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Multiphoton microscopy has enabled unprecedented access to biological systems in 

their native environment. Two-photon microscopy was invented at Cornell University 

in 1990 and has since been adopted all over the world for deep in vivo imaging. While 

three-photon microscopy was demonstrated not much later (1996), the required 

technology and incentive for further development of this technique was not available 

until much later in 2013 once again at Cornell, the original home of multiphoton 

imaging. Three-photon microscopy has since enabled unprecedented access deep in 

highly scattering biological tissue. 

While the advantage of three-photon microscopy for deep imaging has been 

demonstrated, the depth limit of this technique had not been established. In this 

dissertation I provide a comprehensive theoretical and experimental investigation of the 

depth limit of multiphoton microscopy techniques. I demonstrate experimentally that 

high spatial resolution diffraction-limited imaging at a depth of 10 scattering mean-free 

paths, which is nearly twice the transport mean free path, is possible with multiphoton 

microscopy. Our results indicate that the depth limit of three-photon microscopy is 

significantly beyond what has been achieved in biological tissues so far, and further 

technological development is required to reach the full potential of three-photon 

microscopy.  



 

Additionally, I demonstrate unique possibilities that multiphoton microscopy enables in 

neuroscience research by applying three-photon microscopy and third harmonic 

generation microscopy to a miniature adult vertebrate, Danionella dracula. My work 

demonstrates that two- and three-photon microscopy can be used to access the entire 

depth of the adult wild type Danionella dracula brain without any modifications to the 

animal other than mechanical stabilization. These results show that multiphoton 

microscopy is ideal for readily penetrating the entire adult brain within the geometry of 

these miniature animals’ head structures, without the need for pigment removal. With 

multiphoton microscopy enabling optical access to the adult brain and a repertoire of 

methods that allow observation of the larval brain, Danionella provides a model system 

for readily studying the entire brain over the lifetime of a vertebrate for the first time. 
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1.1 Historical Perspective 

Microscopy has played a key role in increasing our understanding of the world around 

us. Fluorescence-based microscopy techniques are particularly valuable in studying 

biological systems due to their chemical specificity. Considering the role of 

visualization in many major discoveries, it is no surprise that scientists have strived to 

improve image quality and increase microscopy capabilities throughout history. 

Confocal microscopy was first patented in 1957  [1] to improve image contrast by 

selectively blocking the scattered incoming photons from the sample. In 1990, two-

photon microscopy (2PM) was invented which not only improves contrast by using 

nonlinear excitation, but also improves optically accessible depth due to using longer 

excitation wavelengths which reduce effects of scattering [2]. In the next several 

decades, 2PM became the gold standard for deep in vivo imaging. Femtosecond lasers 

that enable 2PM have become routinely available to many research labs and facilities. 

2PM has been explored in a variety of fields from basic science to clinical 

applications [3–6]. The optically accessible depth limit of 2PM has been characterized 

theoretically and experimentally [7,8]. While 2PM can penetrate deeper than one-

photon confocal fluorescence microscopy when imaging the same fluorophores, the 

imaging depth is ultimately limited by tissue scattering which leads to contrast 

degradation.  

Three-photon microscopy (3PM) was demonstrated not long after 2PM [9–11], 

however, its main benefits were not fully understood initially. In 2013, it was 

demonstrated that the wavelengths for three-photon (3P) excitation of the most widely 

available fluorophores coincide with optimal wavelength windows for deep penetration 
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of biological tissue [12]. Additionally, the higher order of nonlinearity in 3PM leads to 

drastic reduction in background generation  [12]. Since then, this technique has been 

increasingly applied for deep imaging beyond the depth limit of 2PM; examples include 

3PM of neuronal activity with single-cell resolution in the mouse hippocampus [13] or 

through the intact skull of adult mice and zebrafish [14,15], imaging mouse brain 

vasculature and blood flow at >2 mm depth  [16], imaging the physiological response 

of the subplate of the mouse visual cortex [8,17,18], two-photon (2P) and 3P volumetric 

imaging for simultaneous monitoring of both the cortical layers and the subcortical 

regions  [19], and recording neuronal activities at >1.1 mm depth in the visual cortex of 

freely moving rats with a head-mounted miniature 3P microscope  [20]. 

1.2 Introduction to multiphoton microscopy 

The fundamental mechanism responsible for multiphoton microscopy (MPM) was first 

theoretically formulated in the 1930s by Maria Göppert-Mayer (the second woman to 

ever win a Nobel prize in physics). Her theory showed that two photons with lesser 

energy can combine to excite a discrete energy gap equal to the sum of their energies. 

In the case of 2PM, two photons interact simultaneously with a fluorophore to excite it 

to an energy state with twice the energy of the photons. This process is referred to as 

nonlinear because the occurrence of fluorescence has a quadratic relationship with 

intensity, as opposed to a ‘linear’ relationship. It is this nonlinear nature that reduces 

out-of-focus background generation in MPM and plays a role in increasing the 

accessible depth in turbid media. 

Due to the low probability of this event, femtosecond pulsed lasers are commonly used 

to increase the probability of simultaneous interaction with the molecule. By 
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considering a Gaussian-Lorentzian focus in an infinite sample, the 2P and 3P 

fluorescence signal per excitation pulse can be found by the following equations, 

respectively [21]: 

𝑆2𝑃 =
1

2
𝑔𝑝

(2)
𝜑𝐶(𝜂𝜎2)𝑛0

𝜋

𝜆2𝑃
(

𝑃2𝑃

𝑓
)

2
 ,                 (1)

  

𝑆3𝑃 =
1

3
𝑔𝑝

(3)

𝜏2 𝜑𝐶(𝜂𝜎3)𝑛0
2𝜋2

3𝜆3𝑃
3 (

𝜆3𝑃

𝜋𝜔0
)

2
(

𝑃3𝑃

𝑓
)

3
.    (2) 

where 𝑔𝑝
(2)

= 0.66 and 𝑔𝑝
(3)

= 0.51 are, respectively, the second and third-order 

temporal coherence factor of the excitation source (assuming a Gaussian temporal 

profile of the pulse), 𝜏 is the laser pulse width (FWHM), 𝜑 is the system collection 

efficiency, C is the concentration of the fluorophores, 𝜂𝜎2 and 𝜂𝜎3 are the 2P and 3P 

action cross section, , respectively, 𝑛0 is the refractive index of the medium; 𝜆2𝑃 and 

𝜆3𝑃 are the 2P and 3P excitation wavelengths in vacuum, respectively, 𝜔0 is the 1/e2 

radius of the intensity, 𝑃2𝑃 and 𝑃3𝑃 are respectively the average power at the focus for 

2P and 3P excitation measured in photons/s, and 𝑓 is the repetition rate. In these 

equations the effective NA of a Gaussian beam is defined as 𝑛0 multiplied by the 1/𝑒2 

divergence half-angle of the focus and is represented by 
𝜆

𝜋𝜔0
. In the case of 2PM, the 

balance between increased intensity due to a tighter focus and the smaller excitation 

volume results in NA-independent fluorescence excitation. In practice, the collection 

efficiency does depend on the NA, however, these results indicate that 2PM is less 

sensitive to beam size changes in the thick-sample limit. 
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While these equations allow us to calculate the signal generated at the focus, to fully 

depict in vivo imaging conditions, the properties of the media that light is traveling in 

must also be considered. As light is focused inside a biological sample, photons are 

absorbed and scattered, decreasing the intensity of light (number of photons) that 

reaches the focus. Because of the high scattering and absorbing nature of most biological 

specimens, obtaining high resolution images within large volumes is not a trivial task. 

To maintain a reasonable number of photons at the focus for signal generation, the 

power must exponentially increase as a function of imaging depth. However, power 

levels are limited by the tolerance of biological samples to heat that is produced by the 

light. Additionally, the scattered photons will be redistributed within the sample, 

causing unwanted background excitation. To achieve the highest performance, 

microscopes need to be optimized within the restrictions of the parameter space relevant 

to optical imaging. In the next sections, I will summarize this parameter space for 3PM 

and describe how my dissertation contributes to illuminating the performance of 3PM 

within these parameters. I will then discuss recent applications enabled by 3PM and my 

work in demonstrating the unique possibilities in small aquatic models. 

 

1.3 Optimizing 3PM within the parameter space of fluorescence microscopy 

Every experiment has a set of required imaging parameters, often related to each other 

and sometimes with trade-offs that limit their optimization. Therefore, in order to build 

the optimal imaging system (e.g. microscope) for a given experimental need, it’s 

important to consider the complete parameter space. The following is a set of the most 

commonly applicable parameters of an imaging system: 



 

20 

• Contrast 

• Optically accessible depth 

• Excitation power 

• Resolution 

• Volumetric imaging 

In this section, these parameters will be defined and the performance of 3PM within 

each parameter space will be discussed.  

1.3.1 Contrast 

Finding a needle in a haystack may be a difficult task but as the stack gets smaller, the 

needle will stand out. Detecting photons that contain the information we are interested 

in is only possible if there aren’t other photons getting in the way. Contrast is ultimately 

a competition between the in-focus signal and the out-of-focus background photons. As 

the background photons decrease, the haystack gets smaller and our features of interest 

will be more easily accessible. 

• 3PM improves Contrast due to higher order of excitation 

Ballistic photons are exponentially attenuated in tissue by scattering and absorption, 

which are characterized by the scattering mean free path ( )sl and absorption length ( )al

. The combined effect of absorption and scattering is represented by the effective 

attenuation length ( EAL, el ):  

1

1 1
e

s a

l
l l

−

 
= + 
 

.     (4) 



 

21 

Therefore, the power of ballistic photons as a function of depth can be characterized by: 

0

0( ) e

z

l

bP z P e
−

= ,               (5) 

where 𝑃0 is the power at the surface and 𝑧0 is the distance traveled in tissue. Absorption 

simply removes the excitation photons from the focal volume, while scattering re-

distributes the light intensity and increases excitation outside the focal volume. 

Multiphoton excited fluorescence signal (defined as the signal, S)  is generated primarily 

by ballistic photons in the focal volume. The excitation power at the sample surface 

must exponentially increase as a function of depth in order to maintain sufficient power 

at the focus for generating detectable signal (Eq. 5). With increasing imaging depth, the 

out-of-focus background (B), which has no high-resolution spatial information, 

eventually overwhelms S. The image contrast is characterized by the signal-to-

background ratio (SBR). In chapter 2, I will describe an analytical model of the 

spatiotemporal distribution of scattered and ballistic photons in a turbid media to find 

the depth-dependence of SBR for various MPM imaging conditions. 

1.3.2 Optically accessible depth 

The optically accessible depth within a turbid media can be limited in two ways: 1. not 

enough excitation light can reach the focus (point of interest) and 2. the generated signal 

at the focus can’t be detected. MPM techniques increase the accessible depth by 

alleviating both issues. By using longer excitation wavelength, light is scattered less and 

therefore can reach deeper inside turbid media. Additionally, the higher order of 
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excitation decreases background excitation, making it easier to detect the signal 

photons. 

• 3PM has higher SBR for deep imaging in densely labeled samples 

The imaging depth limit can be defined by choosing a depth at which a required SBR 

value is reached. One way to define a depth limit is to consider imaging metrics and 

their dependence on SBR [21]. Typically the depth at which the SBR is equal to one is 

considered as the depth limit of MPM techniques [7,8]. To find a depth at which SBR 

equals to one, the spatial distribution of fluorescence can be quantitatively described by 

using an analytical model to determine the distribution of excitation light inside a 

scattering medium [7]. In chapter two, I follow the analytical modeling of Theer and 

Denk [7] to find the intensity of the scattered light and use it to find the SBR at various 

depths within turbid media.  

An important factor in determining the background fluorescence is the fraction of the 

volume that is occupied by fluorophores since fluorescence is directly proportional to 

concentration  [22]. To quantify this effect, the inhomogeneity factor is defined as: 

 

 
total volume

fluorescent volume
 = .  (6) 

The background fluorescence can be scaled down according to the inhomogeneity factor 

if the features of interest are larger than the focal volume. Accordingly, the SBR can be 

calculated for samples with different inhomogeneity factors. We can adjust the depth 
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limit according to the sample properties, since fluorophore distribution can vary in 

biological samples. Increasing inhomogeneity leads to a decrease in background 

contribution and an increase in depth limit.  

In chapter 2, I will describe the above modeling in detail to find theoretical predictions 

of inhomogeneity-dependent depth limits of MPM techniques and validate these 

theoretical findings with experimental results. This approach to finding the depth limit 

provides an intuitive understanding of three-dimensionally resolved optical microscopy 

as a competition between the signal and the background photons: as the background 

photons are reduced, relative to the signal, our chances of detecting the signal increase. 

The optically accessible depth limit is determined by the ability to distinguish 

fluorescence photons generated at the focus from those that are outside the focal volume, 

which is defined by the SBR. 

