large FOV with
sufficient resolution and light gathering capacity with a low numerical aperture (NA) objective
lens. The microscope can image with magnification in the range of 2x to 6x with high-speed
detectors such as sSCMOS cameras. The microscope further provides a numerical aperture of
approximately 0.4 to 1.0 to achieve the required spatial and temporal resolution. To achieve fast
imaging rates, the microscope uses extremely intense illumination, typically with fluence greater
than 50 W/cm?2 at a wavelength of about 635 nm up to about 2,000 W/cm?2.

Despite the high power levels, the microscope nevertheless avoids exciting nonspecific
background fluorescence in the sample, the cell growth medium, the index matching fluid, and
the sample container. Near-TIRF illumination limits the autofluorescence of unwanted areas of
the sample and sample medium. Optical filters in the imaging subsystem prevent unwanted light
from reaching the imager. Additionally, the microscope prevents unwanted autofluorescence of
the glass elements in the objective lens by illuminating the sample from the side, rather than
passing the illumination light through the objective unit. The objective lens of the microscope
may be physically large, having a front aperture of at least 50 mm and a length of at least 100
mm, and containing numerous glass elements.

'The microscope can be used to observe fluorescent indicators that are sensitive to specific
physical properties of their environment such as calcium ion concentration or membrane
potential. The time-varying signal produced by these indicators is repeatedly measured to chart
the course of chemical or electronic states of a living cell. One example of an environmentally
sensitive fluorescent indicator for use with the present invention is the archaerhodopsin-based
protein QuasAr2, which is excited by red light and produces a signal that varies in intensity as a

function of cellular membrane potential. QuasAr2 can be introduced into cells using genetic
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engineering techniques such as transfection or electroporation, facilitating optical measurements
of membrane potential.

In addition to fluorescent indicators, open-stage near-TIRF microscopes can be used to
optically activate light-sensitive compounds for chemically or electrically perturbing cells. The
invention can be used with voltage-indicating proteins such as those disclosed in U.S. Patent
Publication 2014/0295413, filed June 12, 2014, the entire contents of which are incorporated
herein by reference. Using light-controlled activators, stimulus can be applied to entire samples,
selected regions, or individual cells by varying the illumination pattern. One example of a light-
controlled activator is the channelrhodopsin protein CheRiff, which produces a current of
increasing magnitude roughly in proportion to the intensity of blue light falling on it. In one
study, CheRiff generated a current of about 1 nA in whole cells expressing the protein when
illuminated by about 22 mW/cm?2 of blue light.

Optically modulated activators can be combined with fluorescent indicators to enable all-
optical characterization of specific cell traits such as excitability. For example, a
channelrhodopsin such as CheRiff is combined with a fluorescent indicator such as QuasAr2.
The microscope provides different wavelengths of light to illuminate and activate the reporter
and activator proteins, respectively, allowing membrane potential to be measured at the same
time that action potentials are initiated by light.

Samples useful with the near-TIRF microscope include cells expressing an optical
activator of electrical activity and an optical reporter of electrical activity. The sample may be
configured such that a first cell expresses the activator and a second cell expresses the reporter.
The microscope can activate the light-sensitive activator protein with an activation beam to cause
a conformational change in the protein, thereby initiating a change in membrane potential in the
cell. The result is that the cell “fires,” i.e., an action potential propagates in the electrically-active
cell. The microscope can simultaneously illuminate a fluorescent optical reporter protein with an
illumination beam that is spectrally distinct from the activation beam, causing the reporter to
fluoresce. The imaging subsystem of the microscope can measure the fluorescence emitted by
the reporter to measure corresponding changes in membrane potential.

The near-TIRF microscope employs numerous light subsystems. All embodiments
include at least an illumination light subsystem for exciting a reporter protein and an imaging

light subsystem to image the light emitted by the reporter. The microscope may also include an
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activation light subsystem for activating an activator protein such as a light-gated ion channel.
For the sake of clarity, the illumination subsystem refers to a subsystem for emitting illumination
light for energizing a reporter protein so that it can fluoresce upon a change in action potential.
The imaging subsystem refers to a subsystem for receiving the light emitted by the reporters
when they fluoresce, and the light that they emit is referred to as imaging light. The activation
subsystem refers to the subsystem that emits light for activating a light-gated ion channel protein
for initiating change in membrane potential.

FIG. 1 shows a microscope 100 with high spatial and temporal resolution for imaging
dynamic processes. The microscope 100 may be used in conjunction with fluorescence imaging
wherein the fluorescence may be mediated by voltage-indicating proteins to measure the
electrical properties of cells. The microscope 100 may also be used with light-sensitive activators
to allow selective, variable intensity activation of cells. The improved systems for optical
electrophysiology measurements disclosed herein will allow researchers to more productively
study electrically excitable cells such as neurons and cardiomyocytes, thereby providing new
insights into heart and brain diseases, leading to treatments and cures. Components of the
invention include a large FOV, high-resolution imaging subsystem; an illumination subsystem,;
an optional activation subsystem; and a sample positioning and environmental control
subsystem. Microscope 100 may be used to image and illuminate living cells that express
optogenetic proteins. As shown in FIG. 1, microscope 100 includes a sample enclosure 51
serviced by an environmental control system 21. A top platform 55 is supported above side walls
43 and base platform 61. The environmental control system 21 is part of the overall sample
handling system. This provides control over humidity, temperature, gas, and sample positioning.

FIG. 2 shows base platform 61 supported by supports 69 on lower platform 75, which
employs leveling feet 77. The feet 77 can be used to level the sample stage 109 (shown in FIG.
4). Because the open-stage microscope provides a sample stage configured to contain samples
including aqueous solutions, it is important to ensure the stage is level. The feet can include a
screw portion engaged with a threaded hole in the lower platform 75. The feet 77 can be adjusted
by turning their respective screws. The supports 69 are slightly inset from the location of the feet
77, thereby providing access for the feet 77 to be adjusted by a human operator. The base

platform 61 and lower platform 75 should be substantially flat and made from a resilient material
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such as aluminum or steel. The feet 77 and supports 69 should likewise be manufactured from a
resilient material capable of withstanding the weight of the microscope and all of its components.

