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ABSTRACT 

 

An Experimental Toolkit for Analysis of Individual Monoaminergic Axons in the Mouse 

Brain 

 

by 

 

Kasie Chanel Mays 

 

 

The current understanding of monoaminergic neurotransmission relies upon the 

ability to image and analyze the components of these systems. Yet, the efforts to understand 

these systems are inhibited from a combination of the unique properties of axons that release 

monoamines and limitations in imaging technologies. Axons from monoaminergic cells can 

be thin (~ 1 μm in diameter) and cannot be viewed directly, requiring both fluorescent 

labeling and high-resolution imaging. Adding further complications are that the axons travel 

the entirety of the brain, appear to intertwine freely with each other, and are often difficult to 

track individually. Here, we successfully designed an experimental process for 

monoaminergic axon research that endows the ability for axon differentiation with the use of 

Brainbow AAV and Cre technologies. These approaches were validated with a new 

algorithm that can reliably trace individual axons in various brain regions. To complement 

these methods and provide information on axon trajectories in the natural 3D-space, we also 

designed a process for high-resolution light-sheet microscopy using tissue clearing 

technologies for imaging of axons without sectioning tissue combined with machine learning 
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algorithms for automated tracing. These methods allow for unprecedented access to 

individual axon trajectories and support their modeling as paths of spatial stochastic 

processes. This project focused on the serotonin system, however, these methods can be 

extended and applied to research using other monoamines. This is the first research on 

serotonin or monoamines in general with the capability of individual axon discrimination and 

can help answer many previously elusive questions within this field of research. 
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Monoaminergic neurotransmission influences numerous processes in the brain such 

as motivation, self-control, reactivity to stress, mood regulation, and cognitive performance. 

The specific neurotransmitters classified as monoamines are serotonin, dopamine, adrenaline, 

and noradrenaline, each of which has roles in specific neurological functions and 

psychological disorders. A unique characteristic of the monoaminergic system is their cell 

bodies (somata) can only be found in the brainstem and send extremely long axons to 

innervate nearly every area of the brain. Our current understanding of monoaminergic 

neurotransmission is based on our ability to image and analyze the components of the system 

on multiple scales.  However, this effort is hindered by limitations in imaging technology. A 

particular challenge is collecting information about something that is very small (e.g., axons 

may be less than 1μm in diameter), yet travels the entirety of the brain. Morphologically, it is 

similar to trying to find a specific street when looking at a map of an entire state. Even if we 

zoom in to just looking at a map of a city, finding the specific street is still challenging. Once 

we have obtained the magnification that is needed to find the specific street, we have then 

lost a lot of information about how the street fits into the city and the state. We face the same 

issues when imaging these systems. Once we obtain the magnification needed to visualize 

individual axons, we have lost the larger picture of how the axons taken together create dense 

meshworks in the brain. This problem can be viewed as a problem of self-organization 

(Figure 1). 



 2  

 

Figure 1: Self-organization (SO) of the serotonergic meshwork (matrix), a typical monoaminergic meshwork.  

 

Due to the inability for monoaminergic axons to be viewed directly, fluorescent 

labeling is added through a method called immunohistochemistry (IHC), which comes with 

limitations of its own. First, IHC labels all cells of the same type with the same color and 

therefore reduces the ability to differentiate between axons of individual cells for accurate 

and precise tracing. Second, IHC primarily labels varicosities (which contain a high 

concentration of neurotransmitter) and leaves the inner-varicose segments weakly labeled. 

These segments often fall below the detection threshold, causing axons to appear segmented. 

Current methods for studying monoaminergic axons are not able to address these challenges; 

raising the question: Can a method be developed that allows for both differentiation and 

long-distance tracing of axons within intact tissue? In this project, we develop a toolkit for 

analyzing monoaminergic neurotransmitters using the serotonergic system that allows for 

axon differentiation through a transgenic mouse construct; we use cutting edge techniques of 

Brainbow adeno-associated viruses (AAV’s), tissue clearing, light-sheet microscopy and 

automatic axon tracing.  
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CHAPTER 1: BACKGROUND INFORMATION 

 

ANATOMY OF THE SEROTONERGIC SYSTEM 

Serotonergic (5HT) neurons are among the earliest generated neurons in the brain. 

Developmental studies show that they are produced during mid-gestation in rodents and from 

the fifth-to-seventh week in humans (Deneris & Gaspar, 2018). In mice, serotonergic neurons 

are born between embryonic day 10 (E10) and at E12 from separate progenitor pools which 

span both transcriptionally and anatomically defined hindbrain segments called rhombomeres 

(R1–R11) and the ‘isthmus’ (also known as R0) (Simon et al., 2005; Jensen et al., 2008). All 

rhombomeres express the transcription factor Pet1, yet are distinguishable through the 

expression of an additional transcription factor. Pet1 encodes an ETS (erythroblast 

transformation specific) family transcription factor and strongly overlaps with the expression 

of the rate-limiting enzyme for serotonin synthesis, tryptophan hydroxylase 2 (Tph2), in 

defining the serotonergic neuron identity. For instance, R0 and R1 express En1-Pet1, R2 

expresses Rse2(HoxA2)-Pet1, R3 and R5 express Erg2-Pet1, R4 expresses Hoxb1-Pet1, and 

R6-R11 express Tac1-Pet1 (Okaty et al., 2019). Serotonergic cells originate close to the floor 

plate of the neural tube ventricular zone and, following aggregation, migrate to the pial raphe 

surface using somal translocation, creating the characteristic sigmoidal shape of the raphe 

(Lidov & Molliver, 1982; Hawthorne et al., 2010 Deneris & Gaspar 2017). At this time, the 

newborn serotonergic neurons are in an immature state, have not yet migrated to their adult 

raphe locations, have yet to develop axonal and dendritic structures, and have not made 

connections with neuronal targets and afferents. Furthermore, complex upstream and 

downstream gene expression has been shown during this timeframe, suggesting that 
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maturation of serotonergic neurons results from the induction of specific genes. For example, 

RNA sequencing of flow-sorted serotonergic neurons followed by hierarchical clustering 

revealed that expression of the peptide genes Sst, Penk, Pdyn, and Nts, were low at 

embryonic day 11.5 (E11.5) when the serotonergic transmitter identity is acquired, but 

subsequently increased by two to three-fold through the remaining fetal stage and into early 

postnatal life (Wyler et al., 2016). 

The resulting anatomy of the serotonergic system in the mammalian brain consists of 

raphe nuclei clusters that are located solely in the brainstem and are a component of the 

ascending reticular activating system (ARAS) (Jacobs and Azmitia, 1992; Okaty et al., 

2019). There are different grouping and labeling nomenclatures that have been used for 

naming the cells of this system with some referring only to the serotonergic neurons and 

some referring to cytoarchitectonic structures that contain serotonergic neurons. The first one 

divides the raphe into 9 groups of nuclei, named B1-B9, that extend from the medulla to the 

pons then up to the rostral midbrain (Dahlstroem & Fuxe, 1964). The second model (Figure 

2) broadly categorizes the clusters of serotonergic neurons into two brainstem groups that are 

further subdivided into nuclei. First is the rostral (midbrain/pons) group which consists of 

four main subdivisions: the caudal linear nucleus (CLi), B9 (from the original nomenclature), 

the dorsal raphe (DR), and the median raphe (MR). The DR is further subdivided into the 

dorsal, ventral, lateral wings, interfascicular, and caudal parts. The MR is further divided into 

the prepontine (PPnR), pontine (PnR), and paramedian parts. The second major brainstem 

division is the caudal (medulla) groups. This group also has four subdivisions: the nucleus 

raphe magnus (RMg)—with dorsal and ventral subdivisions, the nucleus raphe obscurus 
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(ROb), the nucleus raphe pallidus (RPa) and the ventrolateral medulla (VLM) (Jacobs & 

Azmitia, 1992).  

Ultimately, these two nomenclatures are parallel to some extent, but the raphe nuclei 

contain a variable mix of serotonergic and non-serotonergic neurons. For instance, the 

proportion of serotonergic neurons ranges from 50% in the DR, to 21% in the MR, and less 

than 10% in the paramedian raphe (Sos et al., 2017). 

Figure 2: Overview of serotonergic neuronal organization and nomenclature 

 

A BRIEF OVERVIEW OF SEROTONERGIC FUNCTIONS 

i. NEUROPLASTICITY 

 

A relationship between serotonin and different types of neuroplasticity appears to be 

well established, including learning and memory, brain derived neurotrophic factor 

(BDNF) release, interactions with cell adhesion molecules, and the critical period in the 

development of the visual system. Neuroplasticity is an umbrella term referring to the 
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brain's ability to adapt, structurally, to changes in either the internal or external 

environment (Pascual-Leone et al., 2005; May 2011). One part of neuroplasticity is 

neurogenesis which refers to newly born neurons. Another aspect is synaptic plasticity, 

which is the brains’ ability to sense, assess, and store information used ultimately for 

modification of synaptic transmission. It can be achieved through the regulation of the 

number of synapses (synaptogenesis), which is a crucial part of neuronal development in 

early life.  

Another aspect of serotonin’s involvement in plasticity is its interactions with BDNF 

and cell adhesion molecules. For example, while BDNF administration to cell cultures 

promotes the growth of serotonergic neurons and dendrite lengths; on the other hand, 

serotonin increases BDNF mRNA in raphe neuronal cultures (Homberg et al., 2014). 

Another line of evidence suggests that serotonin interacts with synaptic adhesion 

molecules. Serotonin increases the polysialylated form of the neural cell adhesion 

molecule (PSA-NCAM), which has a role in synaptogenesis and neurite remodeling. 

Moreover, PSA-NCAM is considered a marker of developing neurons with decreasing 

expression during maturation. Additionally, fluoxetine (a selective serotonin reuptake 

inhibitor (SSRI)) has been demonstrated to increase the expression of PSA-NCAM in the 

prefrontal cortex and alter the morphology, connectivity, and plasticity of cortical 

interneurons (Varea et al., 2007; Guirado et al., 2014). 

Perhaps the most interesting evidence of the role serotonin may play in plasticity 

stems from a large-scale randomized clinical trial of SSRIs in acute stroke patients which 

found that initiating fluoxetine after an ischemic stroke improved motor outcomes at 90 

days (Chollet et al., 2011). In fact, a meta-analysis of over 4000 stroke patients showed a 
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similar benefit of SSRIs in recovery (Mead et al., 2012). Adding to this evidence are 

animal studies showing that SSRIs are capable of reopening the critical period for ocular 

plasticity in adulthood (Maya Vetencourt et al., 2008; Guirado et al., 2016). Critical 

periods are timeframes in neural development characterized by the potential for large-

scale synaptic plasticity and cortical reorganization. With regard to the role of serotonin 

in reopening critical periods, serotonin can modulate the homeostatic response of visual 

circuits by decreasing inhibition and therefore, tipping the excitatory–inhibitory balance 

in favor of excitation (Baroncelli et al., 2010; Guidotti et al., 2012). Similarly, SSRIs 

have been shown to decrease the overall inhibitory tone in the adult rat visual cortex in a 

serotonin-dependent manner by decreasing extracellular GABA and reducing the number 

of GABAergic interneurons (Maya Vetencourt et al., 2008; Ohira et al., 2013; Ng et al., 

2015). With SSRIs decreasing the inhibitory tone of the circuit, the cortex becomes 

hyperexcitable, creating an environment permissive for novel visual experiences to affect 

circuit organization in a way that is not typically seen in adulthood (Vialou et al., 2015). 

Finally, serotonin has been shown to have a role in reversal learning and synaptic 

plasticity (see section on Compulsivity, Impulsivity, and Learning). 

 

ii. RESPIRATION AND BODY TEMPERATURE 

Serotonin was perhaps first linked to respiration in 1951 when Reid & Rand noted 

that intravenous injections of serotonin induced apnea in cats (Reid & Rand 1951). Over 

time, the link of serotonin to respiration was further defined to a role in the 

chemoreflex—a physiological phenomenon where increases in carbon dioxide (CO2) lead 

to an increase in respiration in an effort to eliminate CO2, thereby restoring the CO2-pH 
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homeostasis. In fact, serotonin neurons are located in close proximity to arteries entering 

the brainstem as well, placing them in an ideal position to detect changes in CO2 levels 

(Kumar and Prabhakar, 2012). Adding more evidence to the role serotonin has in 

respiration is an in vitro study on the brainstem-spinal cord of a newborn rat found that 

serotonin facilitated respiratory rhythms through the 5-HT receptors in the rostral VRC of 

region in the medulla and motor neurons through 5-HT2 receptors (Di Pasquale et 

al.1992). Further studies continue to link serotonin to respiration while improving our 

understanding of the mechanisms underlying this phenomenon. For instance, both in vivo 

and in vitro studies have shown serotonin neurons increase their firing rate in response to 

hypercapnia (increased CO2 in the bloodstream), while lesions of serotonin neurons 

decrease this response (Feldman et al., 2003; Nattie et al., 2004; Dias et al., 2007).  

Studies on serotonergic neuron activity during anesthesia from isoflurane 

administration indicate that DR neurons may in fact, facilitate emergence from general 

anesthesia. While experimental manipulations activating or inhibiting serotonergic 

neurons have revealed little-to-no influence on anesthetic induction times, these 

manipulations do have a significant impact on regaining consciousness following 

anesthesia (emergence). The activation of serotonergic neurons (electrically and 

agonistically) significantly shortens emergence times while their inhibition has the 

opposite effect—prolonging the time to regain consciousness following anesthesia (Ao et 

al., 2021). Supporting this finding, while monitoring activity levels through calcium 

signaling, this group also found that activity levels of serotonergic neurons decrease as 

expected during the initiation of isoflurane anesthetic yet recover activity levels prior to 

the animal regaining consciousness (Ao et al., 2021). Taken together, these results 
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indicate serotonergic neurons may have a role in facilitation of emergence from 

anesthesia. 

In addition to the role serotonin has in respiration is the role it plays in 

thermoregulation. This link has been primarily elucidated through studies on a transgenic 

mouse model that targeted Lmx1b (f/f/p). LIM homeobox transcription factor 1 beta 

(Lmx1b), is a conditional knock-out mouse where Lmx1b is only deleted in Pet1-

expressing serotonergic neurons and nearly all central serotonin neurons fail to survive 

(Zhao et al., 2006). When exposed to cold environments, these mice display either a 

decreased or abolished shivering response that is typically observed in warm blooded 

animals for thermogenesis (Hodges & Richerson, 2008, 2010). The serotonin inputs 

contributing to gating the spino-parabrachial thermoafferent pathway provides an optimal 

interaction between thermoregulation and the respiratory response for serotonin, 

indicating that the lateral parabrachial nucleus of the dorsolateral pons may be a crucial 

component for this response (Song & Poon, 2009). 

 

iii. SEXUAL BEHAVIOR 

Multiple lines of research have implicated serotonin in the regulation of sexual 

behaviors. Research in rodent models shows compounds that increase serotonin levels 

lead to a decrease in sexual behavior, while the opposite is true for compounds that 

decrease serotonin levels (Moll & Brown, 2011; Uphouse, 2014). An example of this 

effect was seen by Kang et al., when they treated male rats with DA 8031 (an SSRI) and 

found an increase in ejaculation latency and reduced number of ejaculations (Kang et al., 

2014; Angoa-Perez & Kuhn, 2016). A possible underlying mechanism for the role 
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serotonin plays in sexual behavior is the 5-HT1A receptor; however, it has curiously been 

shown to facilitate sexual behavior in male rats while inhibiting sexual behavior in 

female rats. Therefore, there may actually be a divergent role of the 5-HT1A receptors by 

gender (Eelke et al., 2013). The association of serotonin with sexual behavior is further 

supported by reports that SSRIs reduce sexual desire in both human males and females 

(Burri et al., 2012). A recent double-blind study looked at treating individuals dealing 

with a sexual addiction with an SSRI (Citalopram) and found that after 4 weeks of 

treatment, compared to a placebo group, individuals treated with 30-60 mg of Citalopram 

significantly reduced sexual desire, use of pornography, and masturbation frequency 

(Malandain et al., 2020). Our understanding of the influence serotonin has on sexual 

behavior has also led to several studies using SSRIs as a therapeutic treatment for 

premature ejaculation in human males (De Jong et al., 2006; Malandain et al., 2020). 

These studies show that SSRIs exert only a minimal ejaculation delay in the first week 

that is often not clinically relevant, with clinical relevancy of ejaculation delay occurring 

gradually after 2–3 weeks of treatment—which interestingly corresponds with the time-

lapse for reducing depressive symptoms (Olivier et al., 2010). Taken together, the 

research in both rodents and human subjects indicates that increased serotonin levels 

decrease sexual behaviors.  