1.3.3 Excitation power 

Practically, the power limitations for deep imaging with MPM are: 1. The maximum 

allowable peak power at the focus and the limited pulse energy of available ultrafast 

lasers, and 2. the maximum allowable average power in biological samples. High 

average powers can cause heating in biological tissue that leads to disruption of normal 

physiological function [23–25]. Additionally, high energy pulses can cause localized 

damage to tissue within the focal volume. To prevent damage to the sample it is 

important to optimize imaging parameters and make the most of the light that’s 

delivered to tissue. 
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• Making the most of photons 

The average incident power on a sample depends on the repetition rate of the laser as 

well as the energy of each pulse. The use of lower repetition rate lasers can drastically 

decrease the power levels used in biological samples. An alternative strategy for 

reducing the effective repetition rate of an imaging system is to only deliver photons to 

areas within the image that contain features of interest (e.g. neurons, etc). By using 

previously acquired structural images of neurons, an adaptive excitation source (AES) 

can deliver pulses only to regions of interest (ROIs) that are predetermined thereby 

decreasing the power delivered to the sample [26]. This strategy can be implemented by 

temporal modulation of pulses based on prior knowledge from a seed pulse train and 

then amplifying the pulses before delivering them to the ROIs. AES can achieve the 

same signal strength with ~1/30 of the average power for 1700 nm 3PM imaging of 

jRGECO1a-labeled neurons at 750 µm deep in the brain compared to a uniform pulse 

train [26]. AES is an example of engineering the laser parameters based on experimental 

conditions to extend the performance of a system and is a promising new direction for 

enhancing imaging capabilities. 

An additional strategy for reaching the full potential of deep imaging within 

experimental power restrictions is to increase the signal that is produced by each pulse. 

For example, if we refer back to equations 1 and 2 we see that the amount of 

fluorescence produced depends on the cross section of the fluorescent molecule. It was 

recently demonstrated that for specific fluorescent molecules such as Texas Red, it is 

possible to excite electrons to a higher energy state compared to the typical scheme of 

exciting to the lowest energy excited state [27]. By exciting these molecules with 



 

25 

specific wavelengths, it is possible to take advantage of the resonance created by the 

lower energy states to enhance the excitation cross section. For example, one photon 

(1P) absorption of Texas Red peaks around 590 nm and conventional wavelength for 

3P excitation is near 1700 nm. However, by exciting this molecule with 1340 nm it is 

possible to take advantage of the resonance enhancement of the 3P cross section created 

by the long-wavelength edge of the 2P absorption spectra. Not only does this scheme 

enable excitation of multiple fluorophores with a single excitation wavelength, the 3P 

cross section is much higher leading to more fluorescence generation. In the case of 

Texas Red and SR101, for example, exciting with 1340 nm has a ≥10-fold increase in 

3P cross section compared to 1650 nm excitation [27]. A 10-fold increase in 3P cross 

section leads to 2.2-fold (equivalent to cube root of 10) decrease in power requirement. 

This cross section enhancement was also observed in other commonly used 

fluorophores such as Alexa Fluor 546, DsRed, and tdTomato [27]. By using cross 

section enhancement to boost signal, in addition to development of new brighter 

biomarkers, the power requirements for signal generation can be decreased and we will 

be able to take further advantage of deep imaging capabilities of MPM. 

1.3.4 Resolution 

While the wavelengths used for MPM excitation are longer than their 1P counterparts 

which leads to a larger diffraction-limited focus, the higher order of nonlinearity leads 

to further confinement of the focal volume and suppression of side lobes [21,28]. The 

resolution of an m-photon excitation system can be calculated by fitting a Gaussian 

function to the diffraction-limited lateral (𝜔𝑥𝑦) and axial (𝜔𝑧) 1/𝑒 radii of the 
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illumination point spread function (𝐼𝑃𝑆𝐹) appropriate for the order of excitation (i.e. 

𝐼𝑃𝑆𝐹𝑚) as follows [28]: 

𝜔𝑥𝑦 =
0.320 𝜆

√𝑚 𝑁𝐴
   for NA ≤ 0.7  (7) 

𝜔𝑥𝑦 =
0.325 𝜆

√𝑚 𝑁𝐴0.91   for NA > 0.7 (8) 

𝜔𝑧 =
0.325 𝜆

√𝑚 
(

1

𝑛−√𝑛2−𝑁𝐴2
)    (9) 

• Higher order nonlinearity preserves the PSF 

The nonlinear excitation in MPM leads to suppression of side lobes. This effect enables 

MPM techniques to maintain a more confined excitation volume even in highly 

aberrating samples. For example, it was demonstrated that 3PM can perform deep 

functional and structural imaging through the intact mouse skull by maintaining a 

sharper focus through highly aberrating layer of dense bone [14]. In comparison, 2PM 

suffered from low contrast and resolution even right under the skull. 

In chapter three I demonstrate that in small animals such as Danionella dracula, tissue 

inhomogeneities throughout the cone of light can also lead to optical aberrations that 

limit the performance of 2PM. While scattering and aberration are mainly caused by a 

single layer of dense bone in through-skull imaging of the mouse brain, aberrations in 

Danionella likely result from multiple tissue types that enter the cone of light with deep 

imaging, including skin with a variety of pigments, bone surrounding the perimeter of 

the brain and over the midbrain-telencephalon boundary, curvature and pigmentation of 

the eye (particularly at telencephalic level), and muscle over the hindbrain region. I 

quantitatively characterize the EALs of tissue and compare the SBR of images in 
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various depths and demonstrate that while 3PM images maintain high contrast through 

the entire depth of the brain, 2PM images suffer from low contrast in the deep regions. 

I additionally compare 2PM and 3PM using the same excitation light and show that 

while the longer wavelength improves the tissue penetration for 2PM, contrast 

degradation is still observed in the deepest regions of the fish brain. 

1.3.5 Volumetric imaging 

Many applications of microscopy require collection of three-dimensional information 

from a large volume. For example, imaging more neurons can give us a more complete 

picture of the underlying circuitry in the brain. To decode correlation of activity between 

neurons, a large volume must be recorded (to cover more neurons) and at a fast enough 

speed to be able to observe these correlations (nearly simultaneously). Expanding the 

capabilities of volumetric imaging is particularly advantageous in MPM techniques so 

as to reach their full potential in deep imaging. Mesoscale 2PM has been realized 

through a number of fast volumetric imaging strategies [3,29–31]. These 

implementations have created fast scanners and large field of view optics that can 

readily be applied to 3PM. However, since 3PM requires higher excitation intensity and 

permits less average power compared to 2PM, it becomes even more important to 

optimize signal generation efficiency. 

To obtain a three-dimensional image by conventional MPM, a single excitation point is 

scanned over lateral (x, y), and axial (z) directions. Typically, in volumetric imaging, 

there is a tradeoff between temporal and spatial information. For example, with a fixed 

pixel dwell time of 3 µs, if a field of view of 500 µm by 500 µm is divided to 512 by 
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512 pixels, we will be able to collect ~1.3 frames per second with a pixel size of ~0.98 

µm. However, if we instead discretize the image to 256 by 256 pixels, we can now 

collect ~5.1 frames per second but now with a pixel size of ~1.95 µm. Therefore, in 

increasing our collection speed we lose spatial information. Having a fixed pixel dwell 

time is a common occurrence in MPM due to the pulsed nature of the required lasers. 

In order to obtain fluorescence information, there needs to be at least one excitation 

pulse that is delivered to the focus during the pixel dwell time. Therefore, for a repetition 

rate of 𝑅, the minimum pixel dwell time is 
1

𝑅
. While in most cases a constant repetition 

rate is maintained within an experiment, there is no fundamental reason it can’t be 

adjusted to achieve an optimal excitation scheme. 

As mentioned in the previous sections, an AES can engineer the laser parameters based 

on experimental conditions to extend the performance of a system. Since AES can 

temporally modulate excitation pulses, it can shorten the necessary pixel dwell time 

within each frame [26]. The decrease in pixel dwell time can lead to either faster 

imaging of the same frame or enable coverage of a larger field of view without the need 

for changing the frame rate or power compared to a non-adaptive excitation scheme.  

Another major limitation of imaging speed in the axial direction is due to the heavy 

weight of the objective lens or the sample. To overcome this barrier, optical methods 

for remote focusing in the axial direction have been implemented that don’t require the 

movement of the lens or the sample. This technique has been implemented with a dual 

plane scanning scheme to simultaneously image different neuronal populations [19,32].  
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To increase the axial scan speed, an alternative approach to engineering the illumination 

path for faster excitation is to create a pulse train separated in time and in the axial 

direction to multiplex the information recorded from different planes to different 

times [33–35]. This approach reduces the axial scan time by multiplexing several planes 

together and effectively increasing the repetition rate (reducing pixel dwell time). While 

these techniques have only been demonstrated in 2PM, it can potentially be extended to 

3PM, as well.  

1.4 Applications of 3PM 

Brain is a complex system of interconnected networks that work together to perform a 

task. Fully understanding this network requires knowledge of both the components 

(neurons) and the connections between the components (brain-wide connectivity). The 

small size, relative transparency, and the external development of the embryo in small 

aquatic animal models such as zebrafish (Danio rerio) larva and frog tadpoles make 

them well suited for in vivo studying of neuroscience questions about brain-wide 

connectivity [1–3]. Techniques such as light-sheet microscopy and 2PM among others 

enable whole-brain access in these larval animals [36,39–42]. Optical access to brain-

wide connectivity results in discoveries that are fundamentally different than those from 

a small fraction of neurons [42–45]. While these systems have immensely increased our 

knowledge of developmental neurobiology and fundamental circuitry in the brain and 

continue to do so, the use of these animals is constrained to larval stages due to loss of 

transparency that occurs with development of adult features. The use of larval animals 
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does not allow for studying the more complex mechanisms that arise with maturation 

such as those that relate to courtship, learning complex tasks, and other social behavior. 

Recently it was demonstrated that 3PM enables deep optical access into the adult 

zebrafish brain [15]. The deep penetration of 3P excitation wavelengths and the 

excitation confinement due to higher order of excitation, enable 3PM to penetrate 

through the skin, scales, and bone of the adult zebrafish skull. 3PM can access the entire 

telencephalon of the adult zebrafish brain and record activity deep within telencephalon, 

optic tectum, and cerebellum [15]. While whole-brain access has not yet been 

demonstrated, no fundamental constraint has been identified for reaching deeper within 

the brain with 3PM. Lasers with higher pulse energy and aberration correction with 

adaptive optics may enable further penetration within the midbrain and hindbrain 

regions.  

While scattering and absorption fundamentally limit the accessible depth in the brain, 

an additional important parameter for studying neuronal networks is the temporal 

resolution of the system. Calcium transients typically require frame rates of about 3 

Hertz or higher in order to observe activity. Recording from many neurons over a large 

volume with ms resolution is a challenging task for laser scanning microscopy 

techniques (e.g. MPM). Therefore, activity recordings are usually from a small fraction 

of adult vertebrate brains. Systems designed for mesoscale recording of the brain are 

often expensive, complex, and require optics expertise [3,19,34]. The adult zebrafish 

brain contains on the order of 107 neurons [46] and is up to around 2 mm thick and about 

4.5 mm long [47,48]. Therefore, even with improved optical access to the adult 

zebrafish brain, whole-brain activity recording from this large volume is not trivial.  
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In the last several years a genus of teleost fish, Danionella, have been identified as 

potential neuroscience models both due to their optical transparency throughout their 

lifespan as well as their small size [49–52]. Danionella are a ‘miniature’ species closely 

related to zebrafish which makes them amenable to genetic modifications. One of the 

major identifiers of miniaturization is small body size (< 25mm) which in some cases is 

accompanied by body features resembling earlier developmental stages of ancestors 

(e.g. lack of ossification above the brain)  [50,53–56]. Danionella dracula is a sexually 

dimorphic member of this genus with aggressive acoustic behavior, making it an 

interesting model for studying the adult vertebrate brain. Danionella dracula lacks 

ossification above the brain and only grows up to 17mm in standard length, making it 

optically accessible. Their brains are only about 1mm or less in depth and therefore is 

optimally sized for whole-brain imaging. In this dissertation, I have characterized the 

performance of 2PM and 3PM in the adult D. dracula brain by quantitatively comparing 

images of fluorescently labeled vasculature. Since the density of fluorophores will be 

uniform within the vasculature, the information from these images can be used to 

characterize the attenuation of light among other parameters. In chapter 3, I compared 

the performance of typical 2PM and 3PM by injecting dextran-coupled Fluorescein into 

the vasculature and imaging with excitation wavelengths of 920 nm for 2PM and 1280 

nm for 3PM. I also evaluated images with 2 MHz and 80 MHz repetition rates for 2P 

excitation since many labs use 80 MHz lasers for 2PM. We observed that while both 

2PM and 3PM are able to penetrate through the deepest part of the brain, 3PM is able 

to maintain high contrast throughout the entire column. To delineate the effects of longer 

wavelengths used for 3P and the higher order of excitation, I compared 2PM and 3PM 
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produced by the same excitation beam by quantifying images obtained from vasculature 

injected with a combination of Fluorescein and Alexa Fluor 680 (both dextran-coupled). 

The SBR in 2PM images was similarly low in deeper images, indicating that the higher 

order of excitation in 3PM is beneficial for deep imaging within the geometry of this 

animals head structure. 