FIG. 3 gives a back perspective view of microscope 100 with the side walls 43 removed.
As shown, top platform 55 is supported by uprights 59. Each upright 59 is preferably an
extended rail of metal or a polymer that rigidly supports top platform 55 above base platform 61.
The components of the optical subsystems—described in greater detail below—may be mounted
to the uprights 59. The uprights 59, top platform 55, and base platform 61 cooperate to define a
chassis for supporting the illumination and imaging subsystems. Additionally, top platform 55
and base platform 61 may include mounting flanges (e.g., with threaded holes) to which side
walls 43 can be affixed, thus provided a dark enclosure within which the optical elements of the
microscope can be housed and operate. A sample positioning system 29 is installed in top
platform 55. The sample positioning system 29 can be used to adjust the object region 109
(shown in FIG. 4) up, down, left, right, forward, and backwards. It can also adjust the tilt of the
object region and it can rotate the sample.

FIG. 4 gives a front perspective view of microscope 100 with the side walls removed. It
can be seen that sample enclosure 51 can be used to enclose sample stage 109. One or more
illumination light sources 127 can be included among the components beneath the sample stage.

The sample stage 109 is supported above an objective lens unit 129. Components of an
illumination subsystem are also shown mounted to uprights 59. The illumination subsystem
includes an illumination light source 127 (e.g., a red diode laser bar), a mirror 133 and an
adjustable mirror 137, which can be adjusted manually or by way of a stepper motor or
translation motor.

FIG. 5 diagrams a method 501 for imaging a sample. The method 501 includes the steps
of positioning 505 a sample dish 111 in an object region 109 of a stage of a fluorescence
microscope 100, wherein the sample dish 111 comprises a transparent bottom portion 112 and
contains a biological sample (e.g., cells 113) in an aqueous medium 138; illuminating 513 the
biological sample from beneath via an illumination light 135 passing through a prism 125
disposed underneath the transparent bottom portion, whereby the prism 125 imparts near total
internal reflection on the illumination light; and imaging 521 the biological sample through the
transparent bottom portion using an imaging subsystem 191 of the microscope 100, the imaging

subsystem 191 comprising an objective lens unit 129 disposed beneath the sample dish 111 and
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an image capture device 197. Preferably, the prism and transparent bottom portion are coupled
by a low-autofluorescence index matching fluid; and the prism, the index matching fluid, and the
transparent bottom portion have a common index of reflection. The sample dish can provide
access to the sample from above. The method 501 may include using an environmental control
subsystem to control environmental conditions above the aqueous medium to maintain living
cells 113 in the aqueous medium. As discussed elsewhere herein, the environmental control
subsystem may control humidity, temperature, or gas of the sample region. The transparent
bottom portion of the sample dish may be provided by a coverslip mounted to a surrounding dish
structure.

The method 501 may include transmitting an activation light onto the sample using an
activation subsystem comprising an activation light source (e.g., diode laser bar, diode laser, or
LED), wherein the activation light is spectrally distinct from the illumination light.

Preferably, the activation subsystem transmits the activation light upwards through the
objective lens unit and onto the sample. The method 501 may include focusing the activation
light at a back aperture of the objective lens using an activation tube lens disposed within a path
defined by the activation light. The activation subsystem may be operable to spatially pattern the
activation light onto the sample (e.g., the activation subsystem may include a spatial light
modulator such as a digital micromirror device (DMD); a digital light processor; or a liquid
crystal display to spatially pattern the activation light). The spatial light modulator may be
controlled by a computer that may define an illumination patter.

The illumination pattern may be generated by the computer based on an input from the
imaging subsystem. For example, the input from the imaging subsystem may include a pattern of
one or more cells 113 in the sample. In some embodiments, the computer defines an illumination
pattern with the spatial light modulator that corresponds to the pattern of cells in the sample,
thereby causing the activation subsystem to transmit illumination light onto the one or more
cells. The method 501 may include reflecting the activation light upwards onto the sample using
a dichroic mirror, and allowing the image to pass downward through the dichroic mirror to the
image capture device. In some embodiments, the activation light has a wavelength capable of
activating a light-sensitive activator protein. The light-sensitive activator protein may be a light-

gated ion channel with the wavelength being between 450 and 495 nm. In certain embodiments
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of the method 501, the illumination light has a wavelength capable of illuminating a microbial
rhodopsin, e.g., between 580 and 650 nm.

The method 501 may include using baffles to block unwanted reflected light from
entering the objecting lens. Preferably, the objective lens has a numerical aperture between 0.4
and 1.0—e.g., about 0.5. In certain embodiments, the image capture device 197 is a camera such
as a CMOS camera with a field of view sufficient to capture between one and five hundred cells.
The image capture device may acquire images at 1 kHz, preferably with a minimum exposure
time of the camera is 1 ms or less. The method 501 may further include transmitting a second
illumination light onto the sample, e.g., a wavelength capable of illuminating a light-sensitive
reporter protein such as a calcium-indicating protein.

FIG. 6 illustrates an embodiment of how the illumination subsystem 131, the imaging
subsystem 191, and the activation subsystem 141 are disposed within device 100. For
illumination subsystem 131, an illumination light source 127 generates illumination light 135
which via stepper/translator mirrors 133 and 137 impinges on a prism 125. For the activation
subsystem 141, activation light 144 is reflected off of dichroic mirror 153 and then passed
through the objective unit 129, after which it impinges upon a sample in sample stage 109. In the
imaging subsystem 191, image light 193 passes from the sample stage 109 through the objective
unit 129 and through the dichroic mirror 153 to camera or light detector 197. The operation of
these subsystems is described in greater detail below.