 

iv. COMPULSIVITY, IMPULSIVITY, AND LEARNING 

Studies using invertebrates such as Aplysia first linked serotonin to a role in learning 

when it was found that alterations in serotonin levels influenced short-term facilitation 

(STF). Specifically, knocking down a serotonergic receptor (5-HTapAC1) completely 
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blocked STF while stimulation of serotonergic functions facilitated STF through 

interactions with adenylyl cyclase (Lee et al., 2009). Further supporting the role serotonin 

has in learning is a study on D. melanogaster which provided compelling evidence 

serotonin is required for place memory (Sitaraman et al., 2008). Short- and long-term 

plasticity in invertebrates have also been reported, notably in Drosophila, Apis mellifera, 

and honeybees (Blenau & Thamm, 2011). In mammals, serotonin has been implicated to 

have a role in three separate areas contributing to learning/memory: compulsivity, 

impulsivity, and reversal learning.  

Compulsivity is a type of disturbance in behavioral control defined as a tendency to 

respond in a preservative manner that is situationally inappropriate and maladaptive 

(Robbins & Crockett, 2010). It is also clinically distinguished from impulsivity; however, 

there is significant overlap in the possible roles’ serotonin plays in each of these and 

therefore will be covered together (Hollander & Rosen, 2000). Overall, the 5-HT2A/C 

receptors have been implicated as the underlying mechanisms for each of these. Current 

understanding of compulsions was advanced by research on compulsive cocaine seeking 

in rats. The criterion for compulsive behavior in this paradigm is the persistence of 

cocaine-seeking behavior despite adverse consequences of punishment via electric foot-

shock and showed that the rats had reduced forebrain 5-HT and that the compulsive 

cocaine seeking could be reversed with an acute dose of citalopram (an SSRI), or with a 

5-HTA/C receptor agonist (Pelloux et al., 2012). Significantly, the compulsive cocaine 

seeking behavior could even be simulated in normal rats with either a treatment of a 

selective 5-HT2C receptor antagonist or by blocking a selective 5-HT2A receptor 

antagonist. A particularly important advancement in our understanding of serotonin’s role 
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in impulsivity arose from several lines of evidence demonstrating that individual 

differences in impulsive action reflect variations in cortical 5-HT2A receptors (Fink et al., 

2015). These studies showed that rats screened to be highly impulsive on the 5-choice 

Serial Reaction Time Task, exhibited a greater head-twitch response following 

administration of a 5-HT2A receptor agonist, DOI. Furthermore, the rats exhibited a 

greater sensitivity to a reduction in impulsive responding after administration of the 5-

HT2A receptor antagonist. Notably, this is the same pattern of effects as seen for 

impulsive behavior, suggesting a shared substrate for compulsive behavior, yet it is 

distinct from the opposite profile seen in reversal learning. Procedures for measuring 

compulsivity in humans and animals tend to involve modifications of reinforcement rules 

so that persistent responding becomes suboptimal and reversal learning is a common 

procedure based upon this approach. In reversal learning procedures, subjects are 

typically required to discriminate between two stimuli, one of which is associated with 

positive reinforcement and the other with the omission of reinforcement. When 

discrimination of these stimuli has been learned to a high level of performance, the 

reinforcement rules are switched, so that the previously rewarded stimulus is now never 

rewarded and vice versa. Continued responses at the previously correct stimulus are 

termed ‘perseverative errors’ and can be taken as an index of compulsive responding. 

Mechanisms involved in the regulation of synaptic serotonin levels have been heavily 

implicated in reversal learning. For instance, one study found numerous serotonin 

alterations in the orbitofrontal cortex of a population of rats identified as having high 

preservation (low reversal learning) rates. These alterations consist of reduced serotonin 

metabolite levels, abnormal 5-HT2A receptor binding, as well as abnormal expression of 
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monoamine oxidase genes in the DRN (Barlow et al., 2015). This finding is consistent 

with previous research on vervet monkeys which found individual differences in 

monoamine levels (including serotonin) in the orbitofrontal cortex were able to explain 

individual variation in reversal learning performance (Groman et al., 2013). Additional 

evidence for the role of serotonin in reversal learning stems from genetically modified 

mice lacking the serotonin transporter exhibiting fewer preservative errors on reversal 

learning compared to controls. Neurobiological recordings of serotonin neuron activity in 

head-fixed mice during a reversal learning task showed close resemblance to the 

characteristic prediction-error neural activity seen in midbrain dopamine neurons, 

indicating that serotonergic cells may convey information on reinforcement related 

events, including reward-predictive cues (Matias et al., 2017).  

 

SEROTONERGIC AXON DEVELOPMENT 

An important feature of serotonergic neurons is that their axons produce convoluted 

trajectories and innervate nearly every area of the brain. Due to their extremely long 

trajectories, these axons are typically referred to as serotonergic “fibers.” Serotonergic fiber 

development is outlined using the original B1-B9 nomenclature. It begins following 

migration when serotonin cell groups are distributed in nine groups (B1–B9). The posterior 

groups (B1-B3) mainly consist in raphe magnus sending projections to the medulla, the 

spinal cord, and the periphery, while the dorsal raphe (B6, B7) and the median raphe (B5, 

B8) contain ascending serotonergic fibers projecting to the telencephalon and diencephalon. 

In the mouse, as early as embryonic day 12 (E12) serotonin neurons start to elongate their 

axons rostrally in the medial forebrain bundle (mfb). Starting from E13, serotonergic axons 
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begin making their way to their target regions by initially traveling together along the mfb 

before diverging to their specific destinations at either the fasciculus retroflexus (fr) (toward 

the habenula), the hypothalamus (hyp), the striatum, or the septum (se) (Vitalis et al., 2013). 

At this point, fiber trajectories become more tortuous and increasingly “random”, ultimately 

reaching their targets by the end of gestation. Morphologically, at birth fibers appear as thick 

and dot-shaped enlargements with few detectable connections. As they mature, fibers 

progressively become smoother and more uniform along their length up to postnatal day 28 

(PND 28) (Maddaloni et al., 2017). 

During postnatal development, the serotonergic system undergoes terminal field 

development—a massive and progressive increase in the amount of serotonergic fibers 

within the target region (Lidov & Molliver, 1982). Studies measuring the total length of 

developing serotonergic fibers have identified distinct developmental patterns showing 

progressive or transient increases in fiber length with region-specific timing. For example, 

total fiber lengths (within a 3D stack) progressively increased in the caudate putamen (CPu), 

basolateral amygdala (BLA), dorsal lateral geniculate nucleus (DLG) and substantia nigra 

(SN). However, in the BLA and SN, the total length of serotonergic fibers started increasing 

at PND 7 while fibers in the CPu and DLG regions began increasing on PND 14. All regions 

had a peak in fiber length at PND 28 which remained unchanged up to adulthood (Maddaloni 

et al., 2017).  

Underlying these growth and innervation patterns are a handful of specific axon 

guidance molecules that have been shown to act in the selective orientation and targeting of 

the serotonin raphe axons. For instance, wingless-related integration site (WNT) is a secreted 

morphogen that controls neuron specification and axon growth and has been shown to play a 
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major role in the initial polarity and orientation of serotonergic axons along the anterior to 

posterior axis (Fenstermaker et al., 2010). For example, gain- and loss-of-function 

experiments indicate that WNTs act as chemoattractants for both the ascending and the 

descending serotonin raphe neurons. Providing further evidence of WNT’s role, other studies 

show that E11 - E12 serotonergic raphe neurons express WNT receptors (FRIZZLED3, 

CELSR3, and VANGL2) and mice deficient for one or another of these receptors appear to 

have abnormal orientations of raphe serotonin axons. Specifically, rostrally oriented axons 

appeared misrouted laterally and caudally while serotonin axons arising from the posterior 

cluster showed aberrant rostral orientation of their axons. This ultimately resulted in an 

abnormal ingrowth of serotonin axons in an area normally devoid of them—the R4 region 

(posteroventral cochlear nucleus and rostroventral part of the dorsal cochlear nucleus) during 

early embryonic development (Fenstermaker et al., 2010).  

Another guidance molecule involved in serotonergic fiber development is ephrin—a 

type of Eph protein which belongs to the superfamily of transmembrane tyrosine kinase 

receptors. Eph proteins were initially identified from an overexpression discovered in human 

carcinomas, triggering a large number of studies aimed at describing their function. The role 

the Eph proteins play as signaling molecules arise from their ability to allow for short 

distance cell-to-cell communication, activating signaling pathways affecting cellular 

cytoskeletons and resulting in cell repulsion (and cell adhesion in some circumstances). 

Specifically, some of the decision-making steps in long distance growth cone guidance 

depends on ephrin-Eph signals. In turn, these signals drive regional differences in actin 

dynamics within growth cones and resulting in growth cone turning or ultimately, the choice 

of a particular axon trajectory (Kania & Klein, 2016). In the matter of ephrin’s role in 
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serotonergic fiber development, expression of a specific Eph receptor gene, EphA5, is 

unequally distributed across the raphe nuclei with a high expression found in the DR and low 

expression in the MR. Growth cones from axons with the EphA5 receptor have been shown 

both in vitro and in vivo to be repelled by ephrinA, explaining why DRN axons avoid 

innervating areas with high ephrinA expression while MRN axons innervate these areas 

freely (Teng et al., 2017). Supporting this theory, studies using EphrinA5 knockout mice 

show that serotonin axons originating in the DRN end up innervating regions with high 

ephrinA expression (Deneris & Gaspar, 2017). Overall, these studies indicate that ephrin may 

be involved in selective targeting of axons originating from the DRN vs the MRN. 

Protocadherins, Lmx1b and BDNF have also been shown to be involved in axonal 

growth and development. Protocadherin clusters are the largest family in the cadherin 

superfamily. The murine cluster of protocadherins are further divided into 3 subfamilies (α, 

β, γ, or pcdha, pcdhb and pcdhg respectively) based upon their position in the gene cluster. 

The Pcdha subfamily is of particular interest for the development of the serotonergic system 

as high expression levels of these transcripts have been found in raphe nuclei from 

embryonic stages to adulthood (Katori et al., 2009). Additionally, when pcdha is knocked out 

in mice, serotonin axons approach their target regions as normal but do not form the same 

arborizations as wild type mice do—resulting in an abnormal distribution pattern of axons in 

adulthood. The role for Lmx1b in axonal growth was briefly outlined in the previous section 

covering serotonin and respiration. BDNF may have a trophic role of supporting axonal 

growth and remodeling in the adult brain as chronic BDNF infusions into the serotonergic 

terminal fields of PCA treated rats stimulated regenerative sprouting (Mamounas, et al., 

2000).   
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FIBER MORPHOLOGICAL DIVERSITY AND VARICOSITIES 

i. MORPHOLOGICAL DIVERSITY 

In the adult mouse brain, two unique morphologies of serotonergic fibers have been 

described, the D fibers, and the M fibers. The D fibers are the more abundant of the two 

and are characterized by their thin appearance and fusiform homogenous varicosities. 

Conversely, the M fibers are thick and have large, oval varicosities (Kosofsky & 

Molliver, 1987). Another layer of complexity of these fibers is they have been shown to 

be highly collateralized (branched) with these patterns varying across terminal regions 

(Waselus et al., 2011; Gagnon & Parent, 2014; Ren et al., 2018). These collateralizations 

endow individual serotonergic neurons with the possibility of modulating multiple 

regions alone. For example, some DR neurons have been shown to fire in a time-locked 

manner to the hippocampus theta rhythm (Hyman et al., 2005; Jones & Wilson, 2005), 

while individual DR neuron reconstructions utilizing single-color, intracellular tracer 

injections have shown projecting collateralizations innervating both the prefrontal cortex 

and the hippocampus (Gagnon & Parent, 2014), suggesting the activity in both structures 

can be modulated by a single DR neuron. Extensive literature review has not revealed 

any publications further describing collateralization frequencies or patterns of individual 

serotonergic axons more definitively.  

 

ii. VARICOSITIES 

Along serotonergic axons are enlarged, or dilated portions called varicosities—which 

are the primary sites of serotonin release. Research exploring the dynamics of varicosities 

appears to be limited; however, some studies have suggested a relationship between 
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extracellular serotonin levels with the size and distribution of their varicosities (Daubert 

et al., 2010). Varicosities have been assumed to be evenly distributed to ensure serotonin 

can reach all targets in an efficient manner (Bunin and Wightman, 1998). However, a 

study by Chen and Condron (2008) found that the varicosity distribution in Drosophila 

was not as uniform as expected. In fact, recent findings from multiple research groups 

indicate that varicosities may be much more dynamic than previously thought—

motivating a systematic study into their structure and dynamics. One such study found a 

significant increase in the number of large varicosities (>9 μm2) in all layers of the 

prefrontal cortex in aged A53T α-synuclein expressing mice (a mouse model for 

Parkinson’s Disease) (Wihan et al., 2019). An increase in enlarged varicosities has also 

been shown in Drosophila with excess serotonin levels (Daubert et al., 2010). On the 

other hand, a study that compared rats injected with kainate to induce post-status 

epilepticus (post-SE) with saline-injected controls has shown a loss of small varicosities 

(Maia et al., 2019). This same study also found an increase in the density of large 

varicosities in infralimbic layers II/III and in all subdivisions of the dentate gyrus (Maia 

et al. 2019). The gap in knowledge surrounding the developmental mechanisms behind 

varicosities started to be answered in a very recent study looking at axonal growth 

following TBI’s, which points to the induction of these swellings being caused by 

transverse compression (Sun et al., 2022). However, this is yet to be explored specifically 

in serotonergic axons. Another interesting study suggests that the development of new 

serotonergic varicosities may be a mechanism in the long-term facilitation of learning 

(Upreti et al., 2019). 
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5-HT SYNTHESIS & RELEASE  

Serotonin synthesis is a two-step process that occurs within the neuron. First, the 

essential amino acid, tryptophan, is converted into 5-hydroxytryptophan (5-HTP) by 

tryptophan hydroxylase. Next, 5-HTP is converted into serotonin (5-HT) through 

decarboxylation by the enzyme, aromatic amino-acid decarboxylase (AADC). Once 

serotonin is synthesized, it is transported into synaptic vesicles by a vesicular monoamine 

transporter, VMAT2, and stored in varicosities along serotonergic fibers. When an action 

potential is received, the synaptic vesicles then undergo exocytosis and fuse with the 

membrane to release serotonin. From here, there are a few different paths that serotonin 

molecules can take. Initially, some of the serotonin will bind to postsynaptic receptors while 

some will leave the synaptic cleft through diffusion. Alternatively, some of the serotonin can 

be taken back into the cell via a reuptake mechanism mediated by the serotonin transporter 

(SERT), where it will either loaded back into synaptic vesicles by VMAT2 or converted by 

monoamine oxidase (MAO) into 5-hydroxyindoleacetic acid (5-HIAA) (Mosienko et al. 

2015). 

 

NEUROTRANSMITTER CO-RELEASE 

Studies utilizing several approaches (e.g., immunohistochemistry, transcriptional 

profiling, in-vitro systems) have indicated that many serotonergic neurons may co-release 

other neurotransmitters such as glutamate, GABA, and neuropeptides. 

The potential for co-release of glutamate from serotonergic cells has the most 

supporting evidence of these three. The earliest evidence stems from an 

immunohistochemical co-localization study in 1983 that targeted serotonin and glutamate 
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(Storm et al., 1983). However, the detection of glutamate is not enough evidence to prove 

that serotonergic cells are co-releasing it. As outlined in the previous section, the ability to 

package the neurotransmitter into vesicles is also needed for release. The identification of the 

glutamate vesicular transporter, Vglut3, in serotonergic neurons has addressed this gap (Gras 

et al., 2003). In fact, studies have shown that Vglut3 is expressed both at the mRNA and 

protein level by a set of cell groups in the rat brain, including serotonergic neurons in the DR 

and MR (Herzog et al., 2004). Further investigations found that roughly 80% of serotonergic 

neurons in the rat ventromedial DR and MR express Vglut3 (Hioki et al., 2010). On the other 

hand, other studies have reported a pronounced group of Vglut3-positive, but serotonin-

negative neurons residing between the dorsal and ventral DR regions—suggesting not all DR 

Vglut3-expressing neurons produce serotonin (Commons, 2009). Rounding out the evidence 

of glutamate co-release is an in-vivo study in rats using acute slice, optogenetic 

electrophysiology and electron microscopy, showing that channelrhodopsin (ChR)–green 

fluorescent protein (GFP)-expressing fibers emanating from neurons in the MR formed 

functional synapses with hippocampal GABAergic interneurons, where they released 

serotonin and glutamate upon photo-stimulation (Varga et al., 2009). The co-release of 

serotonin and glutamate led to a rapid depolarization of postsynaptic hippocampal 

interneurons through the 5-HT3A receptors, and the glutamate AMPA-type and NMDA-type 

receptors. 

When it comes to serotonin and GABA co-release, studies have hinted toward this 

possibility from expressions of key GABAergic genes by certain serotonergic neurons 

(Okaty et al., 2015). Specifically, RNA sequencing studies in mice have found that 

serotonergic neurons have varying expressions of the synthetic enzymes for GABA 
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production—GAD1 and GAD2 (Niederkofler et al., 2016; Okaty et al., 2015). However, 

unlike the situation for serotonin and glutamate, there is an absence of the GABA vesicular 

transporter in GAD1 and GAD2 expressing neurons in the DR. Although this suggests that 

these cells do not package GABA for release, there are other methods that these cells may be 

utilizing for release as well as other explanations for the expression of GAD1 and GAD2. 