Additionally, in chapter 4 I demonstrate that the third harmonic generation (THG) signal 

produced by the 3PM excitation light allows label-free mapping of the entire brain of 

Danionella dracula. Through THG, myelinated structures, blood vessels, and cell 

bodies in the brain can be visualized without the use of any exogenous fluorescent 

labels. This, together with deep penetration of long wavelengths, makes it possible to 

map the entire brain of small animals in vivo and over time. My study identifies major 

commissures in the midbrain and the medulla oblongota and shows that this ability 

extends across multiple regions of the brain. This label-free approach can easily be 

combined with fluorescence microscopy to provide structural information and to guide 

navigation in vivo. Additionally, this method can also be applied to other miniature 

vertebrates with similar body structures as the Danionella genus. The small size of 

Danionella dracula together with unique capabilities of THG microscopy enable label-

free access to the entire brain of a vertebrate throughout its lifespan.   
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 CHAPTER 2: IMAGING DEEPER THAN THE TRANSPORT MEAN FREE PATH 

WITH MULTIPHOTON MICROSCOPY 
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2.1 Abstract 

Multiphoton fluorescence microscopy enables deep in vivo imaging by using long 

excitation wavelengths to increase the penetration depth of ballistic photons and 

nonlinear excitation to suppress the out-of-focus fluorescence. However, the imaging 

depth of multiphoton microscopy is limited by tissue scattering and absorption. This 

fundamental depth limit for two-photon microscopy has been studied theoretically and 

experimentally. Long wavelength three-photon fluorescence microscopy was developed 

to image beyond the depth limit of two-photon microscopy and has achieved 

unprecedented in vivo imaging depth. Here we extend the theoretical framework for 

characterizing the depth limit of two-photon microscopy to three-photon microscopy. 

We further verify the theoretical predictions with experimental results from tissue 

phantoms. We demonstrate experimentally that high spatial resolution diffraction-

limited imaging at a depth of 10 scattering mean-free paths, which is nearly twice the 

transport mean free path, is possible with multiphoton microscopy. Our results indicate 

that the depth limit of three-photon microscopy is significantly beyond what has been 

achieved in biological tissues so far, and further technological development is required 

to reach the full potential of three-photon microscopy.  

2.2 Introduction 

Optical microscopy plays a key role in advancing our understanding of biological 

systems. The high spatiotemporal resolution of noninvasive optical imaging techniques 

make them unique in their ability to answer specific biological questions [1–4]. 

Multiphoton microscopy (MPM) enables deep imaging within turbid media with high 
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spatial resolution [5–7]. The nonlinear nature of multiphoton excitation reduces out-of-

focus (background) fluorescence generation. Additionally, by using longer wavelengths 

to excite widely available fluorophores, the excitation photons are scattered less and can 

form a sharp focus deeper inside turbid media [5,8]. Over the last few decades, two-

photon microscopy (2PM) has become the gold standard of deep in vivo imaging, 

enabling access to depths beyond the superficial layers [9–12]. While 2PM can penetrate 

deeper than one-photon confocal fluorescence microscopy when imaging the same 

fluorophores, it is eventually limited by contrast degradation due to background 

fluorescence generation [8]. As powerful ultrafast lasers have become more accessible, 

the depth limit of 2PM has been reached and quantitatively characterized [8,12]. For 

example, both theoretical and experimental investigations in the past have shown that 

the fundamental depth limit for 2PM is approximately 0.8 mm penetration depth when 

imaging mouse brain vasculature in vivo at the excitation wavelength of 920 nm [8,13].  

To overcome the depth limit of 2PM, long wavelength three-photon fluorescence 

microscopy (3PM) was developed. 3PM takes advantage of the optimal excitation 

wavelength windows for deep tissue imaging at 1300 nm and 1700 nm and further 

suppresses background fluorescence because of higher order nonlinear 

excitation [5,14,15]. 3PM has since achieved unprecedented imaging depths; examples 

include 3PM of neuronal activity with single-cell resolution in the mouse hippocampus 

[6] or through the intact skull of adult mice and zebrafish [7,16], imaging mouse brain 

vasculature and blood flow at >2 mm depth [17], imaging the physiological response of 

the subplate of the mouse visual cortex [12,18,19], two-photon (2P) and three-photon 
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(3P) volumetric imaging for simultaneous monitoring of both the cortical layers and the 

subcortical regions [20], and recording neuronal activities at >1.1 mm depth in the visual 

cortex of freely moving rats with a head-mounted miniature 3P microscope [21]. 

However, while the depth limit of 2PM has been extensively studied, systematic studies 

of depth limits of 3PM lacks. Most of the current work that examines the depth limit of 

3PM has employed theoretical simulations without experimental verifications [12,22]. 

The depth limit for 3PM has not yet been established theoretically or experimentally. 

New theoretical and experimental investigations are needed to fully understand the 

capability of 3PM and define the boundaries of high spatial resolution deep tissue 

imaging.  

We follow the analytical model of Theer and Denk, where the spatiotemporal 

distribution of scattered and ballistic photons in a turbid media are analytically modeled 

to find a depth limit [8]. We extend this model to three- and four-photon (4P) excitation. 

Furthermore, we perform controlled experiments to quantitatively compare the depth 

limit of 2PM and 3PM and investigate the depth limit of 3PM in a variety of 

experimental conditions. Our theoretical and experimental data contradict published 

results from numerical simulation that showed loss of spatial resolution is the limiting 

factor in deep imaging with 3PM [22]. We demonstrate high spatial resolution imaging 

at depths of approximately 10 scattering mean-free paths, which is nearly twice the 

transport mean free path (TMFP), the commonly acknowledged depth limit of imaging 

techniques using ballistic photons [23,24]. Our results unequivocally show that the 

depth limit of 3PM is significantly beyond what has been achieved in biological tissues 
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so far. Our work will not only deepen the understanding of deep tissue imaging but will 

also motivate future technology development to reach the full potential of 3PM.  

2.3 Theoretical analysis 

To quantitatively describe the spatial distribution of fluorescence, we must find the 

distribution of excitation light inside a scattering medium. Ballistic photons are 

exponentially attenuated by tissue scattering and absorption, which are characterized by 

the scattering mean free path ( )sl and absorption length ( )al . The combined effect of 

absorption and scattering is represented by the effective attenuation length( EAL, el ):  

1

1 1
e

s a

l
l l

−

 
= + 
 

.     (1) 

The EAL is often used as the unit of depth in characterizing the optical imaging depth 

limit [8,15]. In our experiments, which mimic biological imaging conditions, scattering 

is the dominant cause of ballistic photon attenuation (i.e., 
a sl l and EAL sl ). This 

assumption holds for most biological tissues in vivo between 700 nm and 1700 nm 

(typical wavelength window for MPM) except for within the wavelength range of strong 

water absorption between approximately 1400 nm and 1550 nm.  

The power of ballistic photons as a function of depth can be characterized by: 

0

0( ) e

z

l

bP z P e
−

= ,     (2) 
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where 𝑃0 is the optical power at the surface of the media and 
0z  is the distance traveled 

within the media. While absorption simply removes the excitation photons from the 

focal volume, scattering re-distributes the light intensity and increases the excitation 

outside of the focal volume. Multiphoton excited fluorescence signal from the focal 

volume (defined as the signal, S) is mostly generated by the ballistic photons. Therefore, 

the excitation power at the sample surface must exponentially increase as a function of 

depth to maintain sufficient power at the focus for detectable signal generation (Eq. 2). 

As the imaging depth increases, the amount of fluorescence excitation outside the focal 

volume (defined as the out-of-focus background, B), which contains no high-spatial-

resolution information, eventually overwhelms S. The signal-to-background ratio 

(SBR) characterizes the image contrast. The imaging depth limit can be defined by 

choosing a depth at which a required SBR value is reached. We chose the depth limit as 

the depth at which SBR = 1, which has been commonly used in the past [8,12,25]. 

To simplify the analytical modeling, the ballistic photons inside a sample can be 

formulated as an exponentially decaying Gaussian beam with the beam waist at the 

focus plane. An additional temporal component is added in the case of pulsed lasers to 

represent the temporal pulse shape. Assuming a Gaussian temporal distribution, the 

intensity of ballistic photons can be described as: 

 ( ) ( )
2 2

02 2 2

0

2 2
, , exp exp exp ,

( ) ( )

P t
I z t z

z z


 

  

   
= − − −   

  

     (3) 
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where P is the normalized power through a transverse plane, z is the position along 

optical axis measured from the focus plane, 𝜌 is the radial distance from the optical axis, 

𝜔(𝑧) is the
2

1

e

 radius of the beam, 𝜏0 is the 
2

1

e

 pulse half width, and 𝛼 is the effective 

attenuation coefficient ( )1/ el .  

When the beam is focused inside a scattering medium, it travels from a transparent 

medium to the absorbing-scattering environment of the sample. The light that travels 

inside the sample has two components: the ballistic photons that follow the Gaussian 

distribution (Eq. 3) and the scattered photons that deviate from this path. The spatial 

distribution of light depends on many factors including the angular distribution of the 

scattered light. Scattering angular distribution is characterized with the anisotropy 

factor, g. In biological samples, scattering is mostly in the forward direction and the 

value of g is typically between of 0.8 and 1 [24]. 

The ballistic photons traveling inside the sample are governed by the focusing geometry 

and the properties of the sample. As the beam travels deeper inside the sample, the rays 

at larger convergence angles experience larger attenuation and cause the effective 

numerical aperture (NA) of the system to reduce with depth.  The effective NA (NAeff) 

in the sample at focus depth z can be approximated by using propagation laws of 

Gaussian beams as follows [8]: 

 
( )

2
.

1
4
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where sinNA n = , n is the refractive index of the medium, and  is the far-field angular 

spread of the Gaussian beam. Using this approximation, we find the intensity 

distribution of the ballistic photons inside a scattering medium.  

We follow the model developed by Theer and Denk to find the intensity of the scattered 

light (𝐼𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑) [8]. A beam spread function is defined to analytically compute the 

mean and variance of the spatial and temporal distribution of the scattered light. The 

scattered intensity is then calculated by finding the convolution of the ballistic intensity 

with the beam spread function. Detailed description of the model is shown in 

Supplementary Note 1. 

Fluorescence produced by an 𝑚-photon process can be described as follows: 

 ( ) ( ) ( ) ( )( ), , , , , , .
mm

m total scattered ballisticF z t I I z t I z t   = +       (5) 

The axial distribution of fluorescence ( ( ))mF z  is found by integrating the radial and 

temporal components (Fig. 2.1a,b). To quantify the SBR given an axial intensity 

distribution, the signal is found by integrating the axial distribution of the fluorescence 

over increasing intervals around the focus depth, until a plateau in the value of S is 

reached (Fig. 2.5). We normalized the integration range to the Rayleigh length of the 

Gaussian beam as defined by  

 
2tan

rz
n



 
= .   (6) 
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As shown in Fig. 2.5, the signal reaches an asymptotical value for all focus depths. We 

chose a full integration range of 3 rz  (−1.5 𝑧𝑟 to 1.5 𝑧𝑟) and 5 rz (−2.5 𝑧𝑟 to 2.5 𝑧𝑟)  for 

3P and 2P intensity distributions, respectively. The background value is determined by 

subtracting the signal from the total integrated fluorescence of the entire depth. The 

change in 2P and 3P S, B, and SBR with increasing focus depth is shown in Fig. 2.6.  

An important factor in determining the background fluorescence is the fraction of the 

volume that is occupied by fluorophores since fluorescence is directly proportional to 

concentration [26]. This effect can be quantified by defining an inhomogeneity factor: 

 

 
total volume

fluorescent volume
 = .  (7) 

Assuming the features of interest are larger than the focal volume, the background 

fluorescence can be scaled inversely with the inhomogeneity factor and the SBR can be 

calculated for samples with different inhomogeneity factors (Fig. 1c,d). Since 

fluorophore distribution in biological samples can vary, this representation of the depth 

limit allows us to adjust the values according to the sample properties. The depth limit 

will increase as the contribution of background decreases with increasing 

inhomogeneity, as shown in Fig. 1d. Using the theoretical models described above, we 

have also investigated the effect of NA and pulse width of the excitation light on SBR 

(Fig. 2.7 and 2.8).  
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Figure 2.1: Intensity distribution simulations for typical imaging parameters in biological sample with 

NA of 1. The parameters used for 2P imaging are: g = 0.88, λ = 920 nm, τ = 100 fs, EAL = 150 µm. The 

parameters used for 3P imaging are: g = 0.81, λ = 1280 nm, τ = 50 fs, EAL = 300 µm. The parameters 

used for 4P imaging are: g = 0.73, λ = 1680 nm, τ = 50 fs, EAL = 380 µm. (a) Schematic illustration of a 

focused Gaussian beam inside a scattering medium, with the corresponding axial fluorescence 

distribution as a function of depth shown on the right. (b) Example of the axial distribution of 3P excited 

fluorescence intensity calculated at a focus depth of 8 EALs inside a scattering medium. Values are 

normalized to the maximum fluorescence at the focus. (c) S, B, and SBR values for 3P excited 

fluorescence at various focus depths inside a scattering medium. SBR is plotted for inhomogeneity factor 

(χ) of 1 and 100. S and B values are normalized to the S value at a focus depth of 2 EALs for clarity. Data 

points are plotted with markers and a line connects them to find the intersection with SBR = 1 (dotted 

line). (d) Depth limit (depth at which SBR=1) as a function of inhomogeneity factor for 2P, 3P, and 4P 

excited fluorescence inside a scattering medium. 

