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Vertebrate brains have a dual structure, composed of (i) axons that
can be well-captured with graph-theoretical methods and (ii) axons that
form a dense matrix in which neurons with precise connections operate.
A core part of this matrix is formed by axons (fibers) that store and
release 5-hydroxytryptamine (5-HT, serotonin), an ancient neurotransmitter
that supports neuroplasticity and has profound implications for mental
health. The self-organization of the serotonergic matrix is not well
understood, despite recent advances in experimental and theoretical
approaches. In particular, individual serotonergic axons produce highly
stochastic trajectories, fundamental to the construction of regional fiber
densities, but further advances in predictive computer simulations require
more accurate experimental information. This study examined single
serotonergic axons in culture systems (co-cultures and monolayers), by using
a set of complementary high-resolution methods: confocal microscopy,
holotomography (refractive index-based live imaging), and super-resolution
(STED) microscopy. It shows that serotonergic axon walks in neural tissue
may strongly reflect the stochastic geometry of this tissue and it also provides
new insights into the morphology and branching properties of serotonergic
axons. The proposed experimental platform can support next-generation
analyses of the serotonergic matrix, including seamless integration with
supercomputing approaches.

5-hydroxytryptamine (5-HT), serotonergic, axon, growth cone, varicosities,
development, in vitro, random walk

Introduction

Virtually all neural networks in vertebrate brains operate inside a dense matrix
of axons whose individual trajectories are inherently unpredictable. Large-scale brain
networks and local neuron connectivity can be well-described with graph-theoretical
approaches which are strongly deterministic and topological (Sporns et al., 2005; Jiang
et al,, 2015; Lynn and Bassett, 2019; Faskowitz et al., 2022). In contrast, descriptions
of this axon matrix require methods that are strongly stochastic (probabilistic)
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and geometric (distance-respecting) (Janusonis et al, 2019,
2020). Therefore, the brain can be viewed as “a graph embedded
in a cotton ball} comprising strongly “deterministic’ and
strongly “stochastic” axons. This duality may be a manifestation
of the ubiquitous but subtle balance between determinism and
chaos, necessary to achieve self-organization and complexity
in nature (Teuscher, 2022). It may also be mimicked in a
primitive form in the “dropout” technique of artificial neural
networks, where better regularization is achieved by knocking
out a random subset of “neurons” in each training iteration, by a
process external to the network (Goodfellow et al., 2016; Labach
etal., 2019; Lee et al., 2022).

Neuroanatomically, the axons that form this matrix are
known as the “ascending reticular activating system” (ARAS),
due to the fact that they primarily (but not exclusively) originate
in the brainstem. A large class of these axons contain and release
5-hydroxytryptamine (5-HT, serotonin), a neurotransmitter
that dates back to the origin of all Bilateria (Moroz et al.,
2021). They are classically referred to as “serotonergic axons,”
but currently they are more accurately interpreted as axons
of a heterogeneous group of neurons that cluster in specific
brain regions and are unique in their expression of tryptophan
hydroxylase 2 (Tph2), a rate-limiting enzyme in the 5-HT
synthesis pathway (Ren et al., 2018; Okaty et al, 2019). In
mammals, all serotonergic neuron somata are restricted to the
brainstem, within the rather loosely organized raphe nuclei
(Jacobs and Azmitia, 1992; Hornung, 2003). The raphe region
has been strongly conserved in evolution (Butler and Hodos,
2005). However, in cartilaginous fish, serotonergic neurons can
also be present in the hypothalamus, especially around the
infundibulum, as well as in some other brain regions (Stuesse
et al,, 1991; Carrera et al, 2008). In cartilaginous and bony
fish, serotonergic neurons can appear in the habenula during
development (Ebbesson et al., 1992; Carrera et al., 2008). In
the fish and reptilian spinal cord, non-serotonergic neurons can
become serotonergic in response to injury (Fabbiani et al., 2018;
Huang et al., 2021), and intraspinal serotonergic neurons have
also been reported in mammals (Huang et al.,, 2021). It can
therefore be hypothesized that the raphe region is consistently
conducive to this phenotype, but that it can also be induced
elsewhere in the central nervous system.