First, these serotonergic neurons may release GABA through reversal of the GABA 

membrane transporter (GAT1) (Wu et al., 2007). Other studies have shown that midbrain 

dopaminergic neurons can release GABA through VMAT2 vesicular transport instead of 

VGAT, meaning the absence of VGAT in serotonergic neurons does not preclude the 

possibility of synaptic GABA release (Titsch et al., 2012). One more explanation for the 

expression of GAD1 and GAD2 is that GABA could have some other role in these 

serotonergic neurons such as intracellular signaling.  

The last category of possible co-release from serotonergic neurons is with 

neuropeptides. In mice, much of the evidence arose from detection of mRNAs encoding 

neuropeptides. A recent study in the mouse MR found both mRNA and peptide expression 

for Penk, Tac1, TRH (thyrotropin-releasing hormone), CALCA (calcitonin gene-related 

peptide), and CCK (cholecystokinin) in serotonergic neurons (Yan et al., 2013). One 

interesting finding was that Tac1 co-expression with serotonergic neuron markers are 

detected in only a small subset of DR 5-HT neurons in mice, yet in humans, around 50% of 

DR and 25% of MR serotonergic neurons co-express Tac1 mRNA (Okaty et al., 2015, 

Hennessy et al., 2017).  
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SEROTONIN RECEPTORS 

The astounding variety of serotonin receptors is one of the factors that explains the 

wide spectrum of influence that serotonin has in the brain. There are seven families of 

serotonin receptors named 5-HT1-7 and 14 known distinct receptor subtypes (e.g., 5-HT2A) 

(Bockaert et al. 2006).  Apart from the 5-HT3 ionotropic receptor, all other serotonin 

receptors are G protein-coupled receptors (GPCR) that couple to all three GPCR pathways 

(Gαi/o, Gαq/11, and Gαs).  

The first GPCR pathway is the Gαi/o pathway, which is pertussis toxin sensitive and 

couples negatively to adenylate cyclase; in cells, this may lead to membrane depolarization 

and inhibition of firing. Serotonin receptors that are coupled to the Gαi/o pathway include 5-

HT1A-B/D-F, along with 5-HT5A-B. The function of the 5-HT1A receptor differs based on its pre- 

or postsynaptic location. Pre-synaptic 5-HT1A receptors are auto-receptors that inhibit further 

release of serotonin, while the postsynaptic receptors help modulate the postsynaptic neuron. 

For example, postsynaptic 5-HT1A receptors may help modulate the release of postsynaptic 

dopamine (Meltzer & Roth, 2013). Due to this function, the 5-HT1A receptor has been the 

target of pharmaceutical drugs to treat anxiety, depression, and have even been targets for 

anti-psychotics. The 5-HT5 receptors are unique as they can only be found in human cortical 

layers and the cerebellum (McCorvy & Roth 2015). 5-HT5A antagonists have been shown to 

impair memory and reduce acoustic startle (Gonzalez et al. 2013; Curtin et al., 2013). 

The second GPCR pathway is the Gαq/11, in which receptors work by activating 

phospholipase-C and ultimately increase intracellular calcium levels. Serotonin receptors 

coupled to the Gαq/11 pathway are 5-HT2A-C. The 5-HT2A receptor is widely distributed in the 

central nervous system and research has recently been revitalized due to its known 
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hallucinogen action and the promising effects of psychedelics in psychological disorders 

(Miranda et al., 2019). Generally, there is an abundance of research in both humans and 

rodent models on the possible roles the 5-HT2A receptor has in learning and memory. In 

humans, polymorphisms in the HTR2A gene result in significant impairments to memory 

recall (Zhang & Stackman, 2015). In rodents, stimulation of these receptors by DOI induces 

Ca2+-dependent TG with downstream effects ultimately leading to an increase in dendritic 

spine size. This suggests that serotonin may influence its own dendritic spine morphology 

and plasticity (Bockart et al., 2021). The 5-HT2A receptor has also been implicated in mental 

illnesses such as schizophrenia, depression, and Tourette Syndrome (Meltzer & Roth, 2013). 

The 5-HT2C receptor on the other hand, has varied effects. It has been associated with the 

rewarding effects in antidepressants, shown to induce cell proliferation, and has been used as 

a target for appetite suppressants (Banasr, 2004; Thomsen, 2008; McCorvy et al. 2011).  

The third group of serotonin GPCRs is coupled to the Gαs pathway. The Gαs pathway 

functions by positively coupling with adenylyl cyclase and increasing cAMP. Serotonin 

receptors that couple to this pathway are 5-HT4/6-7. The 5-HT4 receptor is mostly located 

post-synaptically and agonists for it have been shown to increase the release of 

neurotransmitters from GABAergic, dopaminergic, and serotonergic neurons. The 5-HT6 

receptors are expressed almost exclusively in the central nervous system (CNS) where the 

highest concentrations are in the limbic and cortical regions. Selective antagonists for this 

receptor likely work through de-inhibition of GABAergic inhibition to increase glutamate 

release. Finally, 5-HT7 receptors are localized on the soma and axon terminals of GABAergic 

neurons and have been implicated in thermoregulation and activation of rapid-eye movement 
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(REM) sleep via the modulation of the suprachiasmatic nucleus neurons in functional studies 

(Thomas & Hagan, 2004; Quintero-Villegas & Valdes-Ferrer, 2022). 

 

SEROTONERGIC FIBER TERMINAL FIELD DENSITIES 

The meshworks formed by serotonergic fibers within their terminal fields can be 

highly variable in both the number of fibers that occupy them and the morphology of the 

individual fibers. For instance, in the medial prefrontal cortex (mPFC) and orbitofrontal 

cortex (ORB), cortical layers I, V and VI have higher densities than the intermediate layers 

(II-IV). However, fiber densities can vary across brain regions; for instance, in the granular 

layer IV of the insular cortex (INC) has the highest fiber density (Linley et al., 2013). 

Numerous studies of serotonergic fiber densities have been conducted in multiple 

species including rats, mice, ferrets, hamsters, cats, multiple non-human primates, as well as 

humans. These studies have found a generally higher density of serotonergic fibers in layers 

I-III with lower densities in the intermediate layers (Vertes, 1991; Awasthi et al., 2020; Voigt 

& De Lima, 1991; Morin and Meyer-Bernstein, 1999; Leger et al., 2001; Foote and 

Morrison, 1984; Lew et al., 2019). Awasthi (2020) found an overall significantly higher 

density of serotonergic fibers in the nuclei of forebrain limbic structures in mice, suggesting 

serotonin could have modulatory effects on emotional and cognitive behaviors. Supporting 

this finding, a study by Lew (2019) looked at the innervation of serotonergic fibers in the 

amygdala of three evolutionarily closely related species with increasingly complex social 

behaviors (chimpanzees, bonobos, and humans) and found significantly greater serotonin 

fiber density and differential patterns of innervations within distinct subdivisions of the 

amygdala in humans and bonobos compared to chimpanzees which may support the greater 
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behavioral flexibility in response to social situations in these species. There were two specific 

findings in humans that suggest that the serotonin system may be specialized for reduced 

emotion reactivity and greater behavioral control. The first is the significantly greater density 

of serotonergic fibers in the central nucleus compared to the lateral nucleus, suggesting 

increased neuromodulation of projections out of the amygdala (critical to physiological 

mechanisms that contribute to emotional and behavioral responses) and the second is an 

increased fiber density in the accessory basal nucleus—a site for integration of information 

from the neocortex and regulatory centers—which may facilitate a greater integration of 

autonomic and cognitive circuitry.  

Despite the random appearance of individual fiber trajectories and the apparent 

variability in the networks that they form, the overall serotoninergic fiber densities are 

relatively stable from person to person and across species (Awasthi et al., 2020). Indeed, a 

recent study has shown that even though regenerating serotonergic fibers do not follow their 

previous trajectories, they can still restore the layer-specific density (Kajstura et al., 2018; Jin 

et al., 2016; Hawthorne et al., 2011).   

 

SEROTONERGIC FIBER PLASTICITY 

It is a widely held notion that injured axons in the mammalian CNS do not have the 

capacity to regenerate. This is primarily due to the neuroinflammatory response to injury 

activating astrocytes. The activation of astrocytes results in the release proinflammatory 

molecules essential for healing, but at the same time, these astrocytes also tend to 

hypertrophy in response to injury over time—forming a physical barrier of glial scar tissue 

while also secreting inhibitory chondroitin/keratan sulfate proteoglycans. Together, the 
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physical and molecular barrier caused by the activated astrocytes is likely the leading cause 

of the long-term dystrophic state seen in the majority of non-regenerating axons (Robinson et 

al., 2016). However, there is mounting evidence indicating that serotonergic axons could be 

an exception. For instance, when Traumatic Brain Injury (TBI) was induced in mice by either 

open skull injury or controlled cortical impact (CCI), significant recovery of serotonergic 

axons was observed at one and three months after injury (Kajstura et al., 2018). In fact, 

regrowth of serotonergic fibers has been reported following several methods of injury 

induction, including neocortical stab injury (Jin et al., 2016), as well as both thermal and 

amphetamine lesions (Hawthorne et al., 2011; Mamounas et al., 2000). Studies on the 

underlying factors enabling this response in serotonergic fibers have revealed two key 

molecules: growth-associated protein 43 (GAP-43), and Brain Derived Neurotrophic Factor 

(BDNF). GAP-43 is a phosphoprotein associated with the membrane skeleton and is enriched 

in growing or regenerating axons (but it is typically downregulated in adulthood). GAP-43 is 

also an important protein for serotonergic development as it is required for proper terminal 

arborization in the forebrain, postnatally. Indeed, serotonin axons in GAP-43 knockout mice 

fail to innervate the cerebral cortex, stalling in subcortical brain areas (Donovan et al., 2002). 

It has also been shown that adult serotonergic neurons continue to make GAP-43 mRNA and 

have an increased expression in adulthood which could be priming serotonergic neurons to 

respond better to injury (Hawthorne, et al 2011). The other molecule possibly underlying 

serotonergic fiber regrowth is BDNF. BDNF is part of a family of neurotrophins that have a 

critical role in the differentiation and survival of neurons during development (Huang & 

Reichardt, 2001). However, even after development a high expression of BDNF remains in 

the brain due to its role in regulating both excitatory and inhibitory neurotransmission as well 
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as activity-dependent plasticity (Tyler et al., 2002; Wardle & Poo, 2003). The neurotrophic 

effects of BDNF arise from binding to tyrosine kinase receptor (TrkB) which promotes cell 

survival, facilitates long-term potentiation, and increases spine complexity (Volosin, 2006). 

In serotonin fibers, although BDNF fails to protect the fibers from degradation, it appears to 

stimulate sprouting of axons. In fact, BDNF treatment stimulated regrowth of serotonin 

axons up to a month following PCA induced degradation (Magdalena et al., 2019). 

If serotonin fibers are not static and continue to grow in the adult brain as these 

studies have suggested, then what process allows for achieving a steady equilibrium of 

densities? It has previously been suggested that serotonin fibers may be routinely interrupted 

and that these interruptions may be associated with microglia (Figure 3). 

Figure 3: A Super-resolution (Leica, STED) image of possible contact (indicated by asterisks) from microglia 

processes (green), with a serotonergic fiber (red, arrows). The contacts delimit an apparent fiber break between 

asterisks. The image was obtained in a section of the mouse neocortex, visualized using immunohistochemistry 

methods detailed above. Scale bar = 3 µm. From Janusonis et al. (2019). 

 

SEROTONIN AND PSYCHOLOGICAL DISORDERS 

Parallel to its vast influence on behavior and physiological processes, serotonin has 

been implicated in an array of clinical disorders, including autism spectrum disorder (ASD), 

major depressive disorder (MDD), sudden infant death syndrome (SIDS), schizophrenia, 

anxiety disorders, and even impulse control disorders to name a few. Autism Spectrum 

Disorder is arguably the most difficult psychological disorder to study due to the notoriously 

wide array of clinical symptoms that patients exhibit along with high rates of comorbidity 
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with other disorders. These can range from seizures, anxiety and compulsive disorders to 

social/language deficits and even gastrointestinal problems. In fact, over 100 different genes 

and 44 genomic loci have been implicated in ASD (Betancur, 2011). However, there is a 

common factor behind these symptoms, as most of them have also been associated with 

abnormalities in the serotonergic system. Physiological and anatomical differences that have 

been observed in individuals with ASD provide further evidence for serotonin having a role 

in ASD. For instance, a physiological difference seen in many ASD individuals is 

hyperserotonemia (whole-blood serotonin levels exceeding the 95th percentile), which 

remains a stable biomarker in patients with an occurrence in roughly 30-40% of individuals 

with a confirmed diagnosis (Muller et al., 2016). Anatomical differences in the serotonin 

system have also been identified in ASD patients. For instance, decreased 5-HT2 receptor 

binding has been found both peripherally and centrally in ASD patients. Platelet studies 

(Mcbride et al., 1989; Cook et al., 1993), a postmortem study (Oblak et al., 2013), along with 

two neuroimaging studies (SPECT and PET) (Murphy et al., 2006; Goldberg et al., 2009) all 

found decreased 5-HT2 receptor binding in ASD patients. These consistent findings support 

the idea that peripheral changes in serotonin levels (such as hyperserotonemia), may be 

important markers for central abnormalities in ASD. Other anatomical changes in the 

serotonin system have also been described. Specifically, in another postmortem study, both 

the medial forebrain and the ansa lenticularis ascending serotonin fiber pathways had 

increased fiber densities when compared to controls. Increased counts of immunoreactive 

axons in these pathways, along with the globus pallidus pathway, were also reported in 

individuals with ASD. Since this increase is not confined to one brain region of the 
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serotonergic system, the results point towards a possible global increase of serotonergic 

axons in ascending serotonin pathways (Azmitia et al., 2011).  

Another psychiatric disorder that has been associated with serotonin system 

abnormalities is major depressive disorder. In fact, several differences in the serotonin 

system have been linked to MDD. For example, gene association studies have linked 

polymorphisms of the 5HT1A regulatory region to increased receptor levels in the brain and to 

an increased risk for depression (Nautiyal & Hen, 2017). A meta-analysis of 15 studies also 

has shown decreased SERT binding in the midbrain—a consistent phenomenon that was 

observed in several hundred patients (Gryglewski et al., 2014). Finally, contrasting with 

findings in ASD, a study on donated brains from suicide patients with a confirmed diagnosis 

of MDD, showed a significant decrease (24%) in serotonin fiber density in layer six of the 

dorsolateral prefrontal cortex compared to controls (Austin et al., 2002). This result 

corresponds with findings that individuals with MDD have decreased serotonin levels and 

provides support for the use of SSRIs as a drug therapy in MDD (Berger et al., 2009; Okaty 

et al., 2019).  

Sudden infant death syndrome is a disease characterized by sudden death due to 

respiratory failure. Due to the role of medullary serotonergic neurons in respiratory 

chemoreception, serotonin has been implicated in sudden infant death syndrome (Richerson 

et al., 2001). Interestingly, this does not appear to be due to a reduction of serotonergic 

neurons that would be expected. In fact, the exact opposite has been found. A postmortem 

study has found a significant increase in the number and density of serotonergic neurons in 

the medulla (Bright et al., 2017). However, despite this increase in the number of 

serotonergic neurons, the ratio of 5-HTT binding to these neurons has been shown to be 
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reduced in SIDS cases when compared to controls (Paterson, et al., 2006). This suggests a 

relative decrease in expression of serotonin per serotonergic neuron count. 

 As important as the results regarding fiber densities from the ASD, MDD and SIDS 

studies are, they all possess a major limitation in the method used for the analysis of the 

fibers. These studies use optical densities, or the measurement of the cumulative signal 

densities above the background level. Historically, this has been the most common/preferred 

method for fiber analysis as it provides valuable information about the overall density of 

fibers in a given brain region. However, one flaw to this method is that the physical 

composition of individual fibers in a region can vary a great deal without changing the 

overall optical density. For example, a small tissue volume may contain many different small 

fiber segments, or it could contain just one fiber that is making many twists and turns (thus 

occupying more space) in that area, or the region could even consist of a mixture of both. 

Thus, even though optical density measurements provide important information regarding the 

overall serotonin “tone” in a region, without more information about the behavior of the 

individual fibers residing in these regions, we may never be able to fully understand if fiber 

density differences in psychological disorders such as ASD and MDD arise from differences 

in the total number of fibers, or if the density differences arise from the behavior (tortuosity) 

of single fibers. Therefore, a method for the quantification of single fiber behavior is 

essential for advancement in our understanding of these disorders and to the 

fundamental neuroscience of these systems. 
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CHAPTER 2: RESEARCH AIMS 

The analysis of these fibers has been complicated by their high densities and their 

apparently random trajectories. The recent advances in high-resolution imaging methods, as 

well as the introduction of novel stochastic approaches (Janusonis et al., 2019; Janusonis and 

Detering, 2019; Janusonis et al., 2020), allow us to develop a predictive model of 

serotonergic fibers that we can combine with cutting edge technological methods to improve 

analysis capabilities. Leveraging these, three aims have been developed for this project to 

design an experimental toolbox for the analysis of individual fiber behavior.  