2.4 Experimental setup 

To verify the theoretical analysis above, we performed experimental measurements in 

tissue phantoms, which allow us to precisely control all the sample and imaging 
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parameters. We embedded polystyrene beads in an agarose solution to create controlled 

absorbing and scattering tissue phantoms. We used 1 gram of high melting point agarose 

per 100mL of water as our base medium so that we could stabilize the beads for 

resolution measurement while emulating biological samples with its absorption 

properties. To control the scattering and inhomogeneity factor we added a combination 

of 1-µm diameter fluorescent beads (Fluoresbrite® Yellow Green Microspheres, 17154 

Polysciences, Inc.) and 1-µm diameter non-fluorescent beads (Polybead® 

Microspheres, 07310 Polysciences, Inc.). While keeping the agarose solution above its 

gelling point, the two types of beads were mixed with a vortex mixer, then mixed 

thoroughly with the agarose solution before pouring into the sample container to 

solidify. 

Images were obtained using a commercial multiphoton microscope (Bergamo II system 

B242, Thorlabs Inc.). A high numerical aperture objective lens (XLPLN25XWMP2, 

Olympus, NA 1.05) was used for the experiments. The back aperture was approximately 

filled. The excitation source was a non-collinear optical parametric amplifier (NOPA, 

Spectra Physics) pumped by an amplifier (Spirit 1030-70, Spectra Physics). For 3PM 

and 2PM, the excitation wavelengths were 1280 nm and 920 nm, respectively. To reach 

the depth limit while maintaining low average power on the sample surface, low 

repetition rates of 333 kHz and 2 MHz were used for 3PM and 2PM, respectively. The 

full width at half maximum (FWHM) pulse width was measured to be 120 fs at 920 nm 

and 50 fs at 1280 nm, assuming sech2 pulse intensity profile. 
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Images were collected at approximately 1 frame per second over a field-of-view (FOV) 

of 67 µm by 67 µm with 512 by 512 pixels. The point-spread function (PSF) of both 

2PM and 3PM images was characterized in shallow regions (<1 EAL) to verify 

diffraction-limited performance of the microscope. To find the EAL of the samples, z-

stacks were taken. To represent the signal at the corresponding depth, the top 0.01% or 

0.1% (depending on the inhomogeneity factor) of the brightest pixels of each image in 

the z-stack were averaged and normalized to the cubic or square (for 3P and 2P, 

respectively) of the power used. The signal value obtained by averaging the top 0.01% 

or 0.1% (depending on the inhomogeneity factor) of the brightest pixels of each image 

was used to calculate the SBR of each image (Fig. 2c and 4c). The background of each 

image was determined by averaging 90 percent of pixels with the lowest pixel counts. 

The slope of fluorescence signal versus depth in the semi-log plot was used to calculate 

the EAL [27]. All powers reported are values measured after the objective lens. For 

some samples, the EALs measured from the z-stacks were further verified with values 

measured with a spectrophotometer (Cary-5000-UV-Vis-NIR spectrometer, Agilent). 

2.5 Experimental results 

2.5.1 2PM and 3PM depth limit  

We quantitatively characterized 2PM and 3PM images of tissue phantoms at various 

depths in order to experimentally determine the depth limits. A tissue phantom with a 

concentration of 9.4 × 106 beads per microliter was created using a combination of 

fluorescent and nonfluorescent beads. From the z-stack images, we measured the EALs 

to be 70 µm at 920 nm and 127 µm at 1280 nm (Fig. 2.2b). The calculated scattering 
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mean free path using Mie theory was 142 µm for wavelength of 1280 nm and 80 µm for 

wavelength of 920 nm. The specific bottle of nonfluorescent polystyrene beads used for 

this sample had a mean diameter value of 1.06 µm with a coefficient of variation of 3%. 

We attribute the difference between the measured and the calculated values to the 

variation in bead diameters. The Maximum powers of 74 mW at 1280 nm and 55 mW 

at 920 nm were used to obtain the deepest 3PM and 2PM images, respectively. Using 

the concentration of the bead solutions, an inhomogeneity factor of 4,545 (~0.02% 

fluorescent volume) was calculated for this sample. We verified the inhomogeneity 

factor experimentally by taking a fine z-stack of images spanning a portion of the sample 

depth and then counting the number of beads within the measurement volume. To 

quantitatively compare the experimentally measured and theoretically calculated SBR 

values at each depth, the theoretically calculated SBR at 𝜒 = 1 was scaled up by the 

inhomogeneity factor.  

The SBRs of 2PM and 3PM images are similar in the shallow regions given the limited 

dynamic range of the microscope (Fig. 2.2a). At depths where 2PM images start to have 

noticeable background, 3PM has no measurable background generation. For this 

scattering sample, we reach an SBR of 1 at ~560 µm (8 EALs) for 2PM, but with 3PM, 

we can penetrate deeper than 1270 µm, reaching beyond 10 EALs (Fig. 2.3b).  
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Figure 2.2: 2PM and 3PM characterization in a tissue phantom with inhomogeneity factor of 4,545. (a) 

SBR comparison of 2PM and 3PM at different depths. Left panel: 67 µm by 67 µm images collected at 

different depths as marked on the top left corner of the image. A 5 pixel-wide line was drawn on one 

fluorescent bead to acquire a line intensity profile. Right panel: Line profiles of images shown on the left. 

(b) Measured effective attenuation lengths (EALs) at 920 nm and 1280 nm. (c) Experimentally measured 

and theoretically predicted SBR vs depth of 2PM and 3PM. (d) Measured axial resolution in shallow and 

deep regions. Zoomed-in XZ images of beads were collected with fine z steps of 0.3 µm. Scale bar 

indicates 1 µm. 
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As shown in Fig. 2.2c, the SBRs measured in the sample in the deep regions are in good 

agreement with the theoretical predictions for both 2PM and 3PM. In the shallower 

regions, the theoretically calculated SBRs are too high to be experimentally verified 

with our microscope, particularly for 3PM. We note that the SBRs in these shallow 

regions are inconsequential for determining the depth limit of 2PM and 3PM. 

Individual beads are clearly resolvable even in the deepest images. To quantify the 

spatial resolution, we collected images of beads with a FOV of 6.7 µm by 6.7 µm with 

256 by 256 pixels and at 0.3 µm z-steps in both the shallow and deep regions. The axial 

fluorescence intensity profiles are shown in Fig. 2.2d. The FWHM are measured to be 

1.6 µm for both 2PM and 3PM in the shallow region. The diffraction-limited resolution 

of the microscope for 2PM and 3PM is calculated to be 1.3 µm and 1.4 µm for NA =1, 

respectively [27]. In the deeper regions the axial resolution degrades in high NA 

conditions due to attenuation of light at large convergence angles. The axial resolution 

in the deeper regions was measured to be 1.85 µm and 2.1 µm for 2PM and 3PM, 

respectively. The small degradation of the axial resolution (~ 30% or less) in the deeper 

regions is expected due to the reduction of the effective NA when focusing in scattering 

samples. The lateral width of the beads was measured to have a FWHM of 0.75 µm and 

0.8 µm in shallow regions and 0.82 µm and 0.79 µm in the deep regions for 3PM and 

2PM, respectively. The diffraction-limited lateral resolution of our imaging system is ~ 

0.4 µm (FWHM) for 3P and 0.35 µm (FWHM) for 2P. The FWHM of the fluorescent 

beads in our images (~ 0.8 µm) is noticeably smaller than the diameter of the beads (1.0 

µm), which can be explained by the spherical geometry of the beads and possibly the 
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non-uniform distribution of the fluorophores within the beads. The graininess of the PSF 

images was caused by photon shot-noise. 

Fig. 2.3 shows the decline of SBR in 3PM images of the sample. Images with SBR of 

above 1 were obtained at the depth of 10 EALs. We found close to diffraction-limited 

resolution near the depth limit (~9 EAL deep in Fig. 2.2d), indicating that resolution 

degradation is not the limiting factor in reaching the depth limit. This finding contradicts 

a previous report that, based on numerical simulation, degradation of spatial resolution 

limits the imaging depth of 3PM [22].  

With the anisotropy factor of the tissue phantoms calculated to be 0.82 using Mie 

scattering theory, the TMFP for the samples in our experimental conditions is [28]: 

 5.6 .
1 1

scattering length EAL
TMFP EALs

anisotropy g
= = =

− −
      (8) 

Therefore, Fig. 2.3 shows that high spatial-resolution MPM can reach nearly twice the 

depth of the TMFP.  

 
Figure 2.3: 3PM beyond the TMFP of sample characterized in Fig. 2.2. (a) Images at various depths with 

5 pixel-wide lines drawn on a fluorescent bead. FOV: 67 µm by 67 µm. (b) Fluorescence intensity profiles 

of the corresponding lines in (a). 
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2.5.2 Inhomogeneity-dependent 3PM depth limit 

To test the effects of inhomogeneity on the depth limit, we used samples with varying 

ratios of fluorescent to non-fluorescent beads. The tissue phantom with high 

inhomogeneity factor contained 9.9 × 106 beads per microliter and the tissue phantom 

with low inhomogeneity factor contained 9 × 106 beads per microliter. The scattering 

lengths were calculated using Mie theory to be 135 µm and 149 µm for the high 

inhomogeneity sample and the low inhomogeneity sample, respectively. We measured 

EALs to be 120 µm for the low inhomogeneity sample and 144 µm for the high 

inhomogeneity sample. The inhomogeneity of the samples differs by a factor of ~13 

(Fig. 2.4), which results in slightly less than 1 EAL difference in the 3PM depth limit. 

This result matches well with the theoretical calculation (Fig. 2.4c). Diffraction-limited 

resolution was obtained in both samples at ~9 EALs deep in the sample. 

 

Figure 2.4: Inhomogeneity-dependent 3PM depth limit. Images are average intensity projections of 67 

µm by 67 µm FOV images collected over 20 µm depth at 1µm steps. (a) Sample with inhomogeneity 

factor of 500, which is equivalent to 0.2% of the volume labeled. (b) Sample with inhomogeneity factor 

of 6,500. (c) SBR vs depth for the samples in (a) and (b).  

2.6 Discussion and conclusion 

MPM is a powerful tool for deep imaging due to reduction of the out-of-focus 

fluorescence and use of long wavelength photons that penetrate deeper into scattering 
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tissue. While 2PM can reach deep within scattering tissue by using longer excitation 

wavelengths compared to one photon excitation, the optimal wavelengths for deep 

penetration in biological samples (i.e., ~1300 nm and 1700 nm) coincide with the 3P 

excitation wavelengths of the most commonly available fluorophores [5]. Additionally, 

the higher-order excitation in 3PM reduces the generated background fluorescence, 

producing high-SBR images beyond depths (normalized to the EALs) that are accessible 

to 2PM. While 4PM would further reduce background generation, we note that SBR is 

not the current experimental limitation for deep imaging with 3PM.  

The TMFP is often stated as the fundamental limit for diffraction-limited optical 

microscopy since the ballistic photons are drastically attenuated by the time they reach 

this depth [23,24]. As we show with our experimental results, MPM can surpass this 

limit while maintaining a diffraction-limited resolution, even in densely labeled samples 

(e.g. with 3PM). Our results provide an intuitive understanding of three-dimensionally 

resolved optical microscopy as a competition between the in-focus signal and the out-

of-focus background photons: the greater the reduction of the background photons, 

relative to the signal, the greater our chances of detecting the signal. While TMFP 

provides a length scale that describes the intensity distribution of the excitation beam, 

it does not characterize the nonlinearly generated signal and background. In MPM, the 

‘fundamental’ depth limit is not caused by photons being able to reach a certain depth 

but rather the ability to distinguish the fluorescence photons that are generated at the 

focus from those that are from outside the focal volume, which is characterizable by the 

SBR.  
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The inhomogeneity factor is a key consideration in determining the depth limit since the 

amount of background generated by excitation light distribution is directly proportional 

to fluorophore distribution [26]. By linear fitting of the depth limit (normalized by EAL) 

as a function of logarithm of  shown in Fig. 2.1d ranging from 10 = to 510 = , we 

found that the depth limit for 2PM and 3PM can be approximately expressed as:  

 3
10

depth limit
7.99 0.81 log ,P

EAL
= +      (9)  

 2
10

depth limit
3.67 1.29 log .P

EAL
= +     (10) 

Our theoretical results show that for approximately every 17 times increase in 

inhomogeneity, an additional EAL in depth will be accessible with 3PM. For 2PM the 

inhomogeneity needs to increase 6 times for each additional EAL of accessible depth. 

These results closely match our experimental findings. Eqs. 9 and 10 show that when 

the inhomogeneity factor is ~ 109, the depth limit for 2PM can eventually overtake that 

of 3PM. While such cross-over of 2PM and 3PM depth limits is theoretically interesting, 

such sparse labeling has little practical consequence. The inhomogeneity factor of 109, 

which corresponds to having a single 1 µm fluorescent bead in a volume of 1 𝑚𝑚3 in a 

tissue phantom, is most likely irrelevant to in vivo imaging. Therefore, within the 

practical range of in vivo imaging, the EAL-normalized depth limit of 3PM is larger 

than that of 2PM. By examining the differences in the depth limit (Fig. 2.1d) it is clear 

that the advantage of 3PM over 2PM in penetration depth (normalized by the EAL) is 

more pronounced in densely labeled samples (i.e., samples with smaller 
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inhomogeneity). For example, our simulations show that the normalized depth limit of 

3PM for 𝜒 = 50 (similar to mouse cortex vasculature density) is approximately 9.4 

EALs compared to depth limit of 5.9 EALs for 2PM, a difference of 3.5 EALs. For 𝜒 =

1000, the difference is reduced to approximately 2.9 EALs. 