In mammalian brains, serotonergic neurons are among the
earliest neurons to mature: 5-HT synthesis has been detected
around embryonic days 11-13 in mice and rats (Lidov and
Molliver, 1982; Hendricks et al., 1999; Hawthorne et al., 2010)
and around 5 weeks of gestation in humans (Sundstrom et al.,
1993; Mai and Ashwell, 2004). In further development, they
extend axons that initially travel along well-defined paths but
eventually disperse in the entire brain in a diffusion-like process
(Lidov and Molliver, 1982; Aitken and Tork, 1988; Kiyasova
and Gaspar, 2011; Jin et al., 2016; Maddaloni et al., 2018;
Donovan et al,, 2019). These axons grow to become extremely
long; because the proximal and distal ends of a given segment
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cannot be readily identified outside the brainstem, serotonergic
axons are often called “fibers.” According to early estimates,
each cortical neuron of the rat brain may receive around 200
serotonergic varicosities (dilated axon segments) (Jacobs and
Azmitia, 1992), which is generally consistent with the current
notion that serotonergic axons contribute to pericellular baskets
(Senft and Dymecki, 2021).

The developmental axon dispersal eventually leads to the
formation of the serotonergic matrix which varies in density
across brain regions. Over the past decades, these densities
have been mapped in detail in several mammalian species
(Steinbusch, 1981; Foote and Morrison, 1984; Lavoie and Parent,
1991; Vertes, 1991; Voigt and de Lima, 1991; Morin and Meyer-
Bernstein, 1999; Vertes et al., 1999; Way et al,, 2007; Linley
et al, 2013). In humans, altered serotonergic densities have
been associated with various mental disorders and conditions:
Autism Spectrum Disorder (Azmitia et al., 2011), epilepsy (Maia
et al,, 2019), Major Depressive Disorder (Numasawa et al,
2017), and exposure to 3,4-methylenedioxy-methamphetamine
(MDMA, Ecstasy) (Adori et al., 2011). Generally, serotonergic
signaling is thought to promote plasticity (Lesch and Waider,
2012; Campanelli et al.,, 2021), perhaps by keeping synapses
in a functionally semi-solidified state. It may explain the
profound effects of 5-HT-like psychedelics in mental disorders
(Vollenweider and Kometer, 2010; Daws et al., 2022). Some
of these effects may be associated with chromatin remodeling
(Sheu et al.,, 2022). A growing body of literature suggests close
associations between plasticity and randomness in other systems
(van der Groen et al., 2022; Voortman and Johnston, 2022),
suggesting that the stochasticity of serotonergic axons may not
be an evolutionary accident.

The self-organization of the brain serotonergic matrix is
a fundamental problem that remains unsolved. Effectively,
one has to find a process that starts with the strongly
stochastic trajectories of individual serotonergic axons (unique
in each individual at the microscopic level) and ends with
the regionally-specific serotonergic densities (consistent across
individuals at the macroscopic level). It is natural to assume that
this process is controlled by molecular signals. Experimental
research suggests that they can include the LIM homeodomain
protein Lmx1b (Donovan et al., 2019), protocadherin o (Pcdh-
aC2) (Katori et al, 2009, 2017; Chen et al, 2017), the
growth factor S1008 (Whitaker-Azmitia, 2001), the brain-
derived neurotrophic factor (BDNF) (Mamounas et al., 1995),
and, importantly, 5-HT itself (Migliarini et al., 2013; Nazzi et al.,
2019). The significance of 5-HT as a signal is in that it creates
a simple feedback loop, capable of regulating axon growth
independently of highly orchestrated developmental sequences
(analogously to the development of microvasculature controlled
by hypoxia-inducible factor 1a). Notably, serotonergic axons
are nearly unique in their ability to regenerate in the adult
mammalian brain (Jin et al., 2016; Kajstura et al., 2018; Cooke
et al., 2022). This potential suggests that individual axons may
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get routinely interrupted in normal neural tissue, which is likely
considering their typically small diameter, extreme trajectory
lengths, various tension forces (e.g., some serotonergic axons
travel through densely packed white matter), and glial activity
(Smit et al., 2017; Janusonis et al., 2019, 2020). It further suggests
that serotonergic densities are not only built in development
but also may have to be actively maintained in the adult
brain.

In addition to these biological factors,
specific densities

regionally-
can arise as a consequence of the
stochastic properties of serotonergic axons, including their
interaction with boundaries and obstacles (Janu$onis and
Detering, 2019; JanuSonis et al, 2019, 2020; Vojta et al,
2020). This interdisciplinary approach capitalizes on recent
advances in applied mathematics, such as reflected fractional
Brownian motion (Wada and Vojta, 2018), and can be
readily implemented in supercomputing simulations that
bridge the micro-and macro-scales. It has demonstrated
that serotonergic densities may depend on the flexibility of
individual axons (Janu$onis and Detering, 2019), as well as
on the curvature of tissue boundaries (JanuSonis et al., 2020),
with intriguing implications for comparative and clinical
neuroscience.