FIG. 7 gives a close-up view of sample stage/object region 109 of the system 100. The
object region 109 is configured for holding a sample to be observed. The object region 109 is
located within an imaging optical path of the microscope. It is important to note that any sample
loaded into sample stage 109 can be open in an upward direction. That is, microscope 100 does
not require any optical instrumentation or objects to touch, enclose, or impinge upon a sample
being investigated. The enclosure 51 may be closed and latched closed to minimize unwanted
interference from outside light, but microscope 100 still provides generous open space above
sample stage 109. In fact, sample stage 109 may include cells in an aqueous medium such as a
maintenance broth. Since the sample container may be open-topped, microscope 100 allows for
direct stimulation of the sample (e.g., physical stimulation, contact by electrodes, etc.).

Devices and methods of the invention may be used to exploit fluorescent indicators that

are sensitive to specific physical properties of their environment such as calcium ion
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concentration or membrane potential. The time-varying signal produced by these indicators can
be repeatedly measured to chart the course of chemical or electronic states of a living cell. One
example of an environmentally sensitive fluorescent indicator is the archaerhodopsin-based
protein QuasAr2, which is excited by red light and produces a signal that varies in intensity as a
function of cellular membrane potential. QuasAr2 can be introduced into cells using genetic
engineering techniques such as transfection or electroporation, facilitating optical measurements
of membrane potential.

The invention provides in a large FOV optical microscope 100 that may be used to
simultaneously image dozens, hundreds, or even thousands of cells. Since so many cells may be
simultaneously imaged, optical characterization of cellular membrane potential can increase
throughput by many orders of magnitude.

To realize the full potential of all-optical characterization, a microscope 100 may be used
for simultaneously achieving a large FOV to allow measurement of interactions between cells in
a network or to measure many cells concurrently for high throughput; high spatial resolution to
detect the morphologies of individual cells and facilitate selectivity in signal processing; high
temporal resolution to distinguish individual action potentials; and a high signal to noise ratio to
facilitate accurate data analysis. The FOV is preferably sufficiently large to capture dozens or
hundreds of cells, with a resolution on the order of 1 or 2 microns. To record the rapid changes
that occur in electrically active cells such as neurons, microscope 100 can provide a very fast
image acquisition rate on the order of 1 kilohertz, which corresponds to a very short exposure
time on the order of 1 millisecond. (Most fluorescent images are acquired over a substantially
longer time period.) The confluence of the above requirements places extreme demands on
instruments for optically characterizing the dynamic properties of cells.

The microscope 100 provides a large FOV with sufficient resolution and light gathering
capacity using a low magnification, low numerical aperture (NA) objective lens in objective unit
129. An optical system with magnification in the range of 2x to 6x is typically required for
imaging with contemporary high-speed detectors such as a sCMOS camera 197. A numerical
aperture 0.4 to 1.0, and preferably about 0.5, achieves the required spatial and temporal
resolution. Objective lenses with these characteristics are physically quite large, typically with a
front aperture of at least 50 mm and a length of at least 100 mm, and they contain numerous

glass elements. Fast imaging rates necessitate the use of extremely intense illumination, typically
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with fluorescence greater than 50 W/cm?2 at a wavelength of about 635 nm up to about 2,000
W/cm2.

Nluminating such a large FOV with high intensity requires a high-power source. For
example, achieving 200 W/cm2 over an area of 1 mm X 3 mm requires a total power of 6 W.
That is much more power than is typically used in fluorescence microscopy. Intense illumination
tends to excite nonspecific background fluorescence of the sample, optical elements of the
microscope, cell growth medium, index matching fluids, and sample container. As such, it is not
practical to illuminate the sample through the objective as is commonly done in epifluorescence
microscopy and special measures must be taken to reduce background fluorescence. Passing so
much power through the large number of glass elements contained inside the objective lens
induces autofluorescence in the glass of sufficient magnitude to obscure the weak fluorescence
signal emitted by the sample.

One method for reducing background fluorescence, for example the intrinsic fluorescence
of the culture medium, is to use total internal reflection fluorescence (TIRF) microscopy.

FIG. 8 shows a detail view of part of the illumination subsystem 131. Here, sample dish
111 defines or sits in sample stage 109. A glass coverslip 112 is cemented into dish 111. Dish
111 may include an aqueous medium 138 such as a maintenance broth for cells. In the depicted
embodiment, one or more cells 113 are growing on coverslip 112. A prism 125 is situated
beneath the coverslip and the space between the prism 125 and the coverslip 112 is filled with
index matching fluid 119. In some embodiments, the prism 125, the coverslip 112, and the index
matching fluid 119 all have the same index of refraction so that the illumination light 135 does
not refract at any of the phase changes or materials boundaries between those objects. In some
embodiments, the refractive indices are close, but not identical. For example, it may be
advantageous to use a material that is very pure but has a refractive index that is not an exact
match. In some embodiments cells are grown directly on a prism, thereby obviating the need for
the coverslip or index matching fluid.

As illustrated in FIG. 8, the illumination light 135 impinges upon a top surface of the
coverslip 112 at an angle 6 with the normal to that top surface of the coverslip. By setting 0 very
close to the angle of total internal reflection (TIRF), excellent illumination of a thin layer of cells

113 is achieved.
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Near-TIRF confines the illumination to a thin region of the sample in the vicinity of the
coverslip 112. That region, however, is greater than the region that would be illuminated with
traditional TIRF. In the depicted configuration, the illumination light 135 is coupled to the
sample 113 by a prism 125. In prior art TIRF microscopy, the sample resides in a thin flow-
chamber with the objective lens on one side of the sample and the light-coupling prism is on the
opposite side of the sample. A drawback of that prior art TIRF implementation is the requirement
that the sample be contained in a flow-chamber, which is incompatible with many cell-culture
techniques such as glass bottom culture dishes and well plates. Another drawback is that the
optical elements on both sides of the sample interfere with physical access to the sample.
Furthermore, TIRF only illuminates a region of approximately a few hundred nanometers. Near-
TIRF, however, illuminates a region on the order of 10 microns, and so it can illuminate a whole
cell rather than just a small portion of a cell.