We plotted the axial fluorescence profile (Fig. 2.1b), SBR as a function of depth (Fig. 

2.1c), and the imaging depth limit as a function of inhomogeneity (Fig. 2.1d) using depth 

(z) normalized by the EAL. Such plots capture the effects of a variety of parameters on 

imaging depth limit. Intuitively, / EALz represents the signal attenuation as a function 

of imaging depth (Eq. 3) and is the most important parameter for defining the depth 

limit. On the other hand, the SBR also depends on the value of the EAL. Therefore, the 

coefficients in Eqs. 9 and 10 will depend on not only the imaging parameters (e.g., NA 

and pulse width) but also the EAL values. The EALs of biological samples can vary 

based on tissue properties. Fig. 2.9 shows that SBR increases with increasing values of 

EAL when plotted against the normalized depth, although the increase does not appear 

to be large enough to significantly change the depth limit (in units of z/EAL). 

The deepest in vivo 3PM so far is at the depth of ~six EALs when imaging mouse brain 

vasculature [17]. Our results show that the current in vivo imaging depth achieved by 

3PM is practically limited by the signal strength of 3P excitation. We used bright 

fluorescent beads in tissue phantoms to generate sufficient signal strength to reach the 

3P depth limit. From the power levels at the surface of the sample, we estimated that 

the fluorescent beads we used are thousands of times brighter than typical in vivo 

imaging settings, e.g., imaging mouse brain vasculature. Therefore, brighter 
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fluorophores together with schemes to enhance signal generation can lower excitation 

power requirements, making deeper regions more accessible [29,30]. Additionally, 

using lower repetition rate lasers [31,32] or adaptive excitation sources to reduce the 

effective repetition rate [33] can further improve the signal strength. Adaptive optics 

can also be used to enhance the 3P signal strength [35–39] by correcting the low order 

optical aberrations in biological samples. Combinations of some or all of these 

techniques can be employed to achieve the signal strength needed for reaching the 3P 

depth limit in vivo.  

In summary, we extended the analytical model of Theer and Denk for 2PM to three- and 

four-photon excitation and performed controlled experiments to compare the depth limit 

of 2PM and 3PM. We also demonstrated the depth limit of 3PM in a variety of 

experimental conditions. We found that the analytical model is in good agreement with 

the experiments. Our experimental results show that loss of resolution (i.e., degradation 

of the point spread function) does not limit the imaging depth of 3PM. We show high 

spatial resolution at an imaging depth of > 10 scattering mean-free paths, which is nearly 

twice the TMFP, the commonly acknowledged depth limit of imaging techniques using 

ballistic photons. We further studied the dependence of imaging depth limit on the 

staining inhomogeneity. Our results show that the depth limit of 3PM is significantly 

beyond what has been achieved in biological tissues so far. Our work will not only 

deepen the understanding of deep tissue imaging but will also motivate future 

technology development to reach the full potential of 3PM. 
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2.7 Supplementary information 

Theer and Denk (2006) base their modeling on an analytical technique that uses simple 

statistical concepts to provide exact solutions for the mean and variance of the spatial 

and temporal distributions of scattered light. Here, we outline the equations that describe 

this modeling. 

This model uses a beam spread function, ( , , )s z  , where z is the distance along optical 

axis measured from the focus plane, ρ is the distance from the optical axis, and 

zn
t

c
 = −  is the multipath time delay (i.e., the delay between scattered and ballistic 

light at a depth z). The beam-spread function is defined as the product of a time-

dependent spatial probability distribution function, ( , , )h z  , and a normalized 

temporal distribution function ( , )g z  : 

 ( , , ) ( , , ) ( , )s z h z g z    = .      (11) 

This equation includes time dispersion and considers the mean and variance of the 

spatial and temporal distributions of the scattered light. The intensity distribution of the 

scattered light is then found by convolving the ballistic intensity with the beam spread 

function, i.e. 

( , , ) ( ', ', , ) ( ', ', ', ) ' 'scattered ballisticI z t I x y z s x x y y z t dx dy d   =  − − − . (12) 

Using the small-angle diffusion expansion, the spatial probability distribution is found 

to be: 
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The temporal distribution function is approximated by a lognormal distribution: 
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 with a mean M(z) and variance S(z), defined as follows:  
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where the mean, ( )z , and variance, 2 ( )z , of the multipath delay are given by  
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The Henyey-Greenstein function is used to find the scattering phase function, 

cosg = , and:                   

1v g= − ,        (19) 

and     21w g= − .     (20) 

 



 

64 

 

 

Figure 2.5: Determining signal (S), background (B), and SBR from intensity distribution simulations. The 

parameters used for 2P imaging are: g = 0.88, λ = 920 nm, τ = 100 fs, EAL = 150 µm. The parameters 

used for 3P imaging are: g = 0.81, λ = 1280 nm, τ = 50 fs, EAL = 300 µm. (a) The intensity distributions 

for 3P excited fluorescence at focus depth of 2 EALs. The integration range for determining the value of 

S is outlined with a gray box around the focus. (b) S values for 3P fluorescence at various focus depths 

as a function of integration range around the focus (i.e., the thickness of the slab). The integration range 

for 3P S values was chosen to be 3𝑧𝑟 as indicated by the yellow line. (c) The intensity distributions for 

2P excited fluorescence at focus depth of 2 EALs. The integration range for determining the value of S is 

outlined with a gray box around the focus. (d) S values for 2P fluorescence at various focus depths as a 

function of integration range around the focus. The integration range for 2P S values was chosen to be 

5𝑧𝑟 as indicated by the yellow line.  
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Figure 2.6: Simulated signal (S), background (B), and SBR values for various focus depths inside the 

sample. The parameters used for 2P imaging are: g = 0.88, λ = 920 nm, τ = 100 fs, EAL = 150 µm. The 

parameters used for 3P imaging are: g = 0.81, λ = 1280 nm, τ = 50 fs, EAL = 300 µm; (a) S, B, and SBR 

values for 3P excited fluorescence simulations. S and B values were normalized to the maximum S value 

for clarity. (b) S, B, and SBR values for 2P excited fluorescence simulations. S and B values were 

normalized to the maximum S value for clarity. 

 

 

  

Figure 2.7: NA dependence of SBR values for various focus depths inside the sample for (a) 3PM and (b) 

2PM. The parameters used for 2PM are: g = 0.88, λ = 920 nm, τ = 100 fs, EAL = 150 µm. The parameters 

used for 3PM are: g = 0.81, λ = 1280 nm, τ = 50 fs, EAL = 300 µm. 
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Figure 2.8: Effect of pulse width on 3P intensity distribution and SBR. The parameters used for 3P 

imaging are: NA = 1, g = 0.81, λ = 1280 nm, EAL = 300 µm. (a) Intensity distribution simulations of 3P 

excited fluorescence at focus depth of 8 EALs with various pulse widths. Values are normalized to the 

maximum fluorescence value (i.e., the fluorescence value at the focus). (b) Calculated SBR values for 

fluorescence intensity distributions in (a). 

 

 

 

Figure 2.9: Intensity distribution simulations of 2P excited fluorescence at focus depth of 5 EALs with 

various EAL values. The parameters used for 2PM are: NA = 1, g = 0.88, λ = 920 nm, τ = 100 fs. 
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Figure 2.10: Verification of 2P and 3P excitation with fluorescent beads. Images were collected as 

described in methods with a field of view of 3.37 µm by 3.37 µm while focused on one bead.  
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CHAPTER 3:  WHOLE-BRAIN OPTICAL ACCESS IN SMALL VERTEBRATES 

WITH TWO- AND THREE-PHOTON MICROSCOPY 
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3.1 Abstract 

Although optical microscopy has allowed us to study the entire brain in early 

developmental stages, access to the brains of live, adult vertebrates has been limited. 

Danionella, a genus of miniature, transparent fish closely related to zebrafish has been 

introduced as a neuroscience model to study the entire adult vertebrate brain. However, 

the extent of optically accessible depth in these animals has not been quantitatively 

characterized. Here, we show that two- and three-photon microscopy can be used to 

access the entire depth of the adult wild type Danionella dracula brain without any 

modifications to the animal other than mechanical stabilization. Three-photon 

microscopy provides high signal to background ratio and optical sectioning through the 

deepest part of the brain. While vasculature can be observed with two-photon 

microscopy, the deeper regions have low contrast. We show that multiphoton 

microscopy is ideal for readily penetrating the entire adult brain within the geometry of 

these animals’ head structures and without the need for pigment removal. With 

multiphoton microscopy enabling optical access to the entire adult brain and a repertoire 

of methods that allow observation of the larval brain, Danionella provides a model 

system for readily studying the entire brain over the lifetime of a vertebrate. 

3.2 Introduction 

Understanding the brain requires studying the complex spatiotemporal relationship 

between neurons and how they come together to give rise to behavior. High scattering 

and absorption of tissue limits the penetration depth of high-resolution optical imaging 

inside the brain [1,2]. Small animals such as zebrafish larva and frog tadpoles allow 

non-invasive, in vivo access to vertebrate brains due to relative transparency of the skin 
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and late ossification of the skull  [3–10]. However, they often lack the behavioral 

complexity that develops in adulthood, especially in social contexts related to 

reproduction such as courtship, copulation, and resource defense. Optical access to adult 

vertebrate brains with high resolution is currently limited by penetration depth of 

available techniques and the head size of most commonly used species [11,12].  

Multiphoton microscopy (MPM) has enabled deep optical access into scattering 

biological tissues [2,13–17]. These techniques use longer excitation wavelengths 

compared to one-photon excitation (e.g. confocal microscopy) which increases the 

penetration depth of photons and the nonlinear excitation suppresses the out-of-focus 

fluorescence, improving the contrast. Two-photon microscopy (2PM) has become the 

gold standard of deep in vivo imaging and has greatly advanced our understanding of 

biological systems [13,18]. Three-photon microscopy (3PM) enables unprecedented 

imaging depths including through the intact skull of adult mice and 

zebrafish [2,16,19,20]. The imaging depth of MPM is ultimately limited by tissue 

scattering and absorption, therefore, deep access to the brains of larger animals such as 

mice is limited [12,21,22]. 

Recently, optical access to the adult brain of zebrafish (Danio rerio) and multiple 

Danionella species (closely related to zebrafish), has been demonstrated with 

MPM [16,19,23,24]; however, the optically accessible depth in zebrafish is limited [19] 

and the extent of access in Danionella has not been quantitatively characterized. 

Danionella dracula adults reach approximately 11 to 17 mm in length according to our 

observation and have a transparent body with a poorly ossified skull above the 

brain [25]. Like other Danionella species, they produce sounds during social 
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interactions making them especially promising for identifying neural mechanisms 

underlying adult vertebrate reproductive behavior [23,26]. Here, we demonstrate optical 

access to the entire depth of the adult D. dracula brain with MPM. We compare 2PM at 

920 nm to 3PM at 1280 nm by imaging fluorescein-labeled vasculature through the 

deepest part of the adult brain. We additionally compare 2PM and 3PM images obtained 

with the same excitation beam at 1280 nm by simultaneous labeling of the blood vessels 

with fluorescein and Alexa Fluor 680. Our results indicate that the higher order of 

excitation in 3PM is beneficial for maintaining high contrast and optical sectioning. In 

summary, we show that 2PM and 3PM are capable of readily penetrating the entire brain 

of this wild-type, pigmented vertebrate without the need for any modifications to the 

animal other than mechanical stabilization. 

3.3 Results 

3.3.1 Blood vessels are resolvable throughout the deepest part of the brain 

We labeled the vasculature of adult D. dracula with dextran-coupled fluorescein and 

collected 2PM and 3PM images using 920 nm and 1280 nm excitation wavelengths, 

respectively (see Methods). Using the white-light path of the microscope (Fig. 3.3c), we 

chose an imaging region at the boundary of the cerebellum and optic tectum to ensure 

that the deepest part of the brain (hypothalamus) was within the field-of-view (FOV). 

To determine the bottom of the brain, we collected the second harmonic generation 

(SHG) signal generated by the 1280 nm excitation wavelength. A prior anatomical study 

enabled us to clearly identify the bone at the bottom of the brain in the SHG channel 

(Fig. 3.4)  [25]. To compare the performance of 2PM and 3PM, we collected images 
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through the entire depth of the brain. The powers used to obtain the deepest images were 

14 mW and 16 mW for 2PM and 3PM, respectively, for similar pixel values (within 

~25%). 3PM maintained high signal-to-background ratio (SBR) throughout the entire 

depth of the brain, up to 945 µm at the cerebellar-tectal boundary (Fig. 3.1a). In 

comparison, 2PM images had substantially lower SBR in the deep regions of the brain 

(Fig. 3.1a,b).  