SPECIFIC AIM 1 will establish a procedure for reliable and automated fiber 

tracing and analysis. We developed a transgenic (inducible Cre-based) approach to labeling 

individual serotonergic fibers independently of serotonin accumulation. An algorithm was 

also developed that can automatically and precisely trace labeled fibers in 3D-high resolution 

images and estimate their stochastic parameters in some brain regions (based on a random 

walk driven by the von Mises-Fisher directional probability distribution; further referred to as 

the vMF-walk).  

SPECIFIC AIM 2 will form an approach for separation of individual axons. A 

more powerful approach utilizing Brainbow, and Cre-based technologies was developed 

which effectively expands the dimensionality of the analysis space, while supporting both 

single-fiber and population-level analyses. In this approach, individual fiber trajectories can 

be isolated more easily, and interactions among individual trajectories can be readily 

observed at lower magnifications. The algorithm developed in Specific Aim 1 can be adapted 

to include fluorophore information in decisions when two fibers intersect at distances that fall 

below the limit of optical resolution. 
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SPECIFIC AIM 3 will ensure larger scale, density information is not lost by 

obtaining longer fiber trajectories in their natural 3D-space using tissue clearing and high-

resolution light-sheet imaging. This method is compatible with both transgenic approaches 

used in Specific Aims 1 and 2. To automatically segment fibers in light-sheet scans, we 

tested a recently introduced artificial neural network, with limited but promising results. 

 

 

CHAPTER 3: CONCEPTUAL AND HISTORICAL 

OVERVIEW OF METHODS 

The experimental methods described here were chosen to address our specific aims 

outlined above. First, multiple genetic manipulations were tested with the goal of obtaining 

individual fiber separation. Next, to preserve the natural 3D environment of the brain, tissue 

clearing methods along with refractive index matching were employed; and finally, different 

computational and tracing methods were tested to reduce time and bias while increasing 

accuracy (methodological overview in Figure 4).  
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Figure 4: Methodological overview for analysis of monoaminergic axons. 

 

MOUSE MODELS 

i. CRE-LOXP MODELS 

The cre-loxP mediated recombination system was first discovered in 1981 by 

Sternberg and Hamilton and is a powerful gene editing method that has become a popular 

technique for genetics and cell biology research. They were the first to describe that a 

recombinase enzyme isolated from the P1 bacteriophage can recombine DNA fragments. The 

Cre enzyme causes recombination while the binding sites for loxP are the locus of crossing 

over (x), P1—resulting in the name, cre-loxP (Sternberg & Hamilton, 1981). Since the 

development of the cre-loxP system, over 3,000 reports have been published utilizing the 

technology (McLellan et al., 2017).  

The cre-loxP system has aided in greatly advancing research and knowledge of 

biology by allowing for the targeting of specific gene functions in cell populations from a 
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wide range of tissues. It is also relatively simple to use—requiring only two elements. The 

first is a cell line or animal that is engineered to carry a genetic locus where DNA (often 

genomic) is flanked by two loxP DNA motifs (Sauer & Henderson, 1988). DNA segments 

flanked by loxP sites—referred to as “floxed” loci—can be generated in mice with relative 

ease by targeting embryonic stem cells (ESCs), followed by transplantation into blastocysts 

to generate transgenic mice (Hall et al., 2009).  

The second requirement for the cre-loxP system is that a cell with floxed DNA must 

also express the Cre enzyme. The cell specificity of recombination is controlled by promoter 

and enhancer sequences that drive Cre expression in the cell or tissue type of interest, 

therefore removing the floxed genetic locus in the entire lineage (Gu et al., 1993, 1994). This 

system was improved even more with the inclusion of an inducible Cre system that is still 

controlled by cell-specific regulatory elements, but also allows for temporal control with 

induction by an exogenous inducer (such as tamoxifen or tetracycline) (Nagy, 2000; 

McLellan et al., 2017). The tamoxifen-inducible Cre system is achieved with a modified Cre 

protein fused with the estrogen receptor containing a mutated ligand binding domain (ER-

LBD) (Brocard et al., 1997; Metzger & Chambon 2001; Kim et al., 2018). The fused Cre 

protein is called CreER recombinase, located in the cytoplasm in a form that binds to heat 

shock protein 90 (HSP90). This causes nuclear translocation of CreER and the interaction of 

Cre with loxP sites (Kim et al., 2018).  

 

ii. BRAINBOW MODELS 

The Brainbow transgenic line addresses the problem of identifying individual fibers 

by the inclusion of 3 or 4 fluorescent proteins into a transgene with loxP sites. This allowed 
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us to use the Cre-loxP recombination system to randomly combine these fluorophores in a 

specific cell type. By using this system, the combinatorial expression can give each neuron 

one of roughly 100 colors and thereby enable the distinction of individual neurons and their 

processes from other nearby cells (Cai et al., 2013).  

The Cai research team were faced with two major hurdles that needed to be overcome 

when creating this new method. The first problem is that one of the fluorophores was being 

used as the default color (without recombination), which reduces the number of different 

colors one can obtain. Another difficulty was an uneven labeling of neuronal somata and 

processes. Since unmodified fluorescent proteins labeled somata so intensely, it was difficult 

to resolve nearby dendrites and axons. This was corrected by modifying the fluorescent 

proteins with farnesylated derivatives, which traffic more easily to the membranes of all 

neurites.  

The Brainbow line that was used for this project is the newest version, Brainbow 3.2. 

This updated transgenic line is ideal for this project as it has corrected problems of previous 

Brainbow lines. In the first model, Brainbow 3.0, 15 fluorescent proteins were tested for their 

photostability, aggregation in-vivo, and stability with fixation using paraformaldehyde. From 

those tests, 7 were found to be suitable and then 3 were chosen from those that have the least 

spectral overlap and minimal sequence homology. The three fluorescent proteins used in this 

line are enhanced green fluorescent protein (EGFP) from a jellyfish with an excitation of 488 

nm and emission of 507 nm, mOrange2 from a coral with an excitation of 549 nm and 

emission of 565 nm, and mKate2 from a sea anemone with an excitation of 588 nm and 

emission of 635 nm. The next generation model, Brainbow 3.1, was created to remove the 

issue of utilizing a default fluorescence as it reduces the diversity among recombined neurons 
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and the final model, Brainbow 3.2. was created to increase protein levels produced by viral 

vectors and transgenes by inserting the woodchuck hepatitis virus posttranscriptional 

regulatory element (WPRE), which stabilizes RNA (Cai et al., 2013). 

 

iii. ADENO-ASSOCIATED VIRUS (AAV) 

Adeno-associated viruses (AAV’s) are part of the parvovirus genus (animal viruses) 

stemming from the Parvoviridae family and are dependent on co-infection with other 

viruses—particularly adenoviruses—for replication. The structure of AAVs’ is relatively 

simple, consisting of a small, 4.8 kilobases (kb) of single-stranded DNA, protected by a 

protein shell. The single strand genome consists of three genes, Cap (Capsid), Rep 

(Replication), and aap (Assembly), giving rise to at least nine different gene products with 

alternative translation starting sites, three promoters, and differential splicing. The Cap 

expression creates the viral capsid proteins that form the outer capsid shell protecting the 

viral genome and is involved in cell binding (VP; VP1/VP2/VP3). This viral coat is 

estimated to constitute 60 proteins arranged into an icosahedral structure with the capsid 

proteins in a molar ratio of 1:1:10 (Samulski & Muzyczka, 2014). The Rep gene encodes four 

proteins that are required for genome replication and packaging (Rep40, Rep52, Rep68, 

Rep78), while aap encodes the assembly-activating protein and is believed to provide a 

scaffolding function for capsid assembly, while also being an alternate reading frame that 

overlaps with the cap gene (Naumer et al., 2012; Naso et al., 2017).  
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iv. BRAINBOW AAV 

The team that created the Brainbow AAV had to first find a way to accommodate a 

slightly larger, 5 kb packaging size, while also achieving a high expression level. To achieve 

this, several tests were performed on promoter elements, polyadenylation sequence, as well 

as stop mechanisms. From these tests, the final Brainbow AAV architecture contains a 

human elongation factor alpha (EF1α) (shown to have a stronger expression over the 1kb 

hybrid promoter of CB6), LoxP left and right element mutants (LE-RE) mutant sites (shown 

to exhibit no Cre-independent expression), a 0.5kB human growth hormone polyadenylation 

sequence, the stop cassette of a tandem Myc epitope tag and a bovine growth hormone 

polyadenylation sequence (shown to produce multicolor labeling without Cre-independent 

expression), and farnesylated XFPs of EGFP, mCherry, and monoclonal teal fluorescent 

protein (mTFP) (Cai et al., 2013).  

 

MANUAL AND AUTOMATIC TRACING METHODS 

i. MANUAL TRACING 

Z-stack images can be uploaded and manually traced using the Simple Neurite Tracer 

plug-in for ImageJ. Traces are then created by manually progressing through the stack to 

select/draw small segments to trace until either the end of the stack or the end of the trace is 

reached.  

 

ii. AUTOMATIC TRACING  

Our laboratory has recently developed an algorithm that analyzes local pixel 

intensities in a circular arc centered at the current location and bisected by the current 
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direction. Based on the distribution of the pixel intensities, the algorithm extends the trace 

and proceeds iteratively. Based on extensive testing, within an optical section (X-Y plane), 

the algorithm prioritizes the intensity peak closest to the current direction, while within a 

subset of optical sections (z-axis), it prioritizes the peak with the highest intensity value. The 

radius and angle of the arc are also dynamically adjusted so that the algorithm can handle 

multiple intensity peaks and fibers passing within close proximity, thus allowing for tracing 

in densely populated brain regions (Figure 5). This information can be used to simulate 

serotonergic fibers computationally (Figure 6). 

In sparse or moderately dense areas, the trajectories of some individual serotonergic 

fibers can be followed visually, which allows for the verification of the general accuracy of 

various algorithmic approaches. These tests led to an empirically optimized algorithm that 

we describe in detail. 

The z-stack of one fluorophore channel is imported as a series of high-resolution, 

grayscale TIFF images (with the xy-scaling of around 60 nm per pixel and the distance 

between two adjacent optical sections of around 300 nm). The images are auto-contrasted 

(with the brightness range of 0-1) and Gaussian-blurred using a one-pixel radius. The initial 

seed point on a fiber is selected in a specified (“current”) optical section, manually or 

automatically, and the second point is automatically detected as the brightest point on a circle 

whose center is at the seed point and the radius is set at a fixed value (R). The second point 

becomes the “current point,” and the “current direction” is determined by the vector 

connecting the two points. This initiates the tracing sequence. 

In the current optical section, the brightness of pixels is examined on an arc that is 

centered at the current point. The radius (tracing step) and angle of the arc are given by R and 
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a fixed interval [-α, α], respectively, where the angle of 0° corresponds to the current 

direction. The number (n) of increments from -α to α should provide a sufficiently dense 

coverage of the arc; in particular, the “mini-arc” produced by the angle 2α/n should be less 

than one-half of the expected fiber width. By sampling the arc, brightness peaks (“hilltops”) 

within a fixed brightness interval [Bmin, Bmax] are detected, but the peaks whose width 

(spatial extent) at Bmin falls below a set threshold (Wmin) are not kept. The latter procedure, 

along with the described Gaussian blur, efficiently eliminates pixels whose strong brightness 

is noise-related and does not extend to adjacent pixels. Of the remaining peaks, the peak 

closest to the current direction is selected (if there is more than one), and its point with the 

brightest value is recorded as the next candidate point. 

In addition to the current optical section, this procedure is repeated for N sections 

above and N sections below the current optical section (if they exist), using the same arc. 

Among the next candidate points across the optical sections, the brightest point is selected. It 

becomes the next current point of the fiber. The next current direction is determined by the 

vector connecting the xy-coordinates of the two most recent points, and the procedure 

continues iteratively. It is automatically terminated when brightness peaks are no longer 

detected or when the edge of the stack is reached. It can also be terminated manually, after a 

fixed number of steps.               

As described, the algorithm would not be able to handle transient interruptions in 

signal brightness that accidentally fall on the search arc. To prevent this, the algorithm can 

automatically extend its search radius to multiples of R (0.5R, 1R, 1.5R, 2R, …), if no 

brightness peaks are detected across the optical section subset. The set includes one radius 

that is smaller than the original radius. However, the increasing extensions (numbered i = 1, 
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2, 3, 4, …, imax, where i = 2 corresponds to the original R) increase the risk that the trace 

will jump to another fiber in the vicinity of the fiber that is being traced. Therefore, these 

extensions can be optionally accompanied by an automatically narrowing search angle, given 

by α(i) = α0 exp(-k(i-2)), where α0 is the original α and k is a constant (the “narrowing 

strength”). The maximal number of extensions should be restricted (imax) to a small value, 

especially in dense areas. If the next point is detected with the extensions, in the next step the 

elongated R and the narrowed α revert to their original values. 

Since the arc is set in a 2D-plane, the actual distances between adjacent points of the 

final trace (located in 3D) may differ from the original R. Extended R values also contribute 

to these deviations. However, such final traces can be automatically corrected with a 3D-step 

of a fixed length, by simply tracking a point that slides along the original trace and marking 

points that are the same Euclidean distance from the previous stop. Since the steps are 

typically small, the recalculated trajectory is nearly indistinguishable from the original one. 

However, the constant step is important in further calculation of the vMF-concentration 

parameter (κ).     

Typical parameter values are given in Table 1. Note that the algorithm is 

“anisotropic” in that within each optical section it prefers a bright value that is closest to the 

current direction, but among the optical sections it prefers the brightest value in this set 

(which may not be closest to the current direction across the sections). It reflects the inherent 

properties of confocal imaging: confocal images are sets of 2D-images, not true 3D-images 

with an isotropic resolution.     
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Algorithm parameter Meaning Approximate value 

R default search radius (tracing step) 1.5-2.0 µm 

α = α0  default search angle (one side) ~π/2 (90°) 

n number of angle increments  ~50 

k  angle attenuation in extensions 0.0-0.1 

imax maximal number of extensions 0-2 

N number of neighboring sections (one side)  R/(z-step) 

Bmin minimal brightness 0.3-0.5 

Bmax maximal brightness ~1.0 

Wmin minimal peak width 0.1-0.3 µm 
Table 1: Typical values of the tracing algorithm. They are based on stacks of grayscale images of 3144 × 3144 

pixels, with the xy-scaling of 0.063 µm/pixel and the z-step of 0.333 µm.    
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Figure 5: (A) A seed point (yellow) and the initial search circle around it (with a radius of around 2 µm; 

left), with a corresponding polar plot of the brightness values on the circle (where larger radii correspond to 

stronger brightness; right). The polar plot clearly indicates the position of the second point, which initiates 

the automated tracing procedure. (B) At each current fiber point (an xy-coordinate in a specific optical 

section), the “flashlight” tracing algorithm scans the intensity of the pixel values in an arc that is centered at 

this point, with a radius R and the subtended angle [-α, α]. The middle point of the arc (0) corresponds to the 

“expected” direction of the fiber (marked with the yellow segment), which is based on the current point and 

the point before it. The values of R and α can be adjusted to reflect the general tortuosity of the fiber. For 

clarity, the first segment is shown straight, and the value of R is greatly exaggerated (it is typically on the 

order of the fiber width). A specified number of optical sections above and below the current optical sections 

are also scanned in the same way. (C) If the algorithm fails to detect any intensity peaks in the subset of 

optical sections, the step can be automatically extended (the dark blue region). Since this extension increases 

the risk of false-positives (e.g., it may detect a segment of another fiber in the vicinity), the search angle can 
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be automatically decreased. The extended R is an integer multiple of the original R (0.5R, 1R, 1.5R, 2R, …); 

in the figure, it is shown smaller for compactness. (D) An example of a decision made by the tracing algorithm 

in one step. The center plot shows the pixel intensity values in the current optical section (z = 0) in an arc 

centered at the current xy-position, R = 2 µm, and α = 0.6π radians (the current direction is given by α = 0). 

The plots to the left and right of the middle plot show the corresponding pixel values at the same xy-position 

and direction in the three optical sections below and above the current optical section (typically, more 

adjacent sections are used). In this case, the trace turns slightly to the right and three optical sections down. 

The trace then resets to the new xy-position and direction.   

 

 
Figure 6: (A) EGFP-positive serotonergic fibers in the somatosensory cortex of a Tph2-iCre x LoxP-EGFP 

mouse. (B) Similar simulated fibers generated with a vMF-walk with κ = 170 and 1,000 steps. 