Further progress in this research requires a deeper
understanding of single serotonergic axons. Studies in brain
tissue are technically challenging because of their high density,
small caliber (which approaches the limit of optical resolution),
and trajectories that continuously change their orientation. In
particular, axons routinely cross at submicrometer distances,
making their individual discrimination difficult or impossible
(Janusonis et al.,, 2019). Several groups, including ours, have
attempted to analyze individual serotonergic axons in fixed
brain tissue (Gagnon and Parent, 2014; Maddaloni et al,
2017; JanuSonis and Detering, 2019; JanuSonis et al., 2019).
However, this information remains insufficient for reliable
modeling. The important unsolved problems include the extent
to which serotonergic axons reflect the stochastic geometry of
the surrounding neural tissue, the interpretation of varicosity-
like profiles (in terms of growth dynamics), the stability of other
morphological features along the trajectory, branching patterns
and frequency, and others.

Individual axons can be made easily accessible in primary
neuronal cell cultures. These environments may not be
natural in their dimensionality, packing, viscoelasticity, and
other characteristics but they are well-positioned to reveal
fundamental characteristics of axons, such as extension,
varicosity formation, or fasciculation (Smit et al, 2017;
Yurchenko et al., 2019; Sun et al.,, 2022). Local axon properties
can then be computationally extended to longer times and
distances, with further experimental verifications (including
normal brain tissue).

Serotonergic neuron cultures were pioneered several
decades and have been used

ago in morphological,
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electrophysiological, and pharmacological studies (Lauder
et al., 1982; Azmitia and Whitaker-Azmitia, 1987; Johnson,
1994; Johnson and Yee, 1995; Wang et al., 1998; Lautenschlager
et al., 2000; Nishi et al., 2000; Yasufuku-Takano et al., 2008;
Scheuch et al.,, 2010; Montgomery et al., 2014; Mercer et al.,
2017). Virtually all of these studies focused on population-level
descriptions. The present study is the first high-resolution
analysis of single serotonergic axons in vitro that integrates
3D-
holotomography of live cells, and super-resolution microscopy.

information obtained with 3D-confocal imaging,
It demonstrates the potential of these approaches in further
experimental studies and immediately informs modeling efforts.

Materials and methods

Primary co-cultures of midbrain
neurons and cortical glia

The procedures were based on a protocol developed in Dr.
David Sulzer’s laboratory (Columbia University) (Staal et al.,
2007).

In the first step, a monolayer of glial cells (primarily
astrocytes) was produced. Rat pups [Sprague-Dawley, Charles
River, postnatal days (PD) 1-3] were anesthetized on ice,
decapitated, and their cerebral cortex was dissected under a
stereoscope with fine surgical tools. The collected tissue (from
around 2 pups) was placed in Dulbecco’s phosphate buffered
saline (DPBS; Sigma-Aldrich # D1408) on ice and cut into
small (around 1 mm?) pieces. The pieces were immediately
transferred into a glia-specific papain solution effused with
carbogen (95% O, and 5% CO;) to dissociate the cells.
The papain solution was composed of papain (20 Units/mL;
Worthington Biochemical Corporation #LS003126), 1 mM
cysteine (from cysteine water, described below), 1 x H&B
concentrate (described below), and 0.001% phenol red (all
concentrations are final). The cysteine water contained 1.25 mM
L-cysteine and 1.9 mM CaCl,. The 5 x H&B concentrate
contained 116 mM NaCl, 5.4 mM KCI, 26 mM NaHCO3, 2 mM
NaH,PO,-H,0, 1 mM MgSOy4, 0.5 mM EDTA, and 25 mM
glucose. Following cell dissociation, cells were washed, gently
triturated with GSM (described below), and counted. Cells
were diluted to a density of 1,000,000-1,500,000 cells/mL and
plated at around 80,000 cells per culture dish. The 35 mm-
culture dishes with a bottom glass coverslip (No. 1.5) were
pre-coated with poly-D-lysine (Mattek #P35GC-1.5-14-C) and
further coated with laminin (at 10 pwg/mL; Sigma-Aldrich
#CC095). The glia-specific medium (GSM) was composed of
Minimum Essential Medium Eagle (MEM) (180 mL; Sigma-
Aldrich #M2279), fetal bovine serum (not heat-inactivated,
20 mL; ThermoFisher # 26140087), glucose (1.5 mL of a 45%
solution; Sigma-Aldrich # G8769), insulin [40 pL of 25 mg/mL
(0.02 M HCI); Sigma-Aldrich #I5500], glutamine (0.5 mL of
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a 200 mM solution; Sigma-Aldrich #G2150), and penicillin-
streptomycin (0.24 mL of a solution containing 10,000 Units/mL
penicillin and 10 mg/mL streptomycin; Sigma-Aldrich #P0781).
When the glia (feeder) layer became 70% confluent (3-
5 days after plating), 5-fluoro-2’-deoxyuridine (FDU) was added
to inhibit non-neuronal cell proliferation. The FDU stock
solution was prepared by adding 15 mL of a uridine solution
(16.5 mg/mL; Sigma-Aldrich #U3003) to 100 mg of FDU (FDU;
Sigma-Aldrich # F0503). Before use, it was diluted by adding
0.2 mL of the stock to 1.8 mL MEM, and 20 L of the diluted
solution was added to each dish with 2 mL of GSM.