We measured the lateral and axial width of a small horizontal blood vessel in shallow 

(~100 µm) and deep (~600 µm) regions. In shallow regions, we found the lateral width 

to be 2.9 µm for both 3PM and 2PM and the axial width to be 3.4 µm and 3.5 µm for 

3PM and 2PM, respectively. In  the deep regions, we found the lateral width to be 2.7 

µm and 4 µm and the axial width to be 7.2 µm and 10.8 µm for 3PM and 2PM, 

respectively (Fig. 3.1e,f). Additionally, we compared the brightness of horizontal blood 

vessels to vertical blood vessels for both 3PM and 2PM (Fig. 3.1a). While 3PM images 

maintain equal brightness for horizontal and vertical blood vessels, in deep 2PM images, 

the brightness of vertical blood vessels was higher than that of horizontal ones. The 

increased brightness in vertical blood vessels when compared to the horizontal ones in 

the 2P images can be attributed to distortions in the point spread function (PSF), causing 

elongation of the focal volume in the axial direction and therefore increasing the 

excitation volume [20]. With NA=1 as in our system the fluorescence generated within 

a 5 µm thick slab around the focal plane is ~89% of the total fluorescence from an 

infinite volume for 2P excitation (920 nm) and ~99% for 3P excitation (1280 nm). 

Therefore, the fluorescence generated by vertical blood vessels is expected to be 

approximately 1.1 times that generated by the horizontal ones in 2PM images. However, 
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the brightness in vertical blood vessels was measured to be ~2 times the brightness of 

horizontal ones for 2P excitation, indicating degraded axial confinement of 2PM. This 

observation is further supported by the effective attenuation length (EAL) values from 

these images which are measured to be 208 µm and 213 µm for 1280 nm and 920 nm 

excitation wavelengths, respectively [20].  

 
 Figure 3.1: Characterization of 2PM and 3PM images through the deepest part (midbrain) of the adult D. 

dracula brain. Excitation wavelengths of 920 nm at 2 MHz repetition rate and 1280 nm at 333 kHz 

repetition rate were used for 2PM and 3PM, respectively. a) Signal to background ratio comparison of 

horizontal and vertical blood vessels for 2PM and 3PM images at two depths inside the brain. In each line 
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profile plot, the values are normalized to the maximum brightness of the horizontal blood vessel. b) 

Representative 3D reconstruction of 3PM (left) and 2PM (right) images of fluorescein-labeled blood 

vessels in the midbrain. c) Maximum projection of third harmonic generation (THG, left) and second 

harmonic generation (SHG, right) of all frames containing the skin. Signals were generated by 1280 nm 

excitation. Pigments produce very bright signal in the THG channel. d) Characterization of effective 

attenuation length inside the brain for 2PM and 3PM excitation wavelengths as described in the methods 

section. e) Axial width of small blood vessel characterized in shallow (~100 µm) and deep (~600 µm) 

regions with 3PM. f) Axial width of small blood vessel characterized in shallow (~100 µm) and deep 

(~600 µm) regions with 2PM. 

While most of our experiments were done with low repetition rate lasers, we also used 

an 80 MHz laser for 2PM excitation to evaluate the power levels necessary for imaging 

through the brain. We collected 2PM and 3PM images of three adult fish through the 

deepest part of the brain using 80 MHz repetition rate for 2PM excitation. Differences 

in horizontal and vertical blood vessel brightness were observed, indicating PSF 

degradation (Fig. 3.5). We measured the EAL (see Methods) to be ~ 267 µm at 920 nm 

and ~ 300 µm at 1280 nm. To image (with similar pixel brightness values) the deepest 

part of the brain average power levels of 213 mW and 18 mW were used for 2PM and 

3PM, respectively. Fish had healthy body color and movement immediately after 

imaging and for at least one week after imaging. 

3.3.2 3PM improves image quality by suppressing the side lobes of the PSF 

To delineate the effects of a longer wavelength and the higher order nonlinear excitation, 

we compared 2PM and 3PM both with 1280 nm excitation by injecting blood vessels 

with a combination of Alexa Fluor 680 and Fluorescein (both dextran coupled). 

Maximum powers used to obtain images through the deepest part of the brain were 1.2 
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mW and 34 mW for 2PM and 3PM, respectively, with pixel values about 50% higher 

in 2PM images.  

 

Figure 3.2: Characterization of 2PM and 3PM (both with 1280 nm excitation) images through the deepest 

part (midbrain) of the adult D. dracula brain. a) Brightness comparison of horizontal and vertical blood 

vessels for 3PM and 2PM images at various depths inside the brain. In each line profile plot, the values 

are normalized to the maximum brightness of the horizontal blood vessel. b) Characterization of effective 

attenuation length inside the brain for 2PM and 3PM excitation wavelengths as described in the methods 

section. EAL is measured to be 400 µm with 2PM images and 322 µm with 3PM. c) Maximum projection 

of a column containing the deepest part of the brain.  

In deep 2PM images, the brightness difference between horizontal and vertical blood 

vessels was observed (Fig. 3.2a) indicating degradation of the PSF. This effect is also 

observable as blurriness of the features in the deep regions of the maximum projection 
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of the 2PM stack but not in 3PM (Fig. 3.2c). The EAL value obtained from 2PM images 

was larger than the value obtained by analyzing the 3PM images, further verifying PSF 

degradation of 2PM  [20] (Fig. 3.2b). We measured the lateral and axial width of a small 

horizontal blood vessel in shallow (~100 µm) and deep (~690 µm) regions by collecting 

the 2PM and 3PM signals from the same blood vessel (Fig. 3.6). In shallow regions, we 

found the lateral width to be 2.6 µm and 3.3 µm and the axial width to be 4.2 µm and 

6.5 µm for 3PM and 2PM, respectively. In deep regions, we found the lateral width to 

be 5.8 µm and 7.3 µm and the axial width to be 8 µm and 12.1 µm for 3PM and 2PM, 

respectively (Fig. 3.6).  

3.4 Discussion 

We demonstrate MPM through the entire brain of an adult vertebrate, D. dracula, with 

high resolution and contrast without the need for any modifications to the animal other 

than mechanical stabilization. Deep, high-resolution imaging in small animal species 

like the one studied here allows us to observe an intact adult vertebrate brain throughout 

its entire depth. While both 2PM and 3PM can penetrate deep inside the brain, 3PM 

maintains high contrast through the deepest part of the brain. By comparing both 2PM 

and 3PM with the excitation wavelength of 1280 nm, we show that using longer 

wavelengths for 2PM is not sufficient for improving image contrast in the deep regions 

of the brain.  

To determine the source of the background in deep images we quantified the volume 

distribution of blood vessels in different regions of the brain which are the main source 

of fluorescence in our images. The quantification of blood vessel distribution (Fig. 3.7) 

shows that in all regions of the brain, blood vessels occupy less than ten percent of the 
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volume. Based on the effective attenuation lengths obtained from tissue and the 

fluorophore distribution in blood vessels (≤ 10% fluorescent labeling density), we 

would expect that all experimental depths (Fig. 3.1a and 3.2b) should have much higher 

SBR for both 2PM and 3PM in typical imaging conditions [12,21].  

  

 
Figure 3.3: Demonstration of head structures that fall within the cone of light for deep imaging in the 

adult D. dracula brain. The dashed lines represent the cone of light for an NA of 1 at depths of 100 µm, 

400 µm, and 800 µm labeled as 1, 2, and 3, respectively. a) Maximum projection of computed tomography 

(CT) images of the head that contain the right half of the brain. Muscle (magenta), bone (green), and eye 

pigments (blue) are outlined in the vicinity of the cone of light. b) Maximum projection of CT images of 

the head that contain the brain. c) White light image of the adult head. 

In small aquatic vertebrates such as D. dracula (and zebrafish), some fluorescence is 

also generated by pigmentation, particularly from the eyes, that contributes to the 
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background (Fig. 3.8 and 3.9). Although zebrafish genetic lines that remove pigments 

can help improve contrast, the complete removal of pigmentation can cause health 

issues (e.g. blindness) and therefore can limit applicability to biological 

questions [27,28]. While decreasing fluorophore volume fraction (e.g. pigment 

removal) can decrease the uniformly distributed background (i.e. bulk 

background [14]), the differences in horizontal and vertical blood vessel brightness 

cannot be explained by fluorescent labeling density alone.  

Aberrations in a sample can distort the PSF, leading to localized brightness differences 

and  therefore, background generation that would depend on the specific location in the 

field of view (i.e. defocus background [14]). For example, the baseline of the deep 2PM 

image is different between horizontal and vertical blood vessels in Fig. 3.2a, indicating 

a potential localized background contribution. In small animals such as D. dracula, 

tissue inhomogeneities throughout the cone of light can lead to degradation of the PSF, 

producing defocus background in 2PM images that significantly degrade the SBR. Due 

to its higher order of excitation, 3PM can maintain a sharper focus through highly 

aberrating samples. This effect was recently characterized in through-skull imaging of 

the mouse brain [20]. While scattering and aberration are mainly caused by a single 

layer of dense bone in through-skull imaging of the mouse brain, aberrations in 

Danionella likely result from multiple tissue types that enter the cone of light with deep 

imaging, including skin with a variety of pigments, bone surrounding the perimeter of 

the brain and over the midbrain-telencephalon boundary [29], curvature and 

pigmentation of the eye (particularly at telencephalic level), and muscle over the 

hindbrain region (Fig. 3.3). 
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In conclusion, we characterize 2PM and 3PM performance for imaging through the 

entire depth of an adult vertebrate brain in D. dracula. Higher order of excitation in 

3PM not only increases contrast due to decreasing the excitation in out of focus regions, 

but also can help maintain a confined excitation focal volume by suppressing the side 

lobes of the PSF. MPM also has the potential to further the application of optical 

imaging techniques to a wider range of aquatic animals. For example, fishes account for 

more than half of all extant vertebrate species [30] and many may not have readily 

available genetic lines, but are interesting for specific comparative questions regarding 

brain diversity [31]. With MPM enabling optical access to adult brains and a repertoire 

of methods that allow observation of larval brains [11], aquatic vertebrates such as 

Danionella and other small species [16,19,32] become readily amenable for studying 

the brain over the lifetime of a vertebrate. 

3.5 Methods 

• Imaging setup 

Images were obtained using a commercially available multiphoton microscope 

(Bergamo II system B242, Thorlabs Inc.) with a high numerical aperture objective lens 

(XLPLN25XWMP2, Olympus, NA 1.05). The back aperture was approximately 

backfilled for both 920 nm and 1280 nm excitation beams. The excitation source was a 

non-collinear optical parametric amplifier (NOPA, Spectra Physics) pumped by an 

amplifier (Spirit 1030-70, Spectra Physics). To control the excitation power, a half 

waveplate and a polarization beam splitter were used. A two-prism (SF11 glass) 

compressor was used to compensate for the normal dispersion of the optics of the light 

source and the microscope, including the objective lens. The full width at half maximum 
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(FWHM) pulse width after the objective lens was measured to be 120 fs at 920 nm path 

and 50 fs at 1280 nm, assuming sech2 pulse intensity profile. For 3PM and 2PM, the 

excitation wavelength was 1280 nm and 920 nm, respectively. For deep imaging, low 

repetition rates of 333 kHz and 2 MHz were used for 3PM and 2PM, respectively. The 

FWHM pulse width was measured to be 120 fs at 920 nm path and 50 fs at 1280 nm, 

assuming sech2 pulse intensity profile. For some experiments a mode-locked 

Ti:Sapphire laser (Chameleon, Coherent) at 920 nm was used for 2PM excitation. The 

FWHM pulse width was measured to be 90 fs, assuming sech2 pulse intensity profile. 

Images were collected at approximately 1 frame per second over a field-of-view (FOV) 

of 539 µm by 539 µm with 512 by 512 pixels. 

• Image Processing 

Images were processed using ImageJ software. A 1-pixel radius median filter was 

applied to all images. For 3D reconstruction, the images were scaled by the ratio of z 

step size to the pixel size and were visualized using ‘Volume Viewer’ feature of the 

software. For line profiles, a 5-pixel wide line was drawn on the feature of interest. For 

resolution characterization line profiles were acquired using ImageJ and a gaussian fit 

was obtained using MATLAB.  

• Characterization of Effective Attenuation Lengths (EALs) 

For EAL characterization a 10-pixel wide line was drawn on blood vessels that had the 

top 1% of brightest pixel values. The brightest value of the line profile was used as the 

signal value for that depth. In areas where the autofluorescence of other features 

dominated the brightest pixel values, the image was cropped to only contain blood 

vessels and then the top 1% of brightest pixel values were chosen as the value for that 
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depth. The signal value was then normalized to the square or cube of the power used at 

the corresponding depth, depending on the order of excitation. 

 

• Characterization of Blood Vessel Distribution 

Images were processed as described previously (see ‘Image Processing’). Areas 

corresponding to different regions (telencephalon, optic tectum, and cerebellum) were 

identified based on relative location in the brain and the distribution of vasculature. 

Areas of interest were outlined in ImageJ software and an appropriate threshold was 

applied to mask the blood vessels. Area fraction measurement function of ImageJ was 

used to obtain percentage of blood vessel for each frame, which likely over-estimates 

the blood volume concentration because the axial resolution (approximately 7 μm in our 

experiments) is comparable to or larger than the size of the capillary vessels. Therefore, 

the contribution to background fluorescence is less than the amount represented from 

images. 