In addition to fluorescent indicators, light-sensitive compounds have been developed to
chemically or electrically perturb cells. Using light-controlled activators, stimulus can be applied
to entire samples, selected regions, or individual cells by varying the illumination pattern. One
example of a light-controlled activator is the channelrhodopsin protein CheRiff, which produces
a current of increasing magnitude roughly in proportion to the intensity of blue light falling on it.
In one study, CheRiff generated a current of about 1 nA in whole cells expressing the protein
when illuminated by about 22 mW/cm?2 of blue light.

Optically modulated activators can be combined with fluorescent indicators to enable all-
optical characterization of specific cell traits such as excitability. For example, the OptoPatch
method combines an electrical activator protein such as CheRiff with a fluorescent indicator such
as QuasAr2. The activator and indicator proteins respond to different wavelengths of light,
allowing membrane potential to be measured at the same time cells are excited over a range of
photocurrent magnitudes.

Measuring the electrical properties of cells is of primary importance to the study,
diagnosis, and cure of diseases that involve electrically active cells, such as heart and brain cells
(neurons and cardiomyocytes). Conditions that affect these cells include heart disease, atrial
fibrillation, amyotrophic lateral sclerosis, primary lateral sclerosis, and many others. All-optical
measurements provide an attractive alternative to conventional methods like patch clamping

because they do not require precise micromechanical manipulations or direct contact with cells
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in the sample. Optical methods are much more amenable to high-throughput applications. The
dramatic increases in throughput afforded by all-optical measurements have the potential to
revolutionize study, diagnosis, and treatment of these conditions.

In various aspects, the present invention is generally directed to characterizing the
physical properties of cells using fluorescent indicators and light-sensitive activators. Examples
of applications of the system include studying the effect of a potential drug compound on
cardiomyocytes. For example, the microscope could be used to optically obtain an action
potential (AP) and calcium transient (CT) waveform from a stem-cell derived cardiomyocyte to
characterize an arrhythmia in the cardiomyocyte. A cardiomyocyte in the sample could be caused
to express a rhodopsin-type transmembrane optical reporter. The microscope can activate a
microbial channelrhodopsin using the activation subsystem. An AP propagates through the
cardiomyocyte. A cell containing a reporter protein is illuminated via the illumination subsystem,
and the AP causes a change in the fluorescence of the reporter. Light from the reporter is
detected by the imaging subsystem and analyzed to construct the AP waveform. An arrhythmia
in the constructed AP waveform can be detected or characterized, e.g., by comparison to a
known standard or other analytical techniques.

The near-TIRF microscope can thus be used to study a compound’s effect on
cardiomyocytes. Because the object region can support a cell in a medium, a sample
cardiomyocyte can be observed with the microscope while exposed to a compound of interest,
such as a prospective drug. Any resulting perturbation to the detected AP waveform, or
arrthythmia, associated with exposure to the compound can thus be observed by the microscope.
Since the optical reporter can include a voltage reporter, an ion reporter (e.g., for [Ca2+]), others,
or combinations thereof, the microscope can detect the effect of the compound across multiple
ion channels of the cardiomyocyte as revealed through all features of the AP waveform.

FIG. 9 illustrates components of the illumination subsystem 131. Light source 127
provides illumination light 135 of suitable power and wavelength to excite fluorescent indicators
in the sample. One example light source is a diode bar laser part number MB-638.3-8C-T25-
SS4.3 manufactured by Dilas Corporation. This particular laser provides up to about 9 W of
power with a rectangular beam profile at a wavelength of approximately 638 nm. Other sources

could be used in the illuminator.
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Laser bars for illuminating the sample may be configured with a propagation axis that is
not co-axial with the illumination path. The laser bars may provide light to the illumination
optical path at a wavelength corresponding to an activation wavelength of a protein found in the
sample, such as a red wavelength between 580 and 650 nm used to excite fluorescence of a
microbial rhodopsin.

FIG. 9 depicts on suitable configuration for use in the illumination subsystem 131. As
shown in FIG. 9, cylindrical lens 121 is placed one focal length from the laser with its optical
axis orientated to coincide with the fast propagation axis of the beam. Mirror 133 deflects the
beam upward. Lenses 121 produce a homogenized beam one focal length farther down the
optical path of the illuminator and relay the beam to the sample plane. Additionally, other beam
shaping optics may be disposed within the illumination path.

An adjustable mirror 137 is placed in a kinematic translation/tip/tilt mount located near
the focal point of relay lens 121. This allows the position and incidence angle to be
independently adjusted. The adjustable mirror 137 can be adjusted manually, or in other
embodiments can be adjusted by way of a stepper motor or translation motor. Prism 125 couples
the illumination to the sample stage 109 via index matching fluid 119. This arrangement allows
physical access to the sample from the top and avoids passing high-power illumination through
the objective. The index matching fluid 119 may be selected to minimize autofluorescence, for
example Type FF microscope oil manufactured by Cargille Corporation or ultra-pure glycerol.
The side of the prism facing the objective may be given an anti-reflective coating to facilitate
improved transmission of sample fluorescence.

Prism 125 is preferably made out of a material such as fused silica, selected to have very
low auto-fluorescence. The prism preferably does not obstruct the aperture of the objective lens.
Furthermore, the prism is thick enough to accommodate the geometry of the illumination beams
entering on its side faces at near the TIR angle, but not so thick as to create large optical
aberrations. If the prism is too wide, the illumination beams will not be able to reach the sample
area. (FIGS. 13A-13C show the geometry of prism 125 in detail.)