In the second step (around 7-14 days after the initial
plating), midbrain neurons were added to the culture. Mouse
pups (C57BL/6, Charles River, PD 1-2) were anesthetized
on ice, decapitated, and their midbrain at the level of the
rostral raphe nuclei was dissected under a stereoscope with
fine surgical tools. The collected tissue (from 5 to 7 pups) was
placed in DPBS on ice and cut into small (around 1 mm?)
pieces. The pieces were immediately transferred into a neuron-
specific papain solution effused with carbogen to dissociate
the cells. The papain solution was composed of papain (20
Units/mL), 1 mM L-cysteine (from cysteine water), 1 x H&B
concentrate, 3.75 mN HCI, 0.5 mM kynurenic acid [from a
0.5 M solution (in 1 N NaOH); Sigma-Aldrich #K3375], and
phenol red (0.001%) (all concentrations are final). Following
cell dissociation, cells were washed, triturated with ¢cNSM
(described below), and counted. Cells were diluted to a density
of 1,000,000 cells/mL and plated at around 60,000-80,000 cells
per dish. Cells were plated in slide rings (Thomas Scientific #
6705R12) on glia monolayers to ensure neurons adhere to the
coverslips and do not get washed away. The midbrain neuron-
specific medium (cNSM) was composed of MEM (94 mL),
Dulbecco’s Modified Eagle’s Medium (low glucose) (80 mL;
Sigma-Aldrich #D5546), heat-inactivated fetal bovine serum
(2 mL; ThermoFisher #A3840301), glucose (1.5 mL of a 45%
solution), glutamine (0.5 mL of a 200 mM solution), bovine
serum albumin (fraction V) (0.5 g; Sigma-Aldrich # A4503),
Ham’s F-12 nutrient mixture (20 mL; Sigma-Aldrich # N4888),
catalase in an aqueous solution (0.1 mL; Sigma-Aldrich #
C3155), kynurenic acid (200 pL of a 0.5 M solution), HCI
(50 wL of a 5 N solution), and the di Porzio concentrate
(2 mL). The di Porzio concentrate (di Porzio et al., 1980;
Casper et al., 1991) was composed of 6.25 pg/mL progesterone
(Sigma-Aldrich #P0130), 4 pg/mL corticosterone (Sigma-
Aldrich #C2505), 2.5 mg/mL insulin, 0.52 pg/mL Na;SeO3
(Sigma-Aldrich #214485), 2 pg/mL 3,3)5-triiodo-L-thyronine
sodium salt (Sigma-Aldrich #T2752), 0.5 mg/mL superoxide
dismutase (Sigma-Aldrich #S7571), 0.24 mg/mL putrescine
dihydrochloride (Sigma-Aldrich #P7505), and 10 mg/mL apo-
transferrin (Sigma-Aldrich #T1428) in Hanks Balanced Salt
Solution (HBSS) (ThermoFisher #14170120). The neuron-
specific medium was additionally pre-conditioned for 24 h
in either confluent glia cultures (in the original culture
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dishes) or T225 flasks containing glial cell monolayers. Two
hours after plating, the slide rings were removed and glial-
derived neurotrophic factor (GDNF) was added at the final
concentration of 10 ng/mL (Sigma-Aldrich #GF322) to protect
cultures from cell death and support neurite outgrowth. One
day after cell plating, FDU was added to inhibit non-neuronal
cell proliferation at the final concentration of 6.7 pg/mL. The
cultures were imaged immediately or maintained healthy for up
to 4-6 weeks.