• Animals 

Adult D. dracula were anesthetized in 0.03% benzocaine solution and their vasculature 

labeled via injection of a 10% solution of dextran fluorescein (70,000 molecular weight, 

ThermoFisher) and/or dextran Alexa Fluor 680 (70,000 molecular weight, 

ThermoFisher) into blood vessels in a highly vascularized region caudal to the 

operculum and rostral to the heart. Fish were stabilized by positioning them on a 

mountable putty (Loctite 1865809 ). Fish were perfused through the mouth and over the 

gills at a rate of 1 ml min−1 with an ESI MP2 Peristaltic Pump (Elemental Scientific) 

with well-oxygenated temperature-controlled fish system water (4-l reservoir heated 
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with a Top Fin Betta Aquarium Heater set to 25 °C). All procedures were in accord with 

the US National Institutes of Health guidelines for animal use in experiments and were 

approved by Cornell University’s Institutional Animal Care and Use Committee. 

• CT (Computed Tomography) 

Adult D. dracula were euthanized via deep anesthesia in 0.03% benzocaine solution 

followed by exsanguination. Whole fish were fixed in 4% paraformaldehyde at 4 °C for 

24 h and then stained with 1% iodine metal and 2% potassium iodide. The stained fish 

was scanned at 120 kV per 10 W on the Zeiss Versa 520, using the ×4 objective and a 

resolution of 2.7 μm. The machine took 2,401 exposures of 0.7 s each, and the CT data 

was reconstructed using the standard Zeiss reconstruction software. 

 

 
Figure 3.4: Determining the bottom of the brain using SHG from the bone under the brain. a) Frames near 

the bottom of the brain containing three-photon excited fluorescence in magenta and SHG in white. The 

bone structure in the SHG channel is clearly visible at 830 µm depth as indicated by the arrowhead. The 

depth of the brain in this example was determined to be 795 µm which is the last image where clear blood 
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vessel structure is visible. b) SHG of the entire bone (combination of two frames) under the brain. This 

structure matches previous characterization of D. dracula bone structure. Scale bars indicate 100 µm. 

 

Figure 3.5: Characterization of 2PM and 3PM images through the deepest part (midbrain) of the adult D. 

dracula brain. Excitation wavelengths of 920 nm at 80 MHz repetition rate and 1280 nm at 333 kHz 

repetition rate were used for 2PM and 3PM, respectively. To image the deepest part of the brain average 

power levels of 213 mW and 18 mW were used for 2PM and 3PM, respectively. a) Signal to background 

ratio comparison of horizontal and vertical blood vessels for 2PM and 3PM images at two depths inside 

the brain. In each line profile plot, the values are normalized to the maximum brightness of the horizontal 

blood vessel. b) Characterization of effective attenuation length inside the brain for 2PM and 3PM 

excitation wavelengths as described in the methods section. c) Maximum projection of THG (left) and 

SHG (right) of all frames containing the skin. Signals are generated by 1280 nm excitation. Pigments 

produce bright signal in the THG channel. 
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Figure 3.6: Lateral and axial width measurements of a small blood vessel containing fluorescein (3PM, 

right panels) and Alexa Fluor 680 (2PM, left panels) in shallow (a) and deep (b) regions with 1280nm 

excitation.  
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Figure 3.7: Characterization of blood vessel density in different regions of the brain. a) Blood volume 

percentage in telencephalon, optic tectum, and cerebellum. characterized at various depths (see Methods). 

b) Maximum projection of vasculature in telencephalon (T), optic tectum (TeO), and cerebellum (CB). 

Coronal view of vasculature is demonstrated in top row. Horizontal view of vasculature is demonstrated 

in bottom row. Dorsal and anterior direction of each row is marked on the left-most image. 
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Figure 3.8: Maximum projection of autofluorescence images collected through the brain. The eye, 

forebrain, and midbrain are outlined with dashed white lines. Images were collected without any dye 

injections administered to the fish. Scale bar indicates 100 µm. 

  



 

93 

 
Figure 3.9: Characterization of pigment and skin autofluorescence. All images are obtained with 

1280 nm excitation. Vasculatures contain dextran-coupled Fluorescein. a) Maximum projection 

of all fluorescence images containing the skin. b) Maximum projection of all THG images 

containing the skin. c) A single frame containing fluorescence signal from skin 

(autofluorescence), pigment (autofluorescence), and blood vessels (BV, fluorescein). A 5-pixel-

wide line is drawn over a region containing pigment, skin, and blood vessels. d) Normalized 

intensity of the line depicted in part c. Regions corresponding to pigment, skin, and blood vessel 

are marked with black arrowed lines. 

Funding. National Science Foundation (DBI-1707312); Cornell Neurotech Mong 

Fellowship. 
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CHAPTER 4: LABEL-FREE WHOLE-BRAIN IN VIVO MAPPING OF AN 

ADULT VERTEBRATE WITH THIRD HARMONIC GENERATION 

MICROSCOPY 
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4.1 Abstract 

Comprehensive understanding of the interconnected networks within the brain requires 

access to high resolution information within large field of views and over time. 

Currently, methods that enable mapping structural changes of the entire brain in vivo 

over the lifespan of an animal are limited. Here, we demonstrate that third harmonic 

generation microscopy allows label-free mapping of the entire brain of an adult 

vertebrate, Danionella dracula. Third harmonic generation is able to resolve myelinated 

structures, blood vessels, and cell bodies throughout the brain without the need for any 

exogenous label. This information together with deep penetration of long wavelengths, 

enables in vivo whole-brain mapping in small animals and over time. We demonstrate 

this capability in multiple regions of the brain and identify major neuroanatomical 

features, including commissures in the midbrain and the medulla oblongota. We further 

demonstrate that this label-free technique can easily be coupled with fluorescence 

microscopy to provide additional structural information as well as to guide navigation 

within the brain during in vivo experiments. The convenient size of Danionella dracula 

together with unique capabilities of third harmonic generation microscopy enable label-

free access to the entire brain of a vertebrate throughout its lifespan.  We further expand 

this technique to a slightly larger species within the Danionella genus, Danionella 

priapus. Altogether, we expect that this technique can be used for in vivo structural 

mapping and navigation in potentially hundreds of miniature vertebrates, including 

teleost and anura species.  
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4.2 Introduction 

The integrative understanding of the brain requires studying the underlying structures 

which span from micron-level (cells) to millimeter scale (connections between cells) 

[1]. Additionally, these connections are modified over the lifespan of the animal as it 

reaches maturity and is affected by external conditions [2–5]. Many brain functions, 

including the processing of sensory information, decision making, and performing 

behavior, rely on long range connectivity across different brain regions. Myelinated 

fiber bundles/tracts create brain-wide complex networks that enable communication 

between different regions, providing a foundation for performing complex behaviors. 

Alterations in the extent of myelination impair this mechanism, which can be a major 

contributing factor to neurological deficits associated with disease states [6–8]. Most 

techniques for studying the brain in vivo have a trade-off between field of view and 

resolution, limiting their applicability for high resolution whole-brain studies. To 

overcome these limitations, most current techniques for studying brain-wide 

connections rely on sacrificing animals and processing the tissue [9]. These approaches 

do not allow for studying the same animal over time and limit the questions that can be 

addressed. Studying the brain in its natural environment is critical to understanding 

neuronal networks and disease progression. 

Methods such as MRI and CT enable whole-brain in vivo access but cannot resolve 

individual neurons [10,11]. Advanced optical imaging techniques, such as multiphoton 

microscopy, provide a powerful toolset for deep non-invasive in vivo imaging. Third 

harmonic generation microscopy (THGM) is a label-free, multiphoton technique that 

detects structural heterogeneity in tissue with optical resolution [12–15]. Strong third 
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harmonic generation (THG) occurs when there are differences of refractive indices in 

tissue such as those at water-lipid interfaces [15,16](see Methods).  

While many efforts for understanding the brain have focused on mammals, the unique 

properties of semi-transparent organisms such as zebrafish (Danio rerio) larvae and 

Xenopus tadpoles make them ideal for specific questions related to brain-wide 

connectivity [17,18]. The small size, optical clarity, and the external development of the 

embryo in small aquatic of these animals make them particularly advantageous for 

studying the vertebrate nervous system in vivo [2–7]. While these systems have 

immensely increased our knowledge of developmental neurobiology and fundamental 

circuitry in the brain, the use of these animals has mainly been constrained to larval 

stages due to loss of transparency that occurs with the development of adult features. 

Optical access to adult vertebrate brains with high resolution is currently limited by 

penetration depth of available techniques and the brain size of most commonly used 

species. Recently, optical access to the intact adult zebrafish brain was demonstrated 

with multiphoton microscopy [25,26]. While the entire telencephalon can be accessed 

with three-photon microscopy, imaging through entire depth of other regions has not 

yet been achieved. It has been demonstrated that multiphoton microscopy enables 

imaging of all depths of the adult brains in species within the genus Danionella, which 

are miniature, translucent fish closely related to zebrafish [26,27]. Here, we demonstrate 

label-free brain mapping of an adult Danionella dracula brain with THGM. Major fiber 

tracts and commissural bundles extending in the longitudinal (e.g., medial longitudinal 

fasciculus, MLF) and horizontal (e.g., posterior commissure) planes, respectively, 

together with smaller bundles of myelinated fibers (e.g., anterior commissure) provide 
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readily visualized landmarks for localizing regional-specific populations of neurons 

(e.g., layers of the midbrain tectum and cerebellum) and even individual neurons (e.g., 

Mauthner cell soma and axon). This technique can also be adapted to other miniature 

vertebrates with similar body features to the Danionella genus. As an example, we 

identify some major structures in Danionella priapus, a slightly larger species within 

the Danionella genus [28]. 

4.3 Results 

4.3.1  Three-dimensional structural information in the entire adult brain  

THG can provide three-dimensional (3D) structural information throughout brain tissue. 

The high resolution and sensitivity of THG to tissue inhomogeneities allows us to map 

brain regions mainly by identifying three different structural features (Fig. 4.1,4.2): cell 

shadows (Fig. 4.5), vasculature, and myelinated structures (e.g. 

commissures) [15,16,29]. The relative position of these features provides a 

comprehensive map of the neuroanatomical organization of various regions in the brain. 

For example, the organization of cells within the dorsal telencephalic area is easily 

identifiable with THGM in both D. dracula and D. priapus as seen in Fig. 4.1e and Fig. 

4.4c. The optic tectum (TeO) is identifiable by the distribution of cell shadows in the 

periventricular gray zone (PGZ) of the TeO together with myelinated fibers of the TeO 

(Fig. 4.1b,g). Closely packed cells of PGZ are also seen in Fig. 4.1g, with white 

arrowheads indicating cell bodies and red arrowheads pointing to blood vessels.  
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Figure 4.1: Representative images obtained by THGM through the entire depth of the brain of an adult 

Danionella dracula. a) Three-dimensional distribution of structures within the brain. Scale bar indicates 

100 µm in xy plane. Compass indicates brain direction for parts a-d. b) Maximum projection of all the 

frames that contain the posterior commissure. Structures are highlighted in part (d). Scale bar indicates 

100 µm. c) Planes in part (a) are labeled at their approximate depth on sagittal line drawing of the brain 

with blue lines. Labels on line-drawing indicate telencephalon (T), midbrain (M), cerebellum (C), medulla 

oblongota (MO). d) Identification of major structures of image in part (b). Image is inverted in color scale 
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for clarity. Labels on line-drawing indicate telencephalon (Tel), Optic tectum (TeO), posterior 

commissure (Cpost), gustatory commissure (Cgus), Cerebellum commissure (Ccer). Scale bar indicates 

100 µm. e) Representative higher magnification image from the dorsal telencephalic area, showing a layer 

of closely packed cells (double white arrowheads) and islands of closely packed cells (single white 

arrowheads); blood vessels are also indicated (red arrowheads). Anterior direction is top side of the image. 

Scale bar indicates 50 µm. f) Line profile of the area outlined in part e in blue. A 5 pixel wide line is 

drawn on a small structure. The full width at half maximum (FWHM) of the line profile is 1.2 µm, 

indicating that the technique is able to distinguish micrometer range features. g) Representative higher 

magnification image from midbrain roof (optic tectum), showing closely packed cells (white arrowheads) 

and blood vessels (red arrowheads). Scale bar indicates 20 µm.  

In red blood cells (RBC), the THG signal is resonantly enhanced in our operating 

wavelength range (see methods), generating bright signal in blood vessels which 

enables clear identification of vasculature throughout tissue [11,12]. THGM has been 

used for label-free measurement of blood flow speed [29,30], providing additional 

experimental information without the need for any adjustments to the system or the 

animal. Observation of blood flow additionally enables in vivo monitoring of health 

throughout experiments. The bright signal from RBCs can be distinguished from other 

features by observing the flow during in vivo experiments or from the motion artifacts 

in static structural images as shown in Fig. 4.2d,e.  

4.3.2  Identification of major commissures 

The contrast mechanism of THGM is particularly powerful for identifying highly 

myelinated regions such as commissures. In Fig. 4.1 three major commissures are 

distinctly identifiable based on their relative location in the brain and the size of each 

commissure. The posterior commissure (Cpost) in Fig. 4.1 connects the two 

hemispheres of the TeO. As demonstrated in Fig. 4.4a,b, Cpost of D. dracula and D. 

priapus both consist of highly myelinated fiber bundles. Since the average size of D. 
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priapus is generally larger than D. dracula  [31,32], it is not surprising that the size of 

Cpost is larger in D. priapus. The diencephalic ventricle (DiV) is visible as the dark area 

located caudally relative to the Cpost in Fig. 4.1; the cerebellar (Ccer) and the gustatory 

(Cgus) commissures located caudal to DiV are also outlined. In Fig. 4.2 some of the 

major structures include TeO, the vasculature within TeO, and the medial longitudinal 

fasciculus (MLF). The blood vessels are identifiable by their distinct shape and 

distribution throughout the brain and are labeled with red in Fig. 4.2b.  