 

 

iii. BRAINBOW TRACER (NTRACER) 

Automated tracing in Brainbow images continues to be challenging despite improved 

axon differentiation due to nonuniform neurites and branching structures, as well as high 

levels of noise often present in multispectral 3D fluorescent Brainbow images. One possible 

solution is given by nTracer, a Brainbow-specific tracing system developed by another group 

(Roossien et al., 2019). The framework for the nTracer uses a combination of two key 

components: a denoising step and a Recurrent Neural Network (RNN) step, respectively. The 

RNN is an effective model to process sequential data. It learns complex dynamics by 
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mapping input sequences to a sequence of hidden variables. By passing the hidden variables 

recursively to the repeating module in the network, the RNN can memorize the previous 

information. Thus, RNN performs well in dealing with sequential data which have 

dependencies. In the image denoising step, nTracer adopts a VBM4D denoising strategy 

which is considered as a state-of-the-art denoising method for image stacks (Maggioni et al. 

2012). During the RNN step, it utilizes Long Short-Term Memory (LSTM) to complete the 

automated neural tracing task. LSTM networks are a special kind of RNN, capable of 

learning long-term dependencies. LSTMs were specifically designed to avoid the long-term 

dependency problem, making remembering information for long periods of time practically 

their default behavior (Yan et al., 2018).  

 

iv. MACHINE LEARNING (TRAILMAP) 

Tracing axons in light-sheet images also poses unique challenge. With such large 

amounts of data, using other automatic tracers is no longer an option. Therefore, we 

attempted to trace serotonergic fibers in light-sheet images using a recently published 

machine-learning system called TrailMap (Friedmann et al., 2020). This system uses a 

convolutional neural network based on the 3D U-Net architecture. The system is designed for 

a lower resolution (typically used in light-sheet microscopy). However, at this resolution, 

serotonergic fibers cannot be reliably detected, which suggests that the network in the 

published form may not be ideal for tracing the goals of this project. 
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ANALYSIS METHODS 

We have recently introduced two stochastic models for fiber analysis, one based on a 

stepwise random walk and the other based on a continuous, Brownian motion-like process 

(Janusonis and Detering, 2019; Janusonis et al., 2020). The advantage of the former process 

is that it does not require temporal information, but at the same time, it requires knowing the 

typical “step” of the process which is not natural biologically. The continuity of the latter 

process solves this problem, but it requires temporal information which is difficult to obtain 

in fixed tissue. These models are a stepwise walk based on the von Mises-Fisher directional 

distribution (vMF) and fractional Brownian motion (FBM), respectively. This research 

project is primarily based on the vMF-walk, with the expectation that future analysis may 

more heavily utilize the FBM model. Next, both models are briefly reviewed.   

 

i. THE VON MISES-FISHER MODEL 

A random walk is a mathematical model that describes a path of successive random 

steps in a mathematical 3D-space (Codling et al., 2008). In this framework, the behavior of 

serotonergic fibers can be thought of as a series of connected straight segments of the same 

length. Each of these segments has a restricted cone of possible directions that it can choose 

from (Figure 7A). When choosing the next direction, the current direction of the fiber can be 

considered as the expected direction of the next segment (therefore, the cone is oriented on 

the segment towards its current direction), with all other direction possibilities distributed 

around it (Janusonis and Detering, 2018). This cone representation is simple and intuitive, 

but fibers likely follow a probability density that has no hard deviation limits (e.g., individual 

fibers can occasionally make 90° turns). Therefore, a better model could use the current 
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direction as the expected direction, with all other directions still distributed around it, but 

with the key difference that the probability for these directions gradually decreases, the 

further they deviate from the expected direction (Figure 7B).  

 

 
Figure 7: (A) A model of a fiber as a series of connected segments, each of which has chosen a random direction 

within its cone of possibilities. Note that each cone is centered at the current direction, but the next segment can 

deviate from it. Each realization will produce a unique fiber, but the fibers will appear qualitatively similar (if the 

width of the cones is kept constant). (B) Samples of 500 random directions drawn from the vMF distribution with 

different concentration parameter values (�=10, 100, 200). With all � values, all directions are theoretically 

possible, but some are highly unlikely. 
 

 

 

Another obstacle is that the required probability distribution cannot be found among 

the ones used in standard probability theory and statistics (e.g., normal).  The solution to this 

problem is the von Mises-Fisher distribution (vMF). The vMF distribution is a classical 

directional distribution that has the required properties for analysis of serotonergic fibers. 
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The vMF distribution is based on two parameters, the mean direction (μ), and the 

concentration parameter (�). The mean direction is similar to the mean in a normal 

distribution, while the concentration parameter is comparable to the inverse of the variance of 

the normal distribution. The higher the �, the tighter the concentration of directions are 

around the mean. Accordingly, at �=0, all directions become equally probable. Another 

benefit of using the vMF distribution is that it allows for efficient analytical approaches using 

computer calculations, along with a quick and easy algorithm for the simulation of fibers 

based on the following steps:  

1) Start with a random direction and draw the first segment  

2) Set μ as the current direction  

3) Draw a random direction from the vMF distribution with μ and a preselected � 

4) Add the next segment  

5) Repeat from step 2 (Janusonis et al., 2019) 

 

 Within the terminal fields of adult brains, serotonergic fibers tend to show no 

directionality preference, thus making it possible to describe their behavior with only the 

concentration parameter (�). Evidence to support this possibility has been shown using 

computer simulations that produce trajectories similar to those of serotonergic fibers imaged 

at high resolution with confocal microscopy (Janusonis and Detering, 2018). This raises an 

important question about how � relates to differing fiber densities that have been described as 

relatively stable across different brain regions in healthy individuals. Since lower � values 

tend to produce larger angle turns and thus spend more time in the given brain region, it is 

logical to conclude that different � values may correspond to different fiber densities. Indeed, 
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computer simulations have shown that different � values may correspond to fiber density 

variations (Janusonis and Detering, 2018). Due to the � parameter containing all the 

information regarding individual fiber behavior, the use of � values also allows for direct 

comparisons of the behaviors of individual fibers in not only different brain regions, but also 

in different conditions—including those affected by mental illness.  This study measures 

these values in brain sections and whole brain preparations for the first time.   

 

ii. FRACTIONAL BROWNIAN MOTION MODEL  

Normal Brownian motion describes simple diffusion. Its scientific investigation dates 

back to the observation of water-suspended pollen grains by Robert Brown (a Scottish 

botanist) in 1827 and the pioneering theoretical work by Albert Einstein in 1905 (Gardiner, 

2010). In normal Brownian motion, the spatial increments in any two non-overlapping time 

intervals are statistically independent, and particles that start at the same origin follow the 

normal (Gaussian) distribution in space – with the variance scaling linearly with time (σ2t, 

where σ > 0 is a constant parameter and t is time). FBM is a major theoretical extension of 

normal Brownian motion. It has several stochastic integral representations (Biagini et al., 

2010) and dates to the data analyses of Harold Edwin Hurst (a British hydrologist) (Hurst, 

1951) and the theoretical constructions by Andrey Kolmogorov (Biagini et al., 2010) and 

Benoit Mandelbrot with John Van Ness (Mandelbrot and Van Ness, 1968). In FBM, the 

spatial increments in non-overlapping time intervals are generally statistically correlated. In 

particular, the increment correlation between two consecutive time intervals of equal length 

is given by 2(2H-1)-1, where H is the Hurst index (0 < H < 1), a key parameter of the FBM 

process. Particles that start at the same origin follow the normal distribution, with the 



 49  

variance now scaling as σ2t2H. FBM is a time-continuous and self-similar process (i.e., it 

“looks the same” at all temporal scales). The regime at H < 0.5 is known as “subdiffusion” 

(characterized by anti-persistent trajectories, in which two consecutive increments are 

negatively correlated), and the regime at H > 0.5 as “superdiffusion” (characterized by 

persistent trajectories, in which two consecutive increments are positively correlated). 

Normal Brownian motion is recovered as a special case at H = 0.5. As H approaches 1, the 

trajectories approach straight lines, effectively losing their stochastic character (Figure 8).   

 

 

Figure 8: (A) Four FBM sample paths (σ = 1, T = 10, Δt = 0.001) starting at points (0, -5), (-5, 0), (0, 5), and (5, 

0), with H = 0.1 (subdiffusion), H = 0.5 (normal diffusion), and H = 0.9 (superdiffusion). (B) Another realization 

of four FBM sample paths (σ = 1, T = 10, Δt = 0.001) starting at the same point (0, 0) to show the relative spread, 

with H = 0.1 (subdiffusion), H = 0.5 (normal diffusion), and H = 0.9 (superdiffusion). 
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TISSUE CLEARING 

An important aspect in light microscopy is the refractive index (RI), a measure of 

how fast light travels through a tissue. In biological tissues, the RI is low because the tissue 

consists of multiple components, each with its own RI. Specifically, biological tissues 

contain 70-80% of water (RI: = 1.33), approximately 10% of proteins (RI: = 1.44), and 

approximately 10% of lipids (RI: = 1.45). These variations in RI cause incoming light to 

scatter, while endogenous pigments within the tissue (heme, riboflavin, melanin and 

lipofuscin) increase light absorption. Together, the increase of light absorption by pigments 

and light scattering by varying RIs are the components that limit tissue penetration in general 

microscopy imaging (Tainaka et al., 2016). Given this limitation, imaging of biological tissue 

can be accomplished by separating the tissue into thin sections before imaging. However, this 

method is problematic, as it is difficult to recreate the 3D environment from sections without 

their precise alignment (since they are processed separately, tissue distortions may occur).  

The solution to this problem was first accomplished in 1914 by Werner Spalteholz 

with a process called tissue clearing (Spalteholz, 1914). The goals of tissue clearing methods 

are to homogenize the RIs of the tissue and remove the endogenous pigments while avoiding 

destruction or alterations of biological structures. Since then, numerous tissue clearing 

methods have been created that can be grouped into two categories: organic solvent-based 

clearing methods, or hydrophilic reagent-based clearing methods. Organic solvent-based 

methods can render tissue extremely transparent, which is particularly beneficial for light-

sheet microscopy. However, the downside to organic based solvents is their tendency to 

quench fluorescent proteins, making them less useful for investigation of biological 

components that require fluorescent labeling for visualization. One organic solvent-based 
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method that has been explored for tissue clearing is with the reagent dibenzylether (DBE). 

However, DBE has been shown to cause considerable tissue shrinkage and deformations 

along with not preserving GFP fluorescence (Becker et al., 2012). Hydrophilic clearing 

methods use water-soluble reagents for tissue clearing and work by forming hydrogen bonds 

with components of tissues—such as proteins as well as surrounding water molecules, which 

can help to preserve the 3D structure of tissue components and, thereby, the signal of 

fluorescent proteins. One hydrophilic clearing method for tissue clearing is by using 

CLARITY, which has been shown to sufficiently clear tissue without alterations of biological 

structures; however, it was also not able to preserve GFP fluorescent signal (Chung et al., 

2013). Another hydrophilic tissue clearing method is using Scale, which was able to preserve 

GFP signal and reach sufficient tissue clearing. Unfortunately, this only works when using 

small samples such as mouse hearts or embryos up to embryonic day 12.5 (Hama et al., 

2011). A recent improvement in hydrophilic clearing methods has been achieved by Ueda 

and colleagues (Susaki et al., 2015), called CUBIC (Clear, Unobstructed Brain/Body 

Imaging Cocktails). CUBIC is a gentle method that has been shown not to cause shrinkage or 

expansion of tissue while preserving GFP signal. Another improvement of using CUBIC 

over other clearing methods is that it is able to remove heme pigments from samples, 

resulting in a more complete clearing and an overall improved RI (Mano et al., 2018) 
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CHAPTER 4: EXPERIMENTS 

 Experiment 1 - Imaging and Tracing of a Transgenic Fluorescent Mouse 

Model 

Purpose: The primary goal for Experiment 1 was to create a fluorescent transgenic mouse 

model for tracing and analysis of serotonergic fibers. To analyze individual serotonin axon 

behavior, we utilized a single-color fluorescent transgenic mouse model. The first fluorescent 

mouse models (the “green mouse”) were originally designed in 1997 utilizing the green 

fluorescent protein (GFP) to overcome the challenge of imaging live tissue without toxicity 

(Okabe, 1997). However, as soon as it was discovered that this genetic component increased 

labeling specificity and decreased “noise” from nonspecific background staining, the 

transgenic mouse became the “superior” or preferred method for IHC. An additional 

improvement transgenic models bring when working with monoamines is the labeling 

expression is independent of serotonin accumulation within the axons. This improves 

labeling continuity as well as enhancing signal reliability as axon segments or branches are 

labeled regardless of serotonin levels. For this experiment, we used an EGFP (enhanced 

green fluorescent protein) transgenic mouse under the Tph2 promotor, specific to serotonin 

cells, followed by confocal imaging and automatic tracing.  

 Experiment 1.1 - Verification of Transgene Expression 

Ex. 1.1a Genotyping, PCR, and Tapestation Analysis: Genotyping was performed using toe 

biopsies obtained from animals at 10 days in age. DNA extraction was completed using the 

QIAmp Fast DNA Tissue Kit (QIAGEN) and PCR completed using the primers listed in 

Table 2. TdTomato mice were kept homozygous, eliminating the need for genotyping to be 
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performed on this strain. Successful genetic crosses were additionally verified with IHC and 

confocal imaging. 

Animals: This experiment utilized the transgenic mouse line: STOCK Tg (Tph2-

icre/ERT2)6Gloss/J (iCre), which carries a tamoxifen-inducible Cre-recombinase 

under Tph2, crossed with the transgenic mouse line: B6.129(Cg)-

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J, which has a Cre-recombination-

dependent tdTomato construct (Jackson Laboratories). After crossing the two lines, 

the offspring were genotyped using the primers listed in Table 2, and only adult (4-5 

months) Cre+/tdTomato+ genotypes were used. PCR-genotyping for these lines is 

shown in Figure 10. All mice were maintained on an artificial 12-hour light cycle and 

group housed in plexiglass cages with food and water ad libitum. Cre-recombination 

was induced at 11-12 weeks of age with intraperitoneal injections of 75 mg/kg of 

tamoxifen solution dissolved in corn oil (20 mg/ml) once a day for five days (Sohol et 

al., 2001; Madisen et al., 2010, Pelosi et al., 2015). Mice were euthanized 4 weeks 

following the final tamoxifen injection and the brain was immediately dissected and 

immersion fixed in 4% paraformaldehyde. All experimental procedures outlined were 

approved by the UCSB Institutional Animal Care and Use Committee (IACUC).  

Primer Forward Sequence Reverse Sequence 

iCre 5’- GCT GAG AAA GAA AAT TAC ATC -3’ 5’- TGG CTT GCA GGT ACA GGA GG -3’ 

Control iCre 5’- CAA ATC TTG CTT GTC TGG RG -3’ 5’- GTC AGT CGA GTG CAC AGT TT -3’ 

Table 2: Primer sequences used in PCR-genotyping. 
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Immunohistochemistry:  

To verify expression of Cre in the raphe nuclei, sections through the DRN were rinsed in 

phosphate-buffered saline (PBS). Using a free-floating technique, sections were blocked 

to reduce background staining, followed by a 2–3-day incubation in primary antibody 

solution before incubation for 90 minutes in a secondary antibody solution. Once 

completed, sections were mounted onto gelatin/chromium-subbed slides, allowed to air-

dry, and then cover-slipped using Prolong Gold antifade-reagent with DAPI (Life 

Technologies). 

Primary: iCre tissue sections were rinsed in PBS and incubated for two days at 4°C in 

a primary antibody solution of 2% NDS, 0.3% Triton X-100 (TX), and rabbit anti-Cre 

IgG (1:1000). 

Secondary: Sections were first rinsed 3 times in PBS solution for 10 minutes per 

rinse. Once rinsed, sections were incubated in a secondary antibody solution 

containing 2% NDS, and Cy3-conjugated donkey anti-rabbit IgG (1:200) for 90 

minutes on a rotator at room temperature (Figure 9). 

 

Figure 9: Schematic outlining the IHC set-up for labeling Cre-expressing soma. 
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Ex. 1.1a Results: The results from the first portion of this experiment yielded mixed 

results. The PCR results indicate that we successfully produced a transgenic mouse 

model (with Tapestation peaks at ~275 for Cre). However, these results were not 

successfully verified with IHC which lacked expression of Cre cells in the DRN. Since 

PCR indicated the animals were the correct genotype, IHC was attempted again with 

heat-induced epitope retrieval (HIER) to rule out the formaldehyde fixation as the cause 

for these mixed results.  

 
 

Figure 10: Tapestation results from PCR of STOCK Tg(Tph2-icre/ERT2)6Gloss/J showing DNA peaks at: 206 

(control) and 276 (Cre).  

 

Ex. 1.1b Genetic Verification with Heat-Induced Epitope Retrieval  

Due to the lack of expression with standard IHC techniques, HIER was applied to the 

sections prior to IHC. Our tissue is fixed in paraformaldehyde which is a formalin-based 

fixative. These have been shown to provide excellent preservation of morphology, cytology, 



 56  

and tissue architecture, but greatly diminishes the sensitivity of the IHC technique. 

