Optical Sectioning Il: How not to be seen



TIRF

Total Internal Reflection Microscopy

Total Internal Reflection Fluorescence
Excite just the fluorophores e

(n [:‘iggg ﬂ;? '_L__r}h
at the coverslip. :

Excited
Fluorophores riyorophores cgy

Evanescent - | | ¢  Membrane
L T —— +

a—— — -

{




Total Internal Reflection

Snell’s Law: n, Sin(&,) = n, Sin(6,)

Agueous sample 5
n,=1.33-1.38 %

Cover
Glass
n,=1.518




Total Internal Reflection

Snell’s Law: n, Sin(&,) = n, Sin(6,)

Agueous sample 5
n,=1.33-1.38 6

Cover
Glass
n,=1.518




Total Internal Reflection

Snell’s Law: n, Sin(&,) = n, Sin(6,)

Agueous sample 5
n,=1.33-1.38 6

Cover
Glass
n,=1.518




Total Internal Reflection

Snell’s Law: n, Sin(&,) = n, Sin(6,)

Agueous sample 5
n,=1.33-1.38 6

Cover
Glass
n,=1.518




Total Internal Reflection

Snell’s Law: n, Sin(&,) = n, Sin(6,)

Agueous sample 5
n,=1.33-1.38 I

Cover
Glass
n,=1.518




Total Internal Reflection

Snell’s Law: n, Sin(&,) = n, Sin(6,)

Agueous sample
n,=1.33-1.38

Cover
Glass
n,=1.518

[Sin(ecrit) = Wyt ]




Total Internal Reflection
Decay length vs. angle
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Two forms of TIRF microscopy

. Through the
Prism coupled L.
objective
N— . sampleon 5 (
7 amp € cover glass
= S on slide ~—
e No excitation light in emission path e Easy to align
—> Very low background (if quartz slide) e Excitation light in emission path
e Needs separate, external beam path = Vulnerable to autofluorescence
—> Harder to align in the optics

e Requires very high NA



TIRF Objectives

Back focal plane
r oc n Sin(0) ~ "NA”

TIRF ——»
beam

Typical NA 1.45-1.49

TIRF
zone NA=0  1.38 1.49

Extreme example: Olympus NA 1.65
Requires special high-index cover glass
and (volatile, toxic) immersion fluid



Epifluorescence vs. TIRF

Epifluorescence

Jaiswal et al 2002; cells loaded with FITC-dextran




The Confocal Microscope, Redux
What limits the imaging depth?

Detector A

Pinhole

Tube lens <& =  Excitation light

v/

Emission light
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Objective lens —
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The Confocal Microscope
What limits the imaging depth?

1. Physical limitations — objective working
distance

2. Tissue penetration depth

Excitation light

Objective lens = /o

Sample



What limits tissue penetration depth?

Ideal Case
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What limits tissue penetration depth?
Absorption
Scattering
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Absorption of common biological molecules
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From http://www.chem.duke.edu/~wwarren/tissueimaging.php
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Optical window

Requires special techniques such as 2P 



Scattering

 The amount of light scattered scales
as 1/A% (Rayleigh scattering)

* Imaging in the near-infrared
minimizes both absorption and
scattering



Imaging in the Infrared

e Can use infrared excited dyes
(commonly used for whole-animal
imaging)

* Or: use two photons to do the
work of one and image standard
dyes in the infrared



Conventional (one-photon) excitation

Jabtonski Diagram
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Two-photon excitation

Jabtonski Diagram

y Y I Internal
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Both photons must arrive nearly
simultaneously (< 1 fs)



Two-photon excitation

Requiring near-simultaneous photon arrival
means fluorescence intensity depends on
square of excitation intensity

Brad Amos, MRC, Cambridge



Two-Photon excitation
No out-of-focus light

The scanning blue (488nm) laser The scanning IR pulse laser (Zeiss NLO system)
excites an entire column of sample. excites only asmall spot of sample.

Image by Steve Ruzin and Holly Aaron, UC Berkeley



Two-Photon excitation: no out of focus light

* |n confocal, the focal volume is defined
by a point of light x a detection pinhole

* In two-photon excitation, the focal
volume is defined by a point of light
times itself.

* Two-photon microscopy can achieve
the same point-spread function as
confocal, without a pinhole.



Tissue Absorption and Scattering, revisited

Focus is only point in sample to emit light:
all emission comes from focus
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Tissue Absorption and Scattering, revisited

Focus is only point in sample to emit light:
all emission comes from focus

* Because emitted light all comes from
focus, we don’t need to image it.

* Collect all emission light, regardless of
path, and assign it to focus

* Don’t use the pinhole: Non-descanned
detection
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Image by raster scanning

Create image by scanning laser
point-by-point over sample and
recording intensity at each spot.

p—




The most sensitive two-photon microscopes use
non-descanned detectors

Confocal Two-Photon

Photomultiplier - (&
Detector |

Optical
Configurations

Photomultiplier — /B8
Detector :

- Pinhole (i)
Aperture

Laser

Beam
Expander Dicﬂm;ﬂf 0

() Laser Dichromatic

Expander Mirror,

© @ (@ @ ()
http://www.microscopyu.com
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A home-built two-photon microscope




Two photon optics are simple and allow multiple
channels to be collected simultaneously

750S5P 495LP 525LP 565 LP 655 LP

/ U FAR RED
675/67 Output = 643-708
720 SP
- o>
\ 475/40
or 510/20 542/27 607/70
400/40

I I T .|

BLUE GREEN YELLOW RED

Output=380420 Output=500-520 Output=528-556 Output=565-635
or
455-495

CFP em =460-500 GFPem =500-530 YFPem =515-550



Lasers for two-photon excitation

Emission intensity depends on the
square of excitation intensity.