The organization of MLF and the ventral commissure (Cven) are distinctly visible due 

to major myelination of these structures (Fig. 4.2a,c). In Fig. 4.4d, MLF and Cven in D. 

priapus are observable as having similar organization to D. dracula (compare to Fig. 

4.2c).  
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Figure 4.2: Identification of major structures within the brain. a) Maximum projection of all the frames 

that contain the medial longitudinal fasciculus (MLF). Anterior direction is on the left side of the image. 

Color-inverted image is presented in top right corner with major commissures outlined in magenta. Scale 
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bar indicates 100 µm on both images. Labels on line-drawing indicate lateral longitudinal fascicle (LLF), 

medial longitudinal fascicle (MLF), ventral commissure (Cven), Mauthner axon (MA). b) Part of TeO 

outlined in part (a). This area contains both tectal fibers as well as blood vessels. The blood vessels are 

false colored with magenta. Scale bar indicates 50 µm. c) Part of MLF outlined in part (a). d) Example of 

fast flowing RBCs in blood vessel marked by red arrowhead. e) Example of slow flowing RBCs in blood 

vessel marked by red arrowhead. Scale bar indicates 50 µm in c, d, and e. 

4.3.3  in vivo navigation guide for fluorescence imaging 

The small size of Danionella brains allow us to observe a large fraction of the brain 

even in limited fields of view available in most in vivo settings. We have focused on 

horizontal images of the brain for identifying structures because it is typically the main 

observational view during in vivo microscopy experiments. Fig. 4.3 demonstrates a 

three-photon excitation fluorescent image of backfilled neurons labeled by bulk 

injection of dextran-coupled fluorescein into the spinal cord [33,34] and the overlay of 

this image with the THG image.  

 

Figure 4.3:  Demonstration of THGM as a navigation guide for in vivo fluorescence imaging in the 

medulla oblongota. Left panel: backfilled cells labeled by bulk injection of fluorescein into the spinal 

cord. Right panel: overlay of THGM with fluorescence image. Fiber bundles comprising the MLF are 

clearly distinguishable in this image, providing landmarks for neuron location. 
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These images are acquired simultaneously with the same excitation wavelength (1280 

nm) and require no additional scan time for collecting both. While without additional 

neuroanatomical markers, the precise anatomical location of  cells is unclear in the 

fluorescent image, the overlay with THG image clearly indicates that these neurons are 

located at the most rostral end of the MLF and are located symmetrically on the two 

sides of the midline.  

4.4 Discussion 

THGM can resolve myelinated structures, blood vessels, and cell bodies throughout the 

brain without the need for any biomarkers. The deep penetration of multiphoton 

techniques through scattering tissue, in combination with the small size of Danionella, 

allows for non-invasive label-free probing of whole vertebrate brains over development 

to adulthood. In addition to the THG, we observed autofluorescence and second 

harmonic generation (SHG) from the skin and pigments, however, autofluorescence and 

SHG signals were negligible within the brain. 

We identify several myelinated structures in the midbrain and hindbrain regions with 

high resolution and show that this information can provide a label-free navigation guide 

within the brain during fluorescence microscopy. Non-invasive in vivo techniques such 

as THGM potentially enable probing neural signatures at the onset of easily observable 

behavior. Recognition of these canonical vertebrate brain landmarks along with easy 

visualization of blood vasculature and fluorescently-labeled neurons in species that 

permit complete optical access to the brain at all life stages, will allow us to investigate 

changes in the gross and fine structure of the brain as individual larvae transitions to 
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adult stages. THGM would allow for unbiased identification of changes in brain regions 

that might exhibit increased myelination (and extent of white matter) during critical 

developmental timepoints [41], reflecting enhanced connectivity of neuronal networks 

that underlie reproductive-related adult social behaviors [3,42,43].  

While we demonstrate this capability in the miniature species D. dracula and D. 

priapus, we note that miniaturization is a widespread phenomenon with many examples 

in fish (which comprise more than half of all extant vertebrate species [35]) and 

amphibians [36–38]. One of the major identifiers of miniaturization is small body size 

(< 25mm) which in some cases is accompanied by body features resembling earlier 

developmental stages of ancestors (e.g., lack of ossification above the brain) [31,37–

40]. These features make many miniature species potential candidates for brain mapping 

with THGM. 

4.5 Methods 

• Third Harmonic Generation Microscopy 

Third harmonic generation microscopy (THGM) is a label-free, multiphoton technique 

that detects structural heterogeneity in tissue with optical resolution. THG signal occurs 

at interfaces between media with differing refractive index or third-order susceptibility 

tensor where three photons are upconverted to produce a single photon with one third 

of the wavelength. The strength of the signal depends on many factors including the size 

of the structures and the orientation of the interfaces compared to the focal volume. By 

controlling the focal volume size, it is possible to tune the sensitivity of the signal to 

specific structures. For example, in our experimental conditions the size of the focal 
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volume is much larger than the organelles, therefore, the region within the soma 

produces less signal compared to myelinated axons (which are closer in size to the focal 

volume) [13,16]. In these conditions, cell bodies are distinguishable in images as 

shadows (Fig. 4.1). THG occurs at any wavelength, however, long wavelength regions 

such as our wavelength of operation (1280 nm) enable deeper penetration of photons by 

alleviating scattering effects of tissue [44]. Interfaces between interstitial fluids and 

lipid-rich structures or inorganic structures such as calcified bone are some of the main 

sources of signal in most biological settings. This technique has been used in visualizing 

various biological structures such as myelinated fibers, red blood cells, and 

collagen [14–16]. In some cases, THG signal is resonantly enhanced if the wavelength 

of excitation overlaps with the absorption energy levels of the molecule [14,45]. Red 

blood cells resonantly enhance THG signal at 1280 nm excitation, therefore, in our 

images they are visible as bright areas within the blood vessels. 

• Imaging setup 

Images were obtained using a commercially available multiphoton microscope 

(Bergamo II system B242, Thorlabs Inc.) with a high numerical aperture objective lens 

(XLPLN25XWMP2, Olympus, NA 1.05). The laser source was a non-collinear optical 

parametric amplifier (NOPA, Spectra Physics) pumped by an amplifier (Spirit 1030-70, 

Spectra Physics). To control the excitation power, a half waveplate and a polarization 

beam splitter were used. A two-prism (SF11 glass) compressor was used to compensate 

for the normal dispersion of the optics of the light source and the microscope, including 

the objective. Laser wavelength of 1280 nm with repetition rate of 333 kHz was used 

for signal generation. The full width at half maximum (FWHM) pulse width was 
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measured to 50 fs at 1280 nm, assuming sech2 pulse intensity profile. Images were 

collected at approximately 0.3 frame per second over a field-of-view (FOV) of 539 µm 

by 539 µm with 1024 by 1024 pixels. In the case of D. priapus, images were obtained 

at approximately 1 frame per second over a field-of-view (FOV) of 539 µm by 539 µm 

with 512 by 512 pixels. 

• Image Processing 

Images were processed using ImageJ software. A 1-pixel radius median filter was 

applied to all images. For 3D reconstruction, the images were scaled by the ratio of z 

step size to the pixel size and were visualized using ‘Volume Viewer’ feature of the 

software. For line profiles, a 5-pixel wide line was drawn on the feature of interest. For 

resolution characterization line profiles were acquired using ImageJ and a gaussian fit 

was obtained using MATLAB.  

• Animals 

Adult D. dracula and D. priapus were anesthetized in 0.03% benzocaine solution and 

their vasculature labeled via injection of a 10% solution of dextran fluorescein (70,000 

molecular weight, ThermoFisher) and/or dextran Alexa Fluor 680 (70,000 molecular 

weight, ThermoFisher) into blood vessels in a highly vascularized region caudal to the 

operculum and rostral to the heart. Fish were stabilized by positioning them on a 

mountable putty (Loctite 1865809 ). Fish were perfused through the mouth and over the 

gills at a rate of 1 ml min−1 with an ESI MP2 Peristaltic Pump (Elemental Scientific) 

with well-oxygenated temperature-controlled fish system water (4-l reservoir heated 

with a Top Fin Betta Aquarium Heater set to 25 °C). All procedures were in accord with 

the US National Institutes of Health guidelines for animal use in experiments, and were 
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approved by Cornell University’s Institutional Animal Care and Use Committee. Blood 

flow and tissue opacity were monitored during and after experiments to assess animal 

health. Power levels were kept below 35 mW for D. dracula and below 50 mW for D. 

priapus in all experiments.  

 

Figure 4.4: Comparison of some major anatomical structures between D. dracula and D. priapus. a) 

Maximum projection of all planes containing Cpost in D. dracula. b) Maximum projection of all planes 

containing Cpost in D. priapus. c) Representative image from the dorsal telencephalic area, showing a 

layer of closely packed cells (double white arrowheads) and scattered cell bodies (single white 

arrowhead). This image is comparable to Fig. 4.1e. d) Maximum projection of images containing the 

MLF. This image is comparable to Fig. 4.2c. In all images, the anterior direction is the top side of the 

image and scale bar indicates 50 µm.   
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Figure 4.5: Lateral (a) and axial (b) views of cell shadows in telencephalon obtained by THGM. Images 

are minimum projection of column containing several cells acquired a1 µm steps in z direction. 

 

Funding. National Science Foundation (DBI-1707312); Cornell Neurotech Mong 
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CHAPTER 5: CONCLUDING REMARKS 
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Because MPM is capable of reducing out-of-focus fluorescence and uses long 

wavelength photons that penetrate deeper into scattered tissue, it is an effective tool for 

deep imaging. While 2PM can reach deep within scattering tissue by using longer 

excitation wavelengths, the optimal wavelengths for deep penetration in biological 

samples (i.e., ~1300 nm and 1700 nm) coincide with the 3P excitation wavelengths of 

the most commonly available fluorophores. The higher-order excitation in 3PM reduces 

the resulting background fluorescence, allowing high-SBR images to be obtained 

beyond the depths normally attainable by 2PM (normalized to EALs).  

In chapter 2, I extended the analytical model of Theer and Denk for 2PM to three- and 

four-photon excitation and performed controlled experiments to compare the depth limit 

of 2PM and 3PM. These results demonstrated the depth limit of 3PM in a variety of 

experimental conditions and I found that the analytical model is in good agreement with 

the experiments. Experimental results indicate that the imaging depth of 3PM is not 

limited by loss of resolution (degradation of the point spread function). I show high 

spatial resolution at an imaging depth of >10 scattering mean-free paths, the commonly 

acknowledged depth limit of imaging techniques using ballistic photons. I studied the 

dependence of imaging depth limit on the staining inhomogeneity and show that 3PM 

is particularly beneficial in densely labeled samples. These results show that 3PM is 

able to access significantly beyond depths that have been achieved in biological tissues 

so far.  

In chapter 3, I demonstrate MPM through the entire brain of an adult vertebrate with 

high resolution and contrast without the need for any modifications to the animal other 

than mechanical stabilization. Both 2PM and 3PM are able to penetrate deep inside the 
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brain, however, 3PM maintains high contrast through the deepest part of the brain. By 

using excitation wavelength of 1280 nm for both 2P and 3P excitation, we show that 

longer wavelengths are not sufficient for improving image contrast in the deep regions 

of the brain. Higher order of excitation in 3PM not only increases contrast due to 

decreasing the excitation in out of focus regions, it also helps maintain a confined 

excitation focal volume by suppressing the side lobes of the PSF.  

In chapter 4, I apply THGM to in vivo brain mapping in miniature vertebrates such as 

Danionella dracula. THGM is able to resolve myelinated structures, blood vessels, and 

cell bodies throughout the brain without the need for any biomarkers. The robust 

penetration of multiphoton techniques through scattering tissue, in combination with the 

convenient size of Danionella, allows for an unprecedented opportunity for non-

invasive probing of whole vertebrate brains over development to adulthood. We identify 

several myelinated structures in the midbrain and hindbrain regions with high resolution 

and show that this information can provide a label-free navigation within the brain 

during fluorescence microscopy. Non-invasive in vivo techniques such as THGM enable 

long term studies of the same animal. THGM would enable the unbiased identification 

of changes in brain regions that might exhibit increased myelination (and extent of white 

matter) during critical developmental timepoints, reflecting enhanced connectivity of 

neuronal networks that underlie reproductive-related adult social behaviors. 

This label-free technique can easily be coupled with fluorescence microscopy to provide 

additional structural information as well as to guide navigation within the brain during 

in vivo experiments. Additionally, this technique can be adapted to other miniature 

vertebrates with similar body features to the Danionella genus. The convenient size of 
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Danionella dracula together with unique capabilities of third harmonic generation 

microscopy enable label-free access to the entire brain of a vertebrate throughout its 

lifespan. 

The overarching goal of my work has been to characterize MPM and find optimal areas 

for taking advantage of its capabilities. The small size of Danionella and deep imaging 

of 3PM is an optimal intersection for in vivo imaging with vast potential for scientific 

discovery. 

 