Formaldehyde covalently binds to tissue protein and may also act to crosslink adjacent 

proteins or peptides to form large aggregates of proteins. This cross-linking is believed to 

block or “mask” the epitope and thus hinder the binding of the antibody. HIER methods 

involve applying heat and a buffer to the tissue which by some means reverses the 

formaldehyde mediated chemical modifications (possibly by breaking up the cross links with 

thermal energy or by removing the bound calcium ions from the cross links).  

Immunohistochemistry:  

HIER: Tissue sections through the DRN were microwaved for 3 minutes at 30% 

power (avoiding boiling) in Tris HCl buffer (pH 9) solution. 

Primary: iCre tissue sections were rinsed in PBS and incubated for two days at 4°C in 

a primary antibody solution of 2% NDS, 0.3% Triton X-100 (TX), and rabbit anti-Cre 

IgG (1:1000). 

Secondary: Sections were first rinsed 3 times in PBS solution for 10 minutes per 

rinse. Once rinsed, were incubated in a secondary antibody solution containing 2% 

NDS, and Cy3-conjugated donkey anti-rabbit IgG (1:200) for 90 minutes on a rotator 

at room temperature (Figure 11). 

 



 57  

 

Figure 11: Schematic outlining the IHC set-up for labeling Cre-expressing soma. 

 

Ex. 1.1b Results: We have successfully developed the Cre and tdTomato breeding colonies 

despite some challenges with the Cre line. An initial challenge for breeding was a founding 

Cre female that repeatedly cannibalized her litters—even when provided with a special diet 

containing Love Mash (Bio-Serv), a high calorie food that is used to increase foraging 

behavior in mothers. This diet has been shown to increase litter size, pup survival rate and 

enhance milk production (Lecker & Froberg-Fejko, 2016). Success was achieved only by 

using another mouse that fostered the offspring. An ongoing challenge in breeding the Cre 

line is the relatively small litter sizes (3-5 pups) they produce.  

Verifying the expression of Cre in the DRN also posed challenges. The initial IHC 

revealed no signal in the DRN. However, upon review of literature (Paulsen et al., 2015) we 

discovered expression can be amplified using heat-induced epitope retrieval (HIER) (Figure 

12). Extreme caution must be used when performing HIER as overheating (boiling) leads to 

tissue shredding and under-heating fails to retrieve the epitope.  

Once iCre+ and tdTomato+ lines were established, the lines were crossed to produce 

a iCre+/TdTomato+ mouse line (Figure 13). 
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Figure 12: Epifluoresence images of the rostral and caudal DRN visualized with IHC for Cre. Top: A non-carrier 

mouse. Bottom: A Cre-Tph2 mouse. 

 

 
Figure 13: Epifluorescence image of the DRN in a Cre-Tph2 x tdTomato mouse. Serotonergic neurons show 

EGFP-fluorescence. Scale bar = 200 µm. 
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 Experiment 1.2: Signal Amplification and Imaging 

Purpose: The endogenous fluorescent level in transgenic models tends to be weak and signal 

amplification with IHC is a common practice when working with endogenously fluorescent 

tissues. In this portion of Experiment 1, the EGFP signal in Cre+/tdTomato+ tissue was 

amplified with IHC for GFP, and z-stack images obtained with a Leica SP8 Resonant 

Scanning Confocal microscope.  

Signal Amplification IHC: 

Primary: Tissue sections were rinsed in PBS and fluorescent signal amplified by 

incubation for two days at 4°C in a primary antibody solution containing 2% NDS, 

0.3% Triton X-100 (TX), and rabbit anti-GFP (AbCam 1:500).   

Secondary: Sections were first rinsed 3 times in PBS solution for 10 minutes per 

rinse. Once rinsed, sections were incubated in a secondary antibody solution 

containing 2% NDS, and AlexaFluor 488-conjugated donkey anti-rabbit IgG (1:200) 

for 90 minutes on a rotator at room temperature (Figure 14). 

 
Figure 14: Schematic outlining the IHC set-up for labeling tdTomato-expressing soma. 
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Imaging:  

High power confocal images were acquired using a Leica confocal microscope 

system, with a 63X oil immersion objective. Z-series of 60-70 images were obtained 

at a 1032x1032-pixel resolution.  

Results: The IHC signal in iCre+/TdTomato+ samples were successfully amplified, and 

confocal images taken from the Inferior Colliculus (IC) that were used for analysis are shown 

in Figure 15. 
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Figure 15: Confocal images of EGFP-positive serotonergic fibers in the inferior colliculus of Tph2-iCre x LoxP-

EGFP mice, with the corresponding images of cell nuclei (visualized with DAPI). This transgenic approach may 

produce varying labeling intensities (arranged from high to low in the figure) that are partially controlled by 

Tamoxifen induction. This facilitates the tracing of individual axons, also because the signal is not concentrated 

in varicosities and is strong throughout the entire length of labeled fibers, with only short interruptions (inset). 

The actual (“complete”) fiber densities can be easily visualized with 5-HT or SERT immunohistochemistry. Scale 

bar = 20 µm. 
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 Experiment 1.3: Fiber Tracing and Analysis 

Purpose: Once z-stack images were obtained, serotonergic fibers were first manually and 

then automatically traced using an algorithm developed in this project (outlined in Chapter 

2), before analyzed using stochastic modeling. 

Manual Tracing: Fibers were manually traced in motor cortex (M1) and cingulate 

cortex (CCX) using the Simple Neurite Tracer plugin for ImageJ and analyzed for 

their � values (Figure 16). 

 
Figure 16: A) 2D-projection of a confocal z-stack of serotonergic fibers (labeled with an anti-5-HT antibody) 

from the mouse cingulate cortex (at the most superficial depth). The � calculations from this scan correspond to 

depth 1 of the CCX shown in Table 3. B) Sample traces of serotonergic fibers from the mouse CCX. The tracing 

was performed manually in Fiji ImageJ in a confocal z-stack collected from a 40 µm thick brain section. � 

estimates were obtained for each individual fiber based on its trajectory. 

 

 

Manually Traced Results Analysis of � values obtained using images produced two 

main findings. First, different � values were obtained in different brain regions 

(Figure 17D, E). A significant difference was not found in � values at different 

cortical depths as expected, which could simply be due to not sampling regions at a 
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great enough distance apart to change � values or oversampling of D or M fibers. The 

second main finding is despite having multiple tracing individuals, the � values 

obtained are rather consistent. We note that despite this encouraging result, the low 

resolution of the z-axis makes reliable tracing by human individuals difficult 

(especially when human tracers need to decide which fiber trajectory to follow across 

sections). There are several alternatives that can be explored to improve fiber tracing; 

however, the only way to completely remove tracing bias is to replace manual tracing 

with some sort of automated tracing process. Therefore, further estimations of 

stochastic parameters will be obtained using the new automated tracing algorithm 

developed in this project 

Automatic Tracing: Serotonergic fibers were automatically traced in Mathematica in 

the IC region of adult iCre+/TdTomato+ mice. 

 

Figure 17: (A) serotonergic fibers in the inferior colliculus of a Cre+/tdTomato+ mouse. The image is a 2D-

projection of a confocal z-stack with 86 optical sections. The small arrows indicate a fiber that travels in the 

physical section for a long distance without leaving it. The fiber is surrounded by other fibers which makes 

accurate tracing difficult. (B) An automatically extracted trajectory of the selected fiber, using the algorithm 

developed by the Janusonis laboratory. The trajectory is overlaid on a single optical section. (C) The fiber 

trajectory plotted as an array of 3D-coordinates. This trajectory can be analyzed as a sample path of a spatial 

stochastic process. Scale bar = 30 µm (A-C). 
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Figure 17 D/E: Estimated values of the vMF concentration parameter (κ) in the cerebellum (purkinje cell layer; 

PC) the dentate gyrus, and the inferior colliculus. The tracing step is 1.5 µm. The fibers appear to be 

significantly less tortuous in the dentate gyrus (one-way ANOVA: F (2, 58) = 12.5, p < 0.001). 
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EXPERIMENT 1 RESULTS 

During this experiment, a transgenic mouse model specific for the serotonergic 

system was successfully developed. The transgenic model was successfully verified using 

both genotyping and fluorescent labeling with HIER required for fluorescent labeling. Signal 

amplification, tracing, and analysis of fibers was completed on obtained sections and this 

experiment shows although tracing can be completed manually, automatic tracing is faster 

and reduces the risk of unconscious bias and sampling. Ultimately, obtaining differing kappa 

values indicates this method of analysis can be used to study individual fiber behavior. 

However, even with the high-resolution power of confocal imaging, during the tracing 

process we found that with axons can pass so close to one another (even on the same plane), 

the algorithm sometimes favors brightness over the axon’s current direction, causing 

mistakes in tracing to occur (Figure 18). Therefore, despite using some of the most advanced 

technological options at our disposal, the algorithm can still make mistakes—requiring the 

tedious and perhaps subjective requirement of human intervention. If this algorithm struggles 

with tracing due to the density of axons in Figure 18A, how could it possibly trace axons in a 

highly dense region such as Figure 18D? The answer is an algorithm that accurately traces 

axons may not be possible without solving the problem of axon differentiation. 
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Figure 18: (A) Serotonergic fibers in region of lower fiber density (PY region) of a Cre+/tdTomato+ mouse. This 

image is a 2D projection of a confocal z-stack with 99 optical sections used for fiber tracing scale bar = 30μm. 

The red box highlights area of interest enlarged in (B) scale bar = 10 μm of an automatically traced fiber in (C) 

with red arrows pointing to errors in the algorithm’s tracing. (D) Serotonergic fibers in a region of higher fiber 

density (BLA region of the amygdala) of a Cre+/tdTomato+ mouse. This image is a 2D projection of a confocal 

z-stack with 95 optical sections scale bar = 30μm. 
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 Experiment 2: Creating a Model for Axon Differentiation 

 Purpose: The central problem discovered in Experiment 1 is that all axons are labeled 

with the same color. The single-color model is better than IHC as it produces continuous 

trajectories that can be traced in regions with low to moderate fiber densities with diligent 

monitoring of the tracing algorithm. The goal for Experiment 2 is to design a mouse model 

that improves the ability to differentiate axons. In this experiment, a transgenic mouse model 

is created by crossing the Brainbow 3.2 mouse line with the iCre line under the Tph2 

promoter. As outlined in Chapter 3, this model can give individual neurons unique coloring 

and thereby improve the ability to separate individual axons which can improve tracing 

accuracy while also providing additional information about fiber behavior such as if fibers 

from a single soma (single color) produce meshworks, changing behavior/tortuosity in 

specific brain regions, as well as branching behaviors.   

  

 Experiment 2.1: Verification of Transgene Expression  

Purpose: Genotyping was performed using toe biopsies obtained from animals at PND 10. 

DNA extraction was completed using the QIAmp Fast DNA Tissue Kit (QIAGEN) and PCR 

completed using the primers listed in Table 3. Only mice confirmed as iCre+/Brainbow 3.2+ 

mice were used. 

Animals: The mouse model we utilized was created by crossing two separate mouse 

lines. The first mouse line is STOCK Tg (Thy1-Brainbow3.2)7Jrs/J, carries a Cre-

recombination-dependent Brainbow 3.2 construct which was crossed with the same 

iCre mouse line outlined in Experiment 1. After crossing the two lines, the offspring 
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were genotyped using the primers listed in Table 1, and only Cre+/Brainbow+ 

genotypes were used. These lines have already been established, and PCR-genotyping 

is shown in Figure 19. Mice were euthanized using CO2 seven days after the final 

injection. The brain was immediately dissected and immersion-fixed in 4% 

paraformaldehyde. 

Primer Forward Sequence Reverse Sequence 

iCre 5’- GCT GAG AAA GAA AAT TAC ATC 

-3’ 

5’- TGG CTT GCA GGT ACA GGA GG -3’ 

Control 

iCre 

5’- CAA ATC TTG CTT GTC TGG RG -3’ 5’- GTC AGT CGA GTG CAC AGT TT -3’ 

Brainbow 5’- CCA CCT GAT CTG CAA CTT GA -

3’ 

5’- TGC TAG GGA GGT CGC AGT AT -3’ 

Control 

Brainbow 

5’- CTA GGC CAC AGA ATT GAA AGA 

TCT-3’ 

5’- GTA GGT GGA AAT TCT AGC ATC 

ATC C -3’ 

Table 3: Primer sequences used in PCR-genotyping. 

 

 

 

 
Figure 19: Tapestation results from PCR of an iCre+/Brainbow 3.2+ mouse showing DNA peaks at 180 

(Brainbow) and 272 (iCre). 
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Immunohistochemistry: 

To verify the expression of the Brainbow transgene, sections were rinsed in PBS and 

blocked to reduce background staining, followed by incubation for 2-3 days in 

primary antibody solution and incubated for 90 minutes in secondary antibody 

solution. Once completed, sections were mounted onto gelatin/chromium-subbed 

slides, allowed to air-dry, and then cover-slipped using Prolong Gold antifade-reagent 

with DAPI (Life Technologies). 

Primary: Sections were rinsed with PBS and placed into microcentrifuge tubes 

containing a primary antibody solution of 2% NDS, 0.3% Triton X-100 (TX), and 

rabbit anti-PhiYFP IgG (1:500). Sections incubated for two days at 4°C.  

Secondary: Sections were first rinsed 3 times in PBS solution for 10 minutes per 

rinse. Once rinsed, sections were incubated in a secondary antibody solution 

containing 2% NDS, and Cy3-conjugated donkey anti-rabbit IgG (1:200) for 90 

minutes on a rotator at room temperature.  

Imaging:  

High power confocal images were acquired using a Leica confocal microscope 

system, with a 63x oil immersion objective. Z-series of 60-70 stacks were obtained at 

a 1032x1032-pixel resolution. 
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Figure 20: phi-YFP immunohistochemistry (used to verify the expression of the Brainbow transgene) in the 

forebrain of a Brainbow 3.2 mouse (A) and a non-carrier mouse (B). 

 

Results: As shown in Figure 19 and confirmed by IHC in Figure 20, we successfully 

produced a transgenic iCre+/Brainbow 3.2+ mouse. In the next section, fluorescent signals in 

tissue samples were amplified and imaged for analysis.  

 

 Experiment 2.2: Signal Amplification and Imaging 

Purpose: The endogenous fluorescent level in transgenic models tends to be weak and signal 

amplification with IHC is a common practice when working with endogenously fluorescent 

tissues. In this portion of Experiment 2, the fluorescent signal of iCre+/Brainbow 3.2+ tissue 

was amplified, and z-stack images obtained with the Leica SP8 Resonant Scanning Confocal 

microscope. 

Immunohistochemistry:  

Primary: Sections were rinsed with PBS, incubated in 2% NDS, 0.3% Triton X-100 

(TX), and rabbit anti-GFP IgG, guinea pig anti-RFP IgG, and rat anti-mTFP IgG 

(1:500, all). Sections incubated for two days at 4°C.  
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Secondary: Sections were first rinsed 3 times in PBS solution for 10 minutes per 

rinse. Once rinsed, sections were incubated in a secondary antibody solution 

containing 2% NDS, and Alexa Fluor 488-conjugated donkey anti-rabbit IgG 

(1:1000), Alexa Fluor 647-conjugated donkey anti-guinea pig (1:500), and Alexa 

594-conjugated donkey anti-rat IgG (1:500) for 90 minutes on a rotator at room 

temperature (Figure 21). 

 
Figure 21: Schematic figure outlining the IHC set-up for labeling different Brainbow-expressing soma 

 

Imaging:  

High power confocal images were acquired using a Leica confocal microscope 

system, with a 63X oil immersion objective. Z-series of 60-70 stacks were obtained at 

a 1032x1032-pixel resolution. 

 

Results: As outlined in Experiment 2.1, we successfully produced a transgenic mouse. 

However, despite the strong expression of the Brainbow 3.2 IHC results in cortical areas, 

expression in the DRN is not detectable (Figure 22 D-E). To be sure, iCre+/Brainbow 3.2+ 

tissue samples were also amplified using IHC to check for recombination and fluorescent 

labeling. Unfortunately, as Figure 22 A-C indicates, fluorescent labeling was not detectable 
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making this transgenic approach not compatible with the goals of the project. We then tested 

Brainbow adeno-associated viruses (AAV) that have been developed in the Sanes laboratory 

(Harvard University) and are commercially available from Addgene.  

 
Figure 22: A-C) Fluorophore IHC in the forebrain of iCre+/Brainbow 3.2+ mice. D-E). The rostral and caudal 

DRN showing non-detectable levels of Brainbow 3.2 expression (visualized with IHC for PhiYFP) Scale bar = 

200 µm. 