The fluorescence illuminator 127 provides light 135 to excite fluorescent indicators in the
sample and a means for coupling the light into the sample. It includes one or more light sources
of appropriate wavelength and power. Light sources may include diode lasers, diode bar lasers,

other types of lasers, LEDs, or other sources with suitable characteristics. Optical filters, mirrors,
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lenses, prisms, fibers, and other optical elements may be used to alter the spectrum and spatial
characteristics of the light source. The coupling means may be a prism and an optional index
matching fluid interposed between the objective lens and the sample. The prism may be made of
a low autofluorescence material such as fused silica, and the index matching fluid may be
specially selected for its low autofluorescence. In this scheme, high power illumination does not
pass through the objective lens, thereby reducing nonspecific fluorescence from glass elements
of the objective. Illumination is directed at the sample from the side. The illumination may be
coupled into the sample at an angle that is near the total internal reflection (TIR) angle in order to
minimize background fluorescence from the cell growth medium. The near-TIR angle is
exhibited at the interface between the sample support (typically a glass coverslip) and the
sample-containing medium (typically an aqueous solution). Illumination may be directed at the
sample from multiple directions to further reduce background fluorescence.

FIG. 8 shows a detailed view of light 135 coupling into the sample through prism 125.
The diagram shows that more than one illumination beam 135 may be coupled into the sample to
further reduce background fluorescence. The beams are adjusted that they strike the glass-water
interface at an angle 0 close to the TIR angle. The illumination beam may be brought to a focus
using a lens of a certain focal length so as to cause Rayleigh length to be approximately equal to
the size of the field of view in order to further reduce excitation of background fluorescence.
Baffles 136 may be inserted beneath the prism to prevent unwanted ghost images from other
facets of the prism from being transmitted into the objective lens.

If the FOV is not square, the illumination is preferably arranged so that the beam
propagates parallel to the short axis of the FOV. This arrangement leads to a shorter Rayleigh
length than if the beam propagates parallel to the long axis of the FOV. Furthermore, one can
arrange two beams to impinge on the FOV from opposite directions. Then each only needs to
have a Rayleigh length equal to half the length of the short axis of the FOV. By crossing the
beams in the coverslip beneath the sample, one can arrange to minimize auto-fluorescence
induced in the cell culture medium.

Systems and methods of the invention provide reduction of the background
autofluorescence and unwanted contributions from out-of-focus material near an object to be
viewed or imaged. The invention is useful for studying biological processes that utilize voltage-

sensitive fluorescent proteins, which can provide a fluorescent signal in response to an
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electrostatic potential of a cell. Accordingly, spatial and temporal dynamics of time-varying
electric potentials can be observed and measured.

The illumination beam 135 of illumination subsystem illuminates the sample cells 113.
Where one or more of those cells express an optogenetic indicator such as a microbial rhodopsin,
the illumination beam 135 provides the energy to raise electrons in those proteins to an increased
energy level. This then allows those proteins to fluoresce on changes in membrane potential, ion
concentration, or whatever other phenomenon those proteins report. When the fluorescent
reporters (aka indicators) fluoresce, they emit light that is then detected and captured by the
imaging subsystem 191 of microscope 100.

FIG. 10 shows details of the imaging subsystem 191. Preferably the imaging light 139
after passing through prism 125 passes through the objective unit 129, an emission filter 157, an
imaging tube lens 159 and to light detector/camera 197. The imaging subsystem 191 may include
a low magnification, large FOV, high NA objective lens 129; an emission filter 157; a tube lens
159; and an image sensor 197, as shown in FIG. 10. In some embodiments, the imaging light
passes through a dichroic mirror 153 that is part of the activation subsystem.

Between the objective lens and the object region 109 is a prism 125. Prisms for use with
the invention are shown in greater detail in FIGS. 13A-13C. In a preferred embodiment, the
prism 125 has a trapezoidal cross-section with beveled edges. The prism 125 is configured to
impart near total internal reflection (TIR) on an illumination beam passing therethrough. Near-
TIR excitation serves to limit the production of unwanted fluorescence. The prism and object
region 109 are configured such that a user can place index matching fluid 119 between those two
elements. In embodiments that include index matching fluid, the near-TIR is exhibited at
boundary between the glass coverslip and the aqueous medium 138 containing the sample.

The objective lens 129 preferably has a numerical aperture that is high for lenses of low
magnification, for example 0.4, 0.5, 0.6, 0.7, or 0.85. Examples of suitable objective lenses 129
include model number MVPLAPO 2XC manufactured by Olympus Corporation.

The emission filter 157 should exhibit an optical density at the illumination wavelength
of at least 5 and preferably greater and transmission of greater than 90% over the emission band.
Filters meeting this specification are well known in fluorescence microscopy and are produced
routinely by companies such as Semrock Corporation and Chroma Technology. The unique

dimensions of the optical path in the present invention require custom sized filters.
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The tube lens 159 may be a standard, 3” diameter plano-convex lens with focal length of
100 mm or it may comprise several elements with a similar equivalent focal length. The choice
of 100 mm focal length of the tube lens 159 is matched to the reference tube length of the
MVPLAPO 2XC objective (resulting in a magnification of 2x). A different focal length may be
selected to achieve larger or smaller magnification. Additional lenses may be added to reduce
aberrations.

The image sensor 197 must have sufficient resolution and bandwidth to record signals
over the field of view at the desired frame rate. One example of a suitable image detector is a
scientific CMOS camera such as the Flash 4.0 sCMOS camera manufactured by Hamamatsu
Corporation. Values and specifications of the imaging system components may be adjusted to
optimize performance for many circumstances such as a different objective lens, field of view,
image sensor, fluorophore, frame rate, or tube lens. The imaging light path may include other
optical elements to improve performance.

The system 100 may further comprise additional components to aid in observing and
imaging a sample. For example, it may comprise a camera such as a CMOS camera, for
obtaining an image from the imaging optical path. The system may also involve a mechanism for
adjusting the object region, manually or via computer control, by tilting or translating the object
region.