All cell culture solutions were sterile-filtered (with the pore
size of 0.22 wm) before use. The cultures were incubated in a
Thermo Scientific Forma Series II water-jacketed incubator at
5% CO; and 37°C. Further details about the preparation of the
used reagents are available in Staal et al. (2007).

Neuronal monolayers of the mouse
midbrain

These cultures consisted only of a neuronal layer, with
no glial layer. The midbrain tissue was dissected from mouse
pups as described above. After dissociation, cells were washed,
gently triturated with c¢cNSM, and counted. We found that
in this step ¢cNSM could be replaced with mNSM (described
below) with 1% heat-inactivated fetal bovine serum. Cells
were diluted to a density of 1,000,000-1,500,000 cells/mL and
plated at around 50,000-100,000 cells per culture dish. Lighter
trituration resulted in denser but healthy cultures. The neuron-
specific medium (mNSM) consisted of 95% Gibco Neurobasal
Plus Medium (ThermoFisher #A3582901), 2% Gibco B-27
Plus Supplement (ThermoFisher #17504044), 2% GlutaMAX
(ThermoFisher # 35050061), and 0.5% penicillin-streptomycin
(all concentrations are final). The addition of GDNF and FDU,
as well as the other procedures, were the same as in the co-
cultures. The cultures were imaged immediately or maintained
healthy for up to 4-6 weeks.

Immunocytochemistry

Cultures were fixed by aspirating the culture medium and
immediately adding phosphate-buffered 4% paraformaldehyde
(PFA) for 10 min. They were rinsed in 0.1 M phosphate-
buffered saline (PBS) and either processed immediately or stored
for a few days at 4°C. All immunocytochemical procedures
were performed at room temperature on a shaker. Cultures
were rinsed in PBS, blocked for 15 min in 2% normal
donkey serum (NDS) in PBS, incubated in goat anti-5-HT
IgG (1:1000; ImmunoStar # 20079) and rabbit anti-MAP2
IgG (1:1000; Abcam #32454) with 2% NDS and 0.3% Triton
X-100 (TX) in PBS for 1-3 h, rinsed three times in PBS
(5 min each), incubated in Cy3-conjugated donkey anti-goat
IgG (1:500; ImmunoResearch #705-165-147) and Alexa Fluor
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488-conjugated donkey anti-rabbit IgG (1:1000; ThermoFisher
#A-21206) with 2% NDS in PBS for 30-60 min, and rinsed
three times (5 min each) with PBS. In order to visualize
axons, the rabbit-anti-MAP2 antibody was replaced with mouse
anti-neurofilament IgG1/IgM (1:250; BioLegend #SMI-312)
or mouse anti-Tau-1 IgG2a (clone PC1C6) (1:250 with no
dephosphorylation; Millipore #MAB3420), and the donkey anti-
rabbit IgG was replaced with Alexa Fluor 488-conjugated
donkey anti-mouse IgG (1:500; ImmunoResearch # 715-545-
150). After a quick (5-10 s) rinse in water (to remove salts), the
coverslip with the cells was carefully detached from the bottom
of the plate and mounted on a glass slide with ProLong Gold
Antifade Mountant containing DAPI (ThermoFisher #P36941).
The cells were imaged at least 24 h after mounting to allow
curing to the optimal refractive index.

Epifluorescence and confocal
microscopy

Epifluorescence imaging was performed on an AxioVision
Z1 system in three channels (Cy3, GFP, and DAPI), using
a 10 x objective (NA 0.45) and a 40 x oil objective (NA
1.30). Confocal imaging was performed in three channels
(Cy3, AlexaFluor 488, DAPI) on a Leica SP8 resonant
scanning confocal system, primarily using a 63 x oil
objective (NA 1.40) with the xy-resolution of 59 nm/pixel
and the z-resolution of 300 nm/optical section. Typical
z-stacks consisted of 30-100 optical sections. The figures show
maximum-intensity projections.

Holotomography (refractive
index-based 3D-live imaging)

Live cultures were removed from the