 

 Experiment 3: Creating a Model for Axon Differentiation with Brainbow 

AAV 

 Purpose: Due to the lack of expression of Brainbow 3.2 cells in the DRN, this 

experimental set-up takes advantage of the Brainbow-AAV by transfecting the DRN through 

surgical craniotomies performed on the same tamoxifen-inducible iCre line described in 

Experiment 1. The Brainbow AAV was generated to provide spatial and temporal control 

over expression and to make the method applicable to other species. Differing from the 

transgenic Brainbow mouse line, the AAV was designed so recombination can lead to 3 
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outcomes from two XFPs: XFP1, XFP2, or neither. The generation of two AAV’s with two 

XFPs leads to a minimum of eight possible hues. Due to the AAV’s ability to infect cells at 

high multiplicity, the true number of color expressions is greater than eight (Cai et al., 2013).  

  

 Experiment 3.1: Surgical Transfection of the Brainbow AAV 

Purpose: Sterile craniotomies were performed to transfect the DRN region with the 

Brainbow AAVs on the same iCre mouse line outlined in Experiment 1. Post-operative care 

was provided for one week following surgeries before five days of tamoxifen injections were 

given for induction.  

Animals: 18-week-old (STOCK Tg(Tph2-icre/ERT2)6Gloss/J) were used for this 

experiment to ensure mice were at least of adult age but not aging at the time of tissue 

collection (~25 weeks).  

Surgery: 

Stereotaxic AAV Injections: Adult mice (3-4 months) were first placed under 

anesthesia using an intraperitoneal injection of 0.3 mL of ketamine (200mg/kg) and 

xylazine (20mg/kg) cocktail. The mouse was weighed and placed onto a mouse 

stereotaxic apparatus. Anesthesia was maintained with (1-3%) isoflurane, and 

temperature was monitored and maintained at 37°C using a closed loop rectal 

probe/heating pad system. Once all pain responses become undetectable, the head 

was stabilized on the stereotaxic, and subcutaneous injections were given for pain 

management of 30 μl lidocaine (1:10 dilution) into the incision area of the scalp and 

10 μl meloxicam (5mg/mL) into the flank. A sterile field was established, and the 

skull exposed using a midline incision before a small hole was made with a surgical 
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drill directly dorsal to the targeted brain region (DRN), based on coordinates from 

Paxinos et al. (2019). Then, 2.0 μl of Brainbow AAV (1.5 x 1012 vg/mL, Addgene) 

was slowly injected into the DRN using a Hamilton micro-syringe over 5 minutes and 

the needle was slowly retracted. Following surgery, the mouse was removed from the 

stereotaxic apparatus and closely monitored until ambulatory before transfer back into 

its home cage.  

Post-Operative Care: Mice were visually examined at the end of the day of surgery, 

and at least once a day for the next four days. During examination, mice were 

assessed for symptoms of persistent pain (e.g., depressed, or lethargic behavior) and 

for the condition of the surgical wound (clean versus showing signs of dehiscence or 

infection). Mice were provided with analgesic of Meloxicam at appropriate intervals 

(at least every 24 hours) for the first 48 hours after surgery, or if assessed as being in 

pain, and/or at the recommendation of the attending veterinarian. Detailed post-

operative records were kept as mandated by the IACUC. Mice were provided with 

seven days of recovery time before beginning TMX injections for Cre induction using 

the same methods as outlined in Experiment 1.1. 

 Experiment 3.2: Signal Amplification and Imaging 

Purpose: The endogenous fluorescent level in transgenic models tends to be weak and signal 

amplification with IHC is a common practice when working with endogenously fluorescent 

tissues. In this portion of Experiment 3, fluorescent signal of iCre+/Brainbow AAV tissue 

was amplified, and z-stack images obtained with a Leica SP8 Resonant Scanning Confocal 

microscope. 
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Immunohistochemistry:  

Primary: Sections were rinsed with PBS, then placed into microcentrifuge tubes 

containing a primary antibody solution of 2% NDS, 0.3% Triton X-100 (TX), and 

rabbit anti-GFP IgG, guinea pig anti-RFP IgG, and rat anti-mTFP IgG (1:500, all). 

Sections incubated for two days at 4°C.  

Secondary: Sections were first rinsed 3 times in PBS solution for 10 minutes per 

rinse. Once rinsed, sections were incubated in a secondary antibody solution 

containing 2% NDS, and Alexa Fluor 488-conjugated donkey anti-rabbit IgG 

(1:1000), Alexa Fluor 647-conjugated donkey anti-guinea pig (1:500), and Alexa 

594-conjugated donkey anti-rat IgG (1:500) for 90 minutes on a rotator at room 

temperature (Figure 21). 

Imaging: 

High power confocal images were acquired using a Leica confocal microscope 

system, with a 63x oil immersion objective. Z-series of 60-70 stacks were obtained at 

a 1032x1032-pixel resolution. 

 

Results: By surgically transfecting the DRN with the Brainbow AAV, a transgenic model 

was successfully created. Three separate channels are used for imaging (Blue, Green, Red; 

Figure 23 A-C), and the combination of these channels (Figure 23, D-F) results in the 

individual colors of somata in the DRN (Figures 23-26).  



 76  

 
Figure 23: High-resolution confocal image of the dorsal raphe nucleus (DR) of a Tph2-iCre mouse injected with 

the AAV-packaged Brainbow construct, with three fluorophores: Alexa Fluor 647 (pseudocolored red, on 

TagRFP) (A), Alexa Fluor 488 (pseudocolored green, on GFP) (B), Alexa Fluor 594 (pseudocolored blue, on 

mTFP) (C). D) Combination of Green and Blue channels. E) Combination of Green and Red channels. F) 

Combination of Red and Blue channels. 
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Figure 24: Serotonergic neurons in the DRN of a Cre+/Brainbow AAV mouse. This image is a 2D projection of 

a confocal z-stack with 68 optical sections. Alexa Fluor 647 (pseudocolored red, on TagRFP), Alexa Fluor 488 

(pseudocolored green, on GFP), Alexa Fluor 594 (pseudocolored blue, on mTFP). 
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Figure 25: (A) A low-magnification confocal image of the dorsal raphe nucleus (DR) of a Tph2-iCre mouse 

injected with the AAV-packaged Brainbow construct, with three fluorophores: Alexa Fluor 488 (pseudocolored 

green, on GFP), Alexa Fluor 594 (pseudocolored blue, on mTFP), Alexa Fluor 647 (pseudocolored red, on 

TagRFP). (B) A high-resolution image of the lateral DR (DRL). (C) A high-magnification image of the 

ventromedial DR (DRV). Aq, aqueduct; mlf, medial longitudinal fasciculus. Scale bars = 150 μm (A), 30 μm 

(B&C). 
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Figure 26: (A&B) Confocal images of the two habenulas in the same a Tph2-iCre mouse injected with the AAV-

packaged Brainbow construct. (C) A confocal image of the basolateral amygdala of a Tph2-iCre mouse injected 

with the AAV-packaged Brainbow construct. (D) A digitally enlarged area of (C). Three fluorophores were used: 

Alexa Fluor 488 (pseudocolored green, on GFP), Alexa Fluor 594 (pseudocolored blue, on mTFP), Alexa Fluor 

647 (pseudocolored red, on TagRFP). Scale bars = 20 μm (A-C), 5 μm (D). 
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EXPERIMENT 3 RESULTS 

As shown in Figures 23-26, we have been able to successfully produce a transgenic 

mouse and induce recombination with Brainbow labeling—giving rise to the ability for axon 

differentiation. This addresses the problem of differentiation, yet it does not address the 

challenges of imaging and tracing across longer distances. 

 

 Experiment 4: Visualization of Serotonergic Fibers in a 3D environment 

Purpose: An inherent limitation of using sectioned tissue is the challenges around recreating 

the brain's natural 3D environment from the thin sections of tissue required for standard 

microscopy imaging. Precise sectioning and imaging alignment are needed to reconstruct 

larger volumes, however since individual sections are processed separately, tissue distortions 

may occur, further limiting the ability to recreate the natural environment. A challenge seen 

in the previous outlined experiments is despite the fact that superior fluorescent labeling was 

used, due to the innate random behavior of serotonergic axons and the thin sections required 

for imaging, long traces were difficult to obtain as fibers would quickly escape the depth of 

the section. The goal of this experiment is to address this problem by keeping the original 3D 

tissue volume intact by employing tissue clearing methods (outlined in detail in Chapter 3). 

A recent improvement in clearing methods has been achieved by Ueda and colleagues, called 

CUBIC (Clear, Unobstructed Brain/Body Imaging Cocktails; Mano et al., 2018). CUBIC is a 

method that is gentle on biological tissue and causes limited shrinkage or expansion of tissue 

while preserving the fluorescent signals. Another advantage of CUBIC over other clearing 

methods is that it is able to remove heme pigments from samples, resulting in a more 

complete clearing and an overall improved RI (Mano et al., 2018). Once tissue has been 
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cleared, it can be imaged without sectioning using light-sheet microscopy. By combining 

tissue clearing with our advanced fluorescent mouse models, this approach can provide 

unprecedented information about the trajectories and dynamics of individual serotonergic 

fibers, across a spectrum of spatial scales and conditions. For instance, a brain region with 

higher fiber density could simply have more fibers occupying this space, or in theory, the 

elevated density can be produced by the same number of fibers whose trajectories show an 

altered stochastic dynamic (to meet the requirements of the region).  

 Experiment 4.1: Tissue Clearing 

Purpose: The overall clarity of cleared tissue is dependent upon methods/regents used as 

well as clearing times. Tissue clearing timeframes differ as well based on tissue size and 

type. Therefore, in this experiment, the process and optimal timeframe to clear whole mouse 

brain samples was tested. 

Animals: Adult iCre+/tdTomato+ mice were used for this experiment.  

Tissue Clearing: Mice were euthanized using CO2 and anesthesia was verified using 

eye-blink, toe and tail-pinch response methods with the brain dissected and fixed 

overnight in 4% paraformaldehyde at 4°C. Following fixation, brain samples were 

rinsed in PBS for 24 hours and pre-treated in 50% CUBIC-L + PBS solution in a 

water bath at 37°C overnight. Next, brain samples were incubated in 100% CUBIC-L 

solution in a water bath at 37°C, while replacing the solution every 2 days until 

clarity is reached. Once cleared, tissue is rinsed in PBS for 24 hours and then can 

optionally have immunohistochemistry performed on the tissue before completing the 

clearing process by placing the tissue into a RI matching solution.  
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Verification of clarity: Multiple factors can influence the overall transparency of a 

sample and thereby, how it reacts in a RI matched solution. Factors such as regents 

used to clear the tissue, overall protocol, fixation, dehydration, as well as incubation 

times and temperatures can all influence the overall transparency thus when 

optimizing a protocol, it is important to evaluate the outcome using a metric for 

transparency (Weiss et al., 2021). A few methods can be used to evaluate the tissue 

clarity, first is volumetric imaging—a series of fluorescent images from increasing 

depth into the tissue where change of signal to noise ratio can be analyzed. Another 

method that can be used to assess tissue transparency is to image tissue overlaid on 

text or grid pattern to see if the text is readable throughout tissue or if line sizes or 

text distortions occur. In the absence of grid or imaging data, the final and simplest 

way to assess the tissue is to visually examine it for the following: 

• Ability to see through the sample. 

• Check for a glassy appearance of the tissue in RI matched solution which 

can indication bulk RI matching is off or incomplete. 

• If the surface details of the sample are not easily discernible, then the RI 

match was likely successful. 

 For this experiment, text/grid analysis was used to check for transparency of tissue 

with printed size 18 font used for larger (whole brain) samples, printed size 12 font used for 

smaller blocks of tissue (e.g., the whole brainstem), and size 8 font used for thin, (40 μm 

thick) tissue sections. Improving light penetration for imaging depth does not necessarily 

mean that the entire tissue will be perfectly transparent—in fact, it is often not possible in 

larger tissue samples without extended protocol durations or tissue damage. Another 
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important factor to consider is that the remaining proteins in the tissue may still yield a slight 

yellow/brownish tint to the tissue. This does not necessarily inhibit imaging and may be 

beneficial as it represents good protein retention (Weiss et al., 2021). 

 

Results:  The major limitations in tissue clearing are long clearing times and limits in 

clearing penetration depth (in our tests, brains remained opaque at the center even after a 

month of clearing). Despite this challenge, brain tissue samples were successfully rendered 

transparent (Figure 27). We next asked if fluorescent labeling can be successfully achieved in 

cleared tissue. 

 
Figure 27: A sequence of images of a mouse brain at different times during the CUBIC tissue clearing process. 

 

 

 

 Experiment 4.2: Testing Immunohistochemistry on Cleared Tissue 

Purpose: To test compatibility of IHC with clearing methods, IHC targeting serotonin (a 

method we have used previously with success), was performed on cleared tissue.  

Immunohistochemistry:  

Primary: Sections were rinsed with PBS and placed into microcentrifuge tubes 

containing a primary antibody solution of 2% NDS, 0.3% Triton X-100 (TX), and 

goat anti-5-HT IgG (ImmunoStar 1:500). Sections incubated for two days at 4°C.  

Secondary: Sections were first rinsed 3 times in PBS solution for 10 minutes per 

rinse. Once rinsed, sections incubated in a secondary antibody solution containing 2% 
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NDS, and Cy3-conjugated donkey anti-goat IgG (1:200) for 90 minutes on a rotator at 

room temperature. 

Imaging: High power confocal images were acquired using a Leica confocal 

microscope system, with a 63x oil immersion objective. Z-series of 60-70 stacks were 

obtained at a 1032x1032-pixel resolution. 

Results: Despite previous success with IHC protocols targeting 5-HT, this method appears to 

be incompatible with cleared tissues (Figure 28B). These results were perplexing since a 

recent publication by Ueda and colleagues demonstrates the compatibility of this clearing 

method with IHC techniques (Kim et al., 2018). To improve this approach, we first 

performed IHC against different (non-serotonin) epitopes. As shown in Figure 29, we were 

able to obtain results utilizing these techniques. Therefore, we next attempted to label 

serotonin fibers by using a different marker, SERT. As shown in Figure 28C, we were able to 

produce a strong signal in cleared tissue and hypothesize that smaller molecules, such as 

serotonin, could be removed during the clearing process. Future studies using this method 

should consider this factor when selecting IHC targets.  
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Figure 28: Images of serotonergic fibers using immunohistochemistry. A) Serotonergic fibers labeled with anti-

5-HT in a section of uncleared mouse cortex. B) Serotonergic fibers labeled with anti-5-HT in a section of cleared 

mouse cortex. C) Serotonergic fibers labeled with anti-SERT in a section of cleared mouse cortex.  
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Figure 29: Immunohistochemistry of CUBIC cleared brain sections in the mouse cortex. A) Protoplasmic 

astrocytes labeled with anti-GFAP.  B) Fibrous astrocytes labeled with anti-GFAP. C) Microglia labeled 

with anti-Iba1. D) Cell bodies labeled with propidium iodide. Scale bars = 10 µm (A-C) and 100 µm (D). 
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 Experiment 4.3: Light-sheet Imaging 

 Purpose: After successfully clearing and fluorescently labeling cleared tissue, the 

next step is to image the tissue for tracing and analysis.  

  

Ex. 4.3a Light-sheet Troubleshooting: Multiple challenges arose before a successful imaging 

session was achieved and a stable protocol established for imaging cleared tissue. The 

challenges faced and steps taken to overcome these challenges are outlined here. 

Refractive Index Matching: During the first light-sheet imaging attempt, we were not 

able to bring the tissue into focus due to a mismatch between the RI produced by 

CUBIC and the RI requirements of the Zeiss Z.1 light-sheet microscope (the chamber 

windows support a RI=1.45). These windows can only be adjusted up to RI=1.49, and 

unfortunately, the RI solution that was part of the CUBIC protocol produced a RI of 

1.54. This led to contacting the Principal Investigator of the group that created 

CUBIC, Dr. Hiroki Ueda, who suggested using a cocktail they had previous 

developed, scaleCUBIC (RI= 1.49). The new cocktail was not commercially 

available and had to be produced in the lab which led to a high number of bubbles 

(which can obstruct view using the light-sheet microscope), and only lasted around 2 

weeks before deterioration with an intense odor (as the cocktail contains urea). 

Finally, after researching commercially available solutions, a different RI solution 

was found with a compatible RI—Easy Index (LifeCanvas Technologies; RI=1.45) 

which was used for the final tissue clearing protocol.  
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Tissue Mounting and Imaging: When using a light-sheet microscope, special care 

needs to be taken when preparing samples as these systems operate differently than 

most standard microscopes. Samples are submerged in a chamber that is filled with 

the same RI solution used in the RI matching step of the tissue clearing protocol. 

Because of this, tissue either has to be embedded in agarose gel in a 1cc syringe, 

glued to a syringe, or a special stage needs to be purchased to image larger tissue 

samples.  

To create an agarose gel for imbedding, the powder must be dissolved in the 

same RI solutions, so a RI mismatch does not occur and obstruct imaging. These 

solutions are generally highly viscous and sticky, making dissolving the agarose 

powder in them difficult to achieve. After careful testing, we found that in order to 

obtain proper gelling without bubbles, the powder + RI solution must first be placed 

in a water bath overnight, followed by mixing the solution on a vortexer to remove 

crystallizations, then placed again in the water bath overnight. However, this still only 

allows for smaller tissue samples that can fit within the 1cc syringe to be imaged. 