Using the microscope 100, cells 113 or any other suitable sample can be imaged. For
example, cells 113 may be neurons, cardiomyocytes, or other electrically active cells expressing
optogenetic reporters.

The inverted fluorescence micro-imaging system records optically from numerous (e.g.,
50 to 5,000) expressing cells or cell clusters in a single field of view. For example, the system
may be used to characterize optically evoked firing patterns and AP waveforms in electrically
active cells expressing an Optopatch construct. Each field of view is exposed to whole-field or
spatially localized pulses of blue light to evoke activity (e.g., 0.5 s, repeated every 6 s, nine
intensities increasing from 0 to 10 mW/cm?2 to elicit neuronal firing). The number of steps and
power variable depend on the particular study and the expression level of the activator. Reporter
fluorescence such as from QuasAr2 may be simultaneously monitored with whole-field
excitation at 640 nm, 100 W/cm?2. Additional useful discussion of microscopes and imaging

systems may be found in U.S. Pat. 8,532,398 to Filkins; U.S. Pat. 7,964,853 to Araya; U.S. Pat.
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7,560,709 to Kimura; U.S. Pat. 7,459,333 to Richards; U.S. Pat. 6,972,892 to DeSimone; U.S.
Pat. 6,898,004 to Shimizu; U.S. Pat. 6,885,492 to DeSimone; and U.S. Pat. 6,243,197 to Schalz,
the contents of each of which are incorporated by reference.

Methods of the invention may include exciting the cells that are to be observed or
activating a cell to initiate an action potential. Activation may be direct or indirect (e.g., optical
activation of an optical activator or activating an upstream cell in gap junction- or synaptically-
mediated communication with the cell(s) to be observed). Activation may be optical, electrical,
chemical, or by any other suitable method. Activation may involve any pattern of activation
including, for example, regular, periodic pulses, single pulses, irregular patterns, or any suitable
pattern. Methods may include varying optical activation patterns in space or time to highlight
particular aspects of cellular function. For example, a pulse pattern may have an increasing
frequency. In certain embodiments, imaging includes activating an electrically active cell that
expresses an optical activator using pulses of light.

FIG. 11 shows an activation subsystem 141 according to certain embodiments. The
activation subsystem 141 employs a light source 143 (e.g., blue LED) to produce activation light
144 which then passes through a spatial light modulator (SLLM) 147 and an activation tube lens
149 before being reflected by a dichroic mirror 153 to pass through the objective unit 129 and
impinge upon the sample 113. Microscope 100 preferably includes an optional activation
subsystem 141 for exciting light-sensitive compounds in the sample. The illuminator may
include one or more light sources 143 and a means for coupling the illumination to the sample. In
some embodiments, the illumination can be coupled to the sample from above. In certain
embodiments, the system may include an SLM 147 to facilitate selective optical activation of the
sample. Light sources 143 may include LEDs, diode lasers, other types of lasers, arc lamps, or
other sources with suitable characteristics. Optical filters, mirrors, lenses, prisms, fibers, and
other optical elements may be used to alter the spectrum and spatial characteristics of the light
source. The SLM may be a digital micromirror device (DMD), liquid crystal display (LLCD), or
other type of SLM. The SLM may be connected to a computer that controls the illumination
pattern, with may be user-defined or it automatically generated by a computer program to
correspond to certain features of the sample, such as an individual cell, a group of cells, or a part
of a cell. The activation light may be coupled to the sample by a dichroic mirror in the imaging

path, a small mirror placed at the back focus of the objective lens, or from above.
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The present disclosure provides systems and methods for patterning light onto a sample
to separately target activator and reporter cells. In one embodiment cells expressing either
activator or reporters are intermixed and co-plated. Cells expressing the activator are identified
via a recognizable marker, e.g. a fluorescent protein, or by their absence of fluorescence
transients indicating presence of a reporter. This identification is performed through automated
image-processing algorithms. Optical activation is achieved by spatially patterning the activation
light 144 using a spatial light modulator 147 to project optical activation flashes onto only those
cells expressing the activator. The spatial light modulator 147 may be, for example, a DMD,
preferably controlled by a computer, may be situated within the illumination path to impart a
pattern of light in the illumination path when a laser or light emitting diode (LED) reflects off of
it.

Systems of the invention can be used in conjunction with methods involving providing a
sample comprising a voltage-indicating or calcium-indicating protein (i.e., an optogenetic
reporter) and a light-sensitive moiety (i.e., an optogenetic activator). At least a portion of the
sample is illuminated with a first light at a wavelength that causes the light-sensitive moiety to
increase ion transport. In certain embodiments, the DLP is connected to a computer device 1035
(FIG. 16) that controls the pattern assumed by the SLM 147. The pattern can be user-defined, or
it can be defined by a computer to correspond to a certain region of the sample location, such as
an individual cell, a group of cells, or a part of a cell.

The computer device 1035 connected to the DLP will typically include a processor
coupled to memory and one or more input/output device. Suitable I/O devices include monitor,
keyboard, mouse, pointer, trackpad, touchscreen, camera, Wi-Fi card, network interface card,
USB port, others, and combinations thereof. In certain embodiments, computer 1035 includes a
touchscreen. The touchscreen may be configured to display a real-time image captured by the
objective lens. The touchscreen can be operable to accept user inputs comprising touching the
touchscreen. In some embodiments, the touchscreen can be manually controlled by a user to
activate a certain cell displayed on the screen by touching an image of that cell. The touchscreen
may be operable to control all aspects of the microscope, including position and tilt angle of the
object region, magnification, illumination intensity, illumination wavelength, or any other factor
relevant to the use and control of a fluorescence microscope that would be known to those of

ordinary skill in the art.
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The touchscreen controls can include turning a laser bar on or off; changing the
configuration of the SLM by selecting certain regions of the image to be illuminated or de-
illuminated; or changing a wavelength of an illumination path. The touchscreen can be
configured to accept user inputs based on the user touching an area of the image corresponding
to a particular area in the sample (e.g., a particular cell) that the user wants to activate or
deactivate.