We want high excitation power.

Use pulsed laser to get high peak
power but normal average power.
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Lasers for two-photon excitation

Typical CW laser

A

time

Pulsed laser
A

time
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Lasers for two-photon excitation

Pulsed laser
A

time

Typical Ti-Sapphire laser for two-photon
microscopy (Newport Mai Tai):

Pulse width: 80 fs
Repetition rate: 80 MHz

Time between pulses: 12.5 ns
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Lasers for two-photon excitation

Pulsed laser
A

time
80 fs pulse every 12.5 ns:
The laser is only ‘on’ ~1/150 000" of the time
—> 1W average power results in
150 000W peak power

Cost: $100 000 — $200 000
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Ti-Sapphire lasers for two-photon excitation

Pulsed laser
A

time
Ti-Sapphire lasers are tunable:
Tuning range ~700 - 1000 nm


Presenter
Presentation Notes
2P requires high laser power to ensure simultaneous absorption with <0.5fs but pulsed excitation means high peak power and low average power (10 mW)
Photons concentrated in space by high NA lens
Quadratic relationship between excitation intensity and emission strength



Two-photon excitation spectra

Transition wavelength, nm

Transition wavelength, nm
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Two-photon excitation spectra

Not twice the 1-photon excitation spectrum

200
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Broadness of spectrum means one
wavelength can excite multiple dyes



Collect multiple emission channels to take advantage of broad
excitation spectra

750S5P 495LP 525LP 565 LP 655 LP

A | O
FAR RED
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Output=380420 Output=500-520 Output=528-556 Output=565-635
or
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CFP em =460-500 GFPem =500-530 YFPem =515-550



Second Harmonic Generation

Some anisotropic molecules frequency-double light
and generate emission at %z the incident wavelength

Collagen | and IV
Cellulose
Some membrane dyes




Second Harmonic Generation

This is a nonlinear process, and so its
brightness scales as the square of the
excitation light intensity too.




When to use Two Photon Microscopy?

* Thick samples —200 um — several
mm

* Live samples — fixed samples can
often be cleared or cut

e Excellent for imaging cellular
detail inside of live animals



The Problem With Epi-lllumination

Detector A

Pinhole

Tube lens Excitation light

Emission light

/
Objective lens —

7,

Sample



The Problem with Epi-lllumination

Emission Light

Excitation light

Objective lens == o

Sample



Selective Plane lllumination or Light Sheet
Microscopy

llluminate with a plane of light at 90° to the detection objective

Emission Light

Sample

Objective lens =\ E—
Excitation light




Single Plane lllumination Microscopy

llluminate with a very Fwo(%s;'
thin |ig ht Sheet Excltahgn Objective lens | -
Image at a 90 degree P

angle from illumination

Optically sections the
sample, illuminating a
whole xy plane at once

Move the sample in Z or
rotate to create 3D
Images

Jan Huisken
2009



Single Plane lllumination Microscopy

llluminate with a very
thin light sheet

Image at a 90 degree
angle from illumination

Optically sections the
sample, illuminating a
whole xy plane at once

Move the sample in Z or
rotate to create 3D
Images

Anna Reade



SPIM Advantages

Single plane acquisition
Conventional & confocal

Detection

lllumination

@@=

Photo-damage
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Specimen l

advantages of the light sheet-based approach:

a) intrinsic optical sectioning, i.e. capability
of 3D imaging

b) reduction of photo-damage in 3D image stacks
by a factor of n, where nis equal to the number
of planes in the stack

Light sheet microscopy

Detection

3D data acquisition
Light sheet microscopy

Single view
SO

S/ Multi view

improved axial resolution
reconstruction of large specimen

Current Opinion in Neurcbiology

Keller and Steltzer Curr. Op. Neurobiol., 2008



Generating the Light Sheet

Cylindrical lens

Gaussian beam plus Sootn e
scanning (DSLM) & N\ X
Bessel beam plus \ VN
scanning .

static o
light sheet

wirtudl I||:J"|l: sheals

SPIM DSLM 2-photon SPIM 2-photon Bessel beam

Jan Husiken



Generating the Light Sheet

Cylindrical lens

Gaussian beam plus
Scanning (DSLM) vertically scanned detection lens

“light sheet”

sample

Bessel beam plus laser scanner
scanning / [

v w

f-theta lens tube lens

illumination lens

Keller



A Problem: Absorption and Scattering

Solution: Image from Multiple Directions

SEIM mSFIM Four-lens SPIM
(MuVi-SPIM, SiMView)

Jan Huisken



Multidirectional SPIM (mSPIM)

C Double-sided + multidirectional
illumination (MSPIM)

B Single-sided + collimated
illumination (here: SPIM)

Out of focus +
shaded

80% epiboly, 10x Tg(H2A:GFP)
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Ultrafast Light Sheet Imaging of Zebrafish
Capture 800 x 600 x 200 um at 0.65 x 0.65 x 5 um resolution

d
llurnination obiecti
Detection objective umination objective
& A
\ Synchronized l
; piezo o=
. scanning , }
Focused laser beam
| Agarose "
Fish
larva
Second
hold
illumination Lo Gf?:;.’is
objective | capillary
(optional) N

30 ms per image (5-ms exposure)

1.3 s per brain volume

Ahrens et al. Nat. Meth. 2013



Imaging of GCaMP5 Zebrafish

lateral view

frontal view dorsal view
0.000s
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