Since the ultimate goal is to image the entire brain, not small pieces, we next 

attempted to superglue whole brains onto capillary tubes for imaging. However, with 

the tissue immersion requirement for light-sheet imaging, this method was unstable 

(samples fell off during the imaging process). Therefore, smaller pieces of tissue that 

can fit within the syringe were used in the final protocol. 
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Results: From these problem-solving steps, we were able to produce the following 

protocol (Figure 30) for imaging transparent tissue samples with the light-sheet 

microscope.  

 
Figure 30: Protocol for tissue clearing and embedding of transparent tissue samples for lightsheet microscopy. 
 

 

Ex. 4.3b Imaging and Trailmap: Due to the size and number of serotonergic fibers contained 

in these images, tracing was completed using a machine-learning system, TrailMap 

(Friedmann et al., 2020). This system uses a convolutional neural network based on the 3D 

U-Net architecture. The system is designed for a lower resolution (typically used in light-

sheet microscopy), but we adapted it for our high-resolution images. 

Animals: Adult Cre+/tdTomato+ mice (Experiment 1.1) were used for this 

experiment.  

Imaging: Z-stack images were obtained using a Zeiss Z.1 light-sheet microscope with 

a 20x CLARITY objective compatible with the RI used in this study (Our laboratory 

has recently purchased this objective specifically for this study). Image samples were 

gathered from the primary somatosensory cortex, and basal nuclei. 
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Figure 31: 3D image of serotonergic fibers in the caudate-putamen region of a iCre+/tdTomato+ mouse enhanced 

with GFP IHC. Scale bar = 100 µm. 

 

 
Figure 32: 3D image of serotonergic fibers in the caudate-putamen region of a iCre+/tdTomato+ mouse enhanced 

with GFP IHC. Scale bar = 50 µm 

 



 91  

 
Figure 33: 3D image of serotonergic fibers in the brainstem of a iCre+/tdTomato+ mouse enhanced with GFP 

IHC. Scale bar (A) = 100 µm, (B) 50 µm, (C) 100 µm. 

 

Results: Tissue clearing presents several challenges: from long clearing times (in our tests, 

brains remained opaque at the center after up to a month of clearing), to RI matching solution 

incompatibility, to preparation and mounting of the tissue for imaging. Despite these 

challenges, we have successfully obtained the first high-resolution images of serotonergic 

fibers using the light-sheet microscope (Figures 31-33). 
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Despite our ability to obtain results using this method, performance of IHC on cleared 

tissue is not ideal due to limitations with penetration depth without sectioning. Use of a 

transgenic mouse model with strong endogenous fluorescent labeling could solve these issues 

and will be explored in the future. 

 

CHAPTER 5: DISCUSSION 

The main goal for this research was to design methods for studying individual 

monoaminergic fiber behaviors in the brain. This effort began by using a single-color 

fluorescent mouse model for fiber visualization. An inducible Cre mouse model 

(iCre+/TdTomato+) under the Tph2 promoter (for serotonin) was established and verified, 

the fluorescent signal amplified, and fibers automatically traced with a novel algorithm. The 

obtained κ values were around 20-40, at the sampling step of 1.5 µm. The current (proof-of-

principle) region set is small, but it can now be easily expanded to any brain region.  

This progress is important, but the single-color mouse model is not ideal for analysis 

of individual fiber behavior as errors can still occur in the automatic tracing algorithm, even 

in areas with moderate fiber density. This requires close monitoring of the results and manual 

adjustments to traces–overall limiting the ability to study fiber behavior in high-density 

regions. These challenges necessitate the development of more advanced experimental 

approaches. 

To address the problem of fiber differentiation, we next sought to establish a 

transgenic mouse model by utilizing the Brainbow 3.2 mouse line that endows neurons with 

around 100 different colors through random recombination of four unique fluorophores. An 

inducible Cre mouse line (under the Tph2 promoter) was successfully crossed with the 
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mouse line carrying the Brainbow 3.2 transgene and genetically verified. Unfortunately, 

serotonergic fibers could not be visualized with this approach due to an absence of Brainbow 

expression in an essential region for this research, the brainstem (including the raphe nuclei). 

Although the Brainbow 3.2 line was not tested with other monoaminergic Cre lines, it is 

expected that these would encounter a similar problem due to the overall lack of Brainbow 

3.2 expression in cells within the brainstem region, where the somata of other 

monoaminergic systems are located. 

Due to the absence of Brainbow expression, the next experiment pursued using the 

Brainbow AAV (which allows one to transfect the gene into regions of interest) as an 

alternative method toward obtaining separation of fibers. The DR region of an iCre mouse 

was transfected with the Brainbow AAV, creating the transgenic model that provides the 

differentiation required for more detailed analysis of the axons. Following transfection, 

fluorescent signal was amplified, and a model was finally uncovered that produces excellent 

separation of fibers, allowing for highly advanced analysis of individual fiber trajectories 

within monoaminergic systems. 

With the ability to differentiate axons at our disposal, the final challenge to 

overcome—and the main goal of the final experiment—is imaging axons across larger 

distances without physically disrupting the brain’s natural 3D space. Imaging tissue while 

maintaining the 3D space can be completed with the performance of tissue clearing processes 

which break down lipid rafts, remove endogenous pigments and homogenize the RI of the 

tissue. Once the tissue is rendered transparent, it can then be imaged without sectioning using 

light-sheet microscopy. First, clearing methods were tested by clearing thin sections of tissue 

to assess the efficacy of immunostaining and found that IHC can be used on cleared tissue, 
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albeit, with careful consideration of targets as small molecules (such as 5-HT) may be 

removed during the clearing process. Next, these clearing methods were used in an 

endogenously fluorescent mouse model to obtain images of axons across the brain. 

Following extensive testing and troubleshooting various issues with the tissue clearing 

process (outlined in section 4.3a), a reliable protocol for preparing and imaging cleared tissue 

was developed and light-sheet images of serotonergic fibers were obtained for future 

analyses with machine learning-based segmentation methods (e.g., TrailMap). 

In summary, we have developed an advanced tool kit for studying the monoaminergic 

system that may finally bring the hidden intricacies of this system into the light with an 

iCre/Brainbow AAV model that bestows the ability of fiber differentiation along with light-

sheet microscopy methods for studying axons across different regions of the brain. There are 

two additional directions for this line of research and many additional applications that can 

be explored in the near future. In the first direction, the iCre/Brainbow AAV model can be 

combined with light-sheet imaging so analysis of individual axons across greater distances 

can be achieved while preserving the natural 3D space. The second furute direction is for 

improvements and alternatives in automatic tracing methods to be explored. For example, a 

frequent challenge for the algorithm developed in this project was the prioritization of pixel 

brightness over current direction when tracing, which can lead to tracing errors when two 

fibers cross each other in close proximity. We now know, based on a large set of images and 

extensive testing, that the fiber brightness tends to be relatively stable throughout the imaged 

stack. We therefore recommend a simple improvement to the algorithm’s accuracy by future 

including a rule that still prioritizes brightness but constrains pixel brightness possibilities to 

only one standard deviation from the mean brightness. Another option is to pursue machine 
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learning algorithms; however, it should be noted that current available artificial neural 

networks (ANNs), have been trained on images with a much lower resolution than those 

required for imaging serotonergic fibers. A novel ANN architecture that is custom-designed 

for objects that are both thread-like and strongly stochastic, would be particularly promising.  

The true power of this work stems from how it could be applied to numerous other 

lines of future research. For example, this toolkit could be used to refine and improve 

previous studies of serotonergic systems, as it operated at the single-fiber resolution and 

offers unprecedented tracing capabilities. Uncovering this fine-grained information can help 

to unlock the causal factors that lead to altered fiber densities. One direct application for 

these methods is in anatomical research. Serotonergic fibers branch, as all axons, but the 

extent of this ramification remains largely implied (based on resultant densities) rather than 

directly observed. Due to the stochastic and intertwining trajectories, previous studies could 

not confidently separate true branches from fibers passing each other at very small distances. 

The ability to differentiate fibers with individual colors effectively solves this problem, even 

where the distance between two fibers falls below the limit of optical resolution. A related 

application of these methods is in the question of serotonergic fiber subtypes. The possibility 

of serotonergic fiber subtypes was first suggested in 1987 by Kosofsky and Molliver who 

proposed that they differ based on the site of their origin. Dorsal or “D” fibers were described 

as more abundant with homogenous and tapering shaped varicosities, while the median or 

“M” fibers were described as less abundant, thicker, and containing larger varicosities. Fiber 

subtypes have since remained an open question, including their fundamental existence, the 

number of subtypes, and the association with morphological and neurochemical properties 

(caliber, neurotransmitter co-expression, expression of transcription factors, or dynamics). A 
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recent publication by Huang (2019) used retrograde tracing for fiber visualization in the 

mouse DR and ultimately suggested the existence of 18 neuronal subtypes and 5 different 

fiber subtypes. So, do true fiber subtypes exist, or are fiber differences based on something 

else? For instance, the lack of expression of certain receptors (WNT) or changes in 

expression of guidance molecules can change the resulting growth and innervation patters of 

these fibers (Fenstermaker, 2010). Overall, the biggest limitation of this research line is its 

narrow scope that focused on reliably tracing individual fibers and disregarding the 

possibility of their behaviors based off interactions. With the potential of the Brainbow 

method developed in this project, we can now perform high-throughput analyses, allowing 

for a more holistic study into the entire fiber system, from their high-resolution individual 

trajectories to large-scale densities. By combining this method with other experimental 

manipulations, we may be able to finally have answers to a question 35 years in the 

making—are there true fiber subtypes? The possibilities for answers to this question are 

expansive, ranging from the existence of subtypes based on physical characteristics (fiber 

size, branching behaviors, or varicosity size), the serotonergic neurons in which they 

originate from, their expression levels (neurotransmitters, receptors, transcription factors), or 

a combination of these. Perhaps we could find fibers have no true subtype and adapt to needs 

of the environment in which they are innervating, or that there are no true fiber subtypes and 

that differing fiber morphologies ultimately random (reflecting the stochastic architecture of 

neural tissue). Regardless of what the future holds, this method will pave the way toward 

new discoveries and a better understanding of the serotonergic system. 

A frequently used analytic measurement for serotonergic fibers is optic densities, or 

the cumulative signal density above background level in an area. This method of 
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measurement has been used in anatomical studies, to create distribution maps, in studies of 

evolutionary differences, and in research of neuropsychiatric disorders (Foote & Morrison, 

1984; Vertes, 1991; Voigt & De Lima, 1991; Morin & Meyer-Bernstein, 1999; Leger et al., 

2001; Lew et al., 2019; Awasthi et al., 2020; Awasthi et al., 2021). Although this method of 

analysis can provide some useful information, it fails to provide deeper insights such as the 

overall composition of the axons contributing to these density variations. We may know that 

the amygdala the bonobo has a higher density of serotonergic fibers than that of the 

chimpanzee, but why are these different? Is there a true increase in the number of fibers in 

that region, or do the fibers simply behave different here? What about the overall 

composition of the fibers in the region? Do fibers innervate the area and freely intermix with 

each other or are fibers from one neuronal cell dominating the area and forming possible 

meshworks (e.g., Figure 26)?  Previous studies using traditional labeling methods have not 

been able to answer these questions with confidence due to the inability to differentiate 

fibers—but with the employment of our models, the answers to these questions are finally 

within reach.  

When it comes to understanding specific developmental patters of serotonergic fibers, 

research by Maddaloni (2017) is a key article outlining specific innervation patterns as well 

as tracking the overall length of fibers throughout development (growth beginning at PND 14 

and peaking at PND 28 while remaining largely unchanged throughout adulthood). However, 

this research was limited to length measurements within individual 3D image stacks as 

opposed to the overall length across the brain. Employment of the Brainbow AAV+/iCre+ 

line could be beneficial to developmental studies, but there are a couple obstacles that must 

be overcome before it can be applied in this way. The most challenging of these hurdles is 
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time. The Brainbow AAV requires surgical transfections along with tamoxifen injections for 

Cre induction, it may not be possible to achieve expression before PND 14 and 28. However, 

some groups have been successful in conducting surgical AAV transfections in pups as 

young as PND 1 (He et al., 2018). For instance, one group has successfully conducted viral 

injections of a calcium indicator, GCAMP, AAV in newborn mice by utilizing a dissecting 

microscope and blunt-tipped ear bars to stabilize the head. Since then, a mouse neonatal 

stereotaxic adaptor has also been created that may increase ease and success for these 

surgeries (Olivetti et al., 2020). Complete instructions for each of these proposed methods 

can be found in the cited articles. If the surgical transfections do not work, another possible 

option would be the creation of a transgenic Brainbow line that does expresses the Brainbow 

gene in the raphe nuclei. If this can be achieved, the total lengths of fibers in a given volume, 

as well as precise innervations patterns, can be studied with confidence.  

Even though we may not be able to use these methods in their current state for early 

developmental studies, they can have an impact on other developmental experimentation 

such as changes in fiber growth and innervation patterns occurring due to altered expressions 

of guidance molecules. An example is research by Fenstermaker (2010) that has found 

abnormal arborizations in serotonergic fibers after PCDA was knocked out. Using the 

information on true branching frequency and patterns in iCre/+Brainbow AAV+ mice, we 

can compare this data to those in PCDA-knockout mice, causally bridging these single-fiber 

properties and the resultant densities of fiber meshworks.  

Serotonergic fiber regrowth following TBI is another future application this method 

can contribute to. Research by Kajstura (2018) has found that fibers not only regrow 

following injury, but they also appear to grow to form a similar density to what the region 
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had prior to the TBI and without following the prior axonal pathways. Again, the dynamics 

of this process can be studied in much greater detail with the Brainbow approach. 

Looking at possible differences in fiber behaviors across different psychological 

disorders in which serotonin has been implicated is another possible direction for this 

research that should be explored. However, a limitation for the methods outlined here is the 

inability to apply Brainbow method to human tissue samples. Nevertheless, it is important to 

note that even without the Brainbow extension, the other developed methods (tissue clearing, 

improved tracing methods, and advanced stochastic models) can still be applied to human 

tissue samples to glean insights into possible differences in individual fiber behavior. A 

couple specific psychological disorders that should be explored are MDD and ASD—which 

have options for using both animal models and human samples. With regard to MDD, 

previous research has implicated a possible decrease in serotonergic fiber densities (Austin et 

al., 2002). Therefore, this can be further explored in several ways: depressive-like behavior 

can be induced in mice (Iniguez et al., 2014; Iniguez et al., 2018; Petkovic & Chaudhury, 

2022), mouse models for depression such as forebrain glucocorticoid receptor (GR) knockout 

mouse can be crossed with an inducible Cre mouse and then injected with the Brainbow 

AAV to obtain fiber differentiation, and finally human tissue samples can be obtained, and 

compared (using a single fluorophone) with results obtained in mouse models. performed 

independently of, and later, compared to analyses from the animal models. All of these 

approaches, taken separately, have drawbacks (e.g., mouse models may not accurately reflect 

human psychological disorders), but together they may achieve a reliable “triangulation” of 

the underlying biological deficiencies. Similar approaches can be used to study the dynamic 

changes induced by SSRIs. 
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Research with ASD is less straight-forward due to the spectrum of behaviors that are 

associated with the disorder. A recent publication looked at the differences of connectivity 

using fMRI scans and found spectrum-like variability across 16 different ASD mouse models 

(Zerbi et al., 2021). The developed methods can be used to achieve fiber differentiation in 

these models, which can again be combined with the analysis of human tissue samples from 

individuals diagnosed with ASD. 

Importantly, these new methods do not need to be exclusive to serotonin research and 

can be applied to other monoaminergic systems to verify and expand on results of previous 

studies. For example, to study individual axon behavior of dopaminergic cells, the iCre 

mouse line, B6;129-ThTm1(cre/Esr1)Nat/J (from JAX) could be used and transfected with the Brainbow 

AAV. Similarly, the Cre lines of B6;129-CckbrTm1.1(Cre)Mgmj/J and B6.DbhTm3.2(Cre)Pjen/J (also from JAX) 

could be used to study adrenaline and noradrenaline, respectively.  

Overall, this research will greatly improve our ability to analyze and understand the 

components of monoaminergic systems, by answering questions about how the dynamics of 

fibers change across distances, whether it is determined by the requirements of different brain 

regions, the local microarchitecture of brain tissue, or other factors. It may ultimately allow 

us to understand how this massive system becomes what it is, a vast and dense matrix in 

which our cognitive lives are forever embedded (Figure 34).  
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Figure 34: Confocal images comparing the BLA region of the amygdala in a (top) single-color transgenic 

model and (bottom) Tph2-iCre mouse injected with the AAV-packaged Brainbow construct. Three fluorophores 

were used in the left image: Alexa Fluor 488 (pseudocolored green, on GFP), Alexa Fluor 594 (pseudocolored 

blue, on mTFP), Alexa Fluor 647 (pseudocolored red, on TagRFP).  
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