FIG. 12 depicts an alternative embodiment for an activation subsystem 141 according to
certain embodiments. The activation subsystem 141 employs a light source 143 (e.g., blue LED)
to produce activation light 144 which then is patterned by the SLM 147. Lenses 145 and 149
create an infinity space within which a mirror 151 passes the activation light into the objective
unit 129 to impinge upon the sample 113.

Microscope 100 provides a large FOV, high-resolution imaging system. The microscope
100 may include features such as objective, emission filter, tube lens, and image detector. In
some embodiments, the image detector is an SCMOS camera. The illumination subsystem 131
may include one or more of a light source (e.g., diode laser bar), beam shaping and aiming
optics, coupling to sample, others, or combinations thereof. Preferably the angle of illumination
is slightly less than the TIR angle.

Where the light source is a diode laser bar, there may be a cylindrical lens placed at its
focal length from the source with its curved axis parallel to the fast axis of the laser beam.

FIGS. 13A-13C show various views of a prism 125 for use with the present disclosure.
As discussed above, microscope systems of the invention include a prism coupled to the sample
region, whereby the prism is configured to impart near-total internal reflection on an illumination
beam. As would be understood by a person of ordinary skill in the art of optics, near-TIR results
in only a thin region of sample being illuminated (i.e., the region of sample in contact with the
prism).

FIGS. 13A-13C show the geometry of an embodiment of prism 125 in detail. The prism
geometry can be adapted based on the type of different sample container. The prism may have a
substantially cuboid shape. It may have a bevel on a bottom edge. It may have a bottom surface
that is curved in the shape of a sphere or an asphere. A surface of the prism may be treated with
an optical coating to increase the transmission of a fluorescent emission. As shown in FIG. 13A,

the prism may have a generally trapezoidal cross-section with beveled edges 801 on faces 803
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and 804. FIG. 13B shows a perspective view of the prism 800. FIG. 13C shows a head-on view
of the wider face 802, which in embodiments may be configured to be in contact with the object
region or with an index matching fluid. As shown in FIG. 13A, faces 803 and 804 are defined by
angle 808 with respect to face 802. The angle 808 contributes to a resulting bend in an
illumination path that passes through faces 803 and 804. In various embodiments an illumination
path (not shown) may pass through faces 803, 804, or 805 such that the prism causes the
illumination path to achieve near-TIR with respect to a glass coverslip or other medium
supporting the sample.

FIGS. 14A-14C show an example of an illumination light source 127 suitable for use
with the invention. Light sources may include diode lasers, diode bar lasers, other types of lasers,
LEDs, or other light sources with suitable characteristics.

FIG. 15 shows a schematic diagram of providing patterned illumination while taking an
image of the sample. A 488 nm blue laser beam 144 from light source 143 is reflected off a
spatial light modulator 147 such as a DMD. The DMD imparts a spatial pattern on the blue laser
beam (used for CheRiff excitation) before reflecting off a dichroic mirror 153 on its way to the
object region via the objective unit 129. The micromirrors are re-imaged onto the sample
supported by sample stage 109, leading to an arbitrary user-defined spatio-temporal pattern of
illumination at the sample. Simultaneous whole-field illumination with 640 nm red light from the
illumination subsystem (not shown) excites fluorescence of the reporter. Imaging light 193
travels down through the objective 129 and the dichroic mirror 153 to the image sensor 197.

FIG. 16 diagrams a system 1001 for control and use of microscopy instrument 100.
Instrument 100 includes optical system 600 and is connected directly or via network 1043 to
computer device 1035. Optionally, system 1001 may include or access a server computer 1009.
The system 1001 provides fluorescence microscopy for optogenetics. The system includes an
instrument 100 and a computer 1035. The instrument 100 preferably includes an object region
defining a sample location and an objective lens located in an imaging optical path that includes
the object region. The instrument 100 may include one or more prisms for total internal
reflection microscopy; one or more laser bars to provide light; and a digital light processer (DLP)
comprising a digital micromirror device. Computer device 1035 includes a touchscreen
configured to display an image captured via the objective lens and to control a pattern of

activation light based on user input obtained via the touchscreen. Using system 1001, a user may
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touch the touchscreen to activate an electrically active cell displayed on the touchscreen. The
computer 1035 and the DLP can alter a configuration of the digital micromirror device in
response to the user touching the touchscreen. Additionally or alternatively, a microscope stage
can respond to pan or zoom gestures made by the user using the touchscreen. For example, the
user can touch the screen to adjust a position of the object region relative to the objective.

In certain aspects, the present disclosure provides a high-resolution, large field of view
imaging system. The imaging system may include an objective lens, a tube lens, optical filters,
mirrors, a focusing mechanism, and other optical elements to form an image in an image plane.
The imaging system may also include an image detector that resides in the image plane of the

imaging system for recording fluorescence images of the sample.

Incorporation by Reference

References and citations to other documents, such as patents, patent applications, patent
publications, journals, books, papers, web contents, have been made throughout this disclosure.

All such documents are hereby incorporated herein by reference in their entirety for all purposes.

Equivalents
Various modifications of the invention and many further embodiments thereof, in

addition to those shown and described herein, will become apparent to those skilled in the art
from the full contents of this document, including references to the scientific and patent literature
cited herein. The subject matter herein contains important information, exemplification and
guidance that can be adapted to the practice of this invention in its various embodiments and

equivalents thereof.

Examples

FIGS. 17-29 show data recorded with a microscope of the invention.
For FIGS. 17-20, the microscope was used to image rat hippocampal neurons.
FIG. 17 is an image of QuasAr in rat hippocampal neurons illuminated (QuasAr3). FIG.

18 is a white light image of rat hippocampal neurons.
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FIG. 19 shows example traces from the rat hippocampal neurons generated by the
QuasAr reporters. The color word labels are included to correlate specific traces to specific
neurons surrounding by correspondingly labelled boxes in FIGS. 17 and 18.

FIG. 20 is a zoomed-in view of the one epoch called out via a dashed-line box in FIG. 19.

FIGS. 21-24 result from imaging mouse dorsal root ganglions (DRG) through fused silica
and glass coverslips.

FIG. 21 is an image of a glass coverslip.

FIG. 22 is an image of a fused silica coverslip.

FIG. 23 gives relative pixel counts under identical illumination conditions for fused
silica versus glass coverslip.

FIG. 24 presents recordings of mouse DRG neurons on fused silica and glass and raster

plots for each as the laser intensity is increased.

FIGS. 25-29 show results from cardiac recording. FIG. 25 is a GCaMP6F image. Boxes
have been labeled with color words for ease of cross-referencing to traces in FIG. 26.

FIG. 26 shows recordings from the boxes in FIG. 25.

FIG. 27 is an image of cardiac cells co-transfected with CheRiff and QuasAr2.

FIG. 28 is a cardiac trace showing spontaneous and paced activity.

FIG. 29 shows wave propagation from left to right during spontaneous, and from right to

left during pacing.
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What is claimed is:

1. A near-total internal reflection fluorescence microscope comprising:

a stage comprising an object region configured to support a sample;

an illumination subsystem comprising a prism disposed beneath the object region and a
light source operable to transmit light onto the prism, causing the prism to illuminate the sample
from beneath by near total internal reflection; and

an imaging subsystem comprising an objective lens unit disposed beneath the prism and
an image capture device operable to receive an image passed through the objective lens unit from

the object region.

2. The microscope of claim 1, wherein the object region supports the sample by means of a

sample dish with a transparent bottom portion.

3. The microscope of claim 2, wherein the prism and transparent bottom portion are coupled by a
low-autofluorescence index matching fluid; and wherein the prism, the index matching fluid, and

the transparent bottom portion have a common index of refraction.

4. The microscope of claim 2, wherein the sample dish can hold an aqueous medium and provide

access to the sample from above.
5. The microscope of claim 4, further comprising an environmental control subsystem operable
to control environmental conditions above the aqueous medium to maintain living cells in the

aqueous medium.

6. The microscope of claim 5, wherein the environmental control subsystem controls humidity,

temperature, and gas of the sample region.
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7. The microscope of claim 1, wherein the object region comprises a dish with cells in an

aqueous medium.

8. The microscope of claim 4, wherein the transparent bottom portion of the sample dish is

provided by a coverslip mounted to a surrounding dish structure.

9. The microscope of claim 1, further comprising an activation subsystem comprising an
activation light source configured to transmit activation light that is spectrally distinct from the

illumination light onto the sample.

10. The microscope of claim 9, wherein the activation light source is one selected from the group

consisting of: a laser, a diode laser bar; a diode laser; and an LED.

11. The microscope of claim 9, wherein the activation subsystem transmits the activation light

upwards through the objective lens unit and onto the sample.

12. The microscope of claim 9, further comprising an activation tube lens disposed within a path
defined by the activation light, operable to focus the activation light at a back aperture of the

objective lens.

13. The microscope of claim 9, wherein the activation subsystem is operable to spatially pattern

the activation light onto the sample.

14. The microscope of claim 13, further comprising a spatial light modulator to spatially pattern

the activation light.

15. The microscope of claim 14, wherein the spatial light modulator comprises one selected from
the group consisting of: a digital micromirror device; a digital light processor; and a liquid

crystal display.

16. The microscope of claim 14, wherein the spatial light modulator is controlled by a computer.
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17. The microscope of claim 16, wherein the computer is operable to define an illumination

pattern.

18. The microscope of claim 17, wherein the illumination pattern is input by a user.

19. The microscope of claim 17, wherein the illumination pattern is generated by the computer

based on an input from the imaging subsystem.

20. The microscope of claim 19, wherein the input from the imaging subsystem comprises a

pattern of one or more cells in the sample.

21. The microscope of claim 20, wherein the computer defines an illumination pattern with the
spatial light modulator that corresponds to the pattern of cells in the sample, thereby causing the
activation subsystem to transmit illumination light onto the one or more cells.

22. The microscope of claim 9, further comprising a dichroic mirror to reflect the activation light
upwards onto the sample, and to allow the image to pass downward through to the image capture

device.

23. The microscope of claim 9, wherein the activation light has a wavelength capable of

activating a light-sensitive activator protein.

24. The microscope of claim 23, wherein the light-sensitive activator protein is a light-gated ion

channel.

25. The microscope of claim 23, wherein the wavelength is between 450 and 495 nm.

26. The microscope of claim 9, wherein the activation light has an intensity of about 22

mW/cm2.
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27. The microscope of claim 1, wherein the illumination light has a wavelength capable of

illuminating a microbial rhodopsin.

28. The microscope of claim 27, wherein the wavelength is between 580 and 650 nm.

29. The microscope of claim 1, wherein the illumination light has an intensity of about 100

W/cm?2.

30. The microscope of claim 1, wherein the light source is one selected from the group consisting

of: a diode laser bar; a diode laser; and an LED.

31. The microscope of claim 1, further comprising baffles positioned to prevent unwanted

reflected light from entering the objecting lens.

32. The microscope of claim 1, further comprising other beam shaping optics disposed within a

path defined by the illumination light, operable to shape the illumination light.

33. The microscope of claim 1, wherein the objective lens has a numerical aperture between 0.4

and 1.0.

34. The microscope of claim 1, wherein the objective lens has a numerical aperture of about 0.5.

35. The microscope of claim 1, wherein the image capture device is a camera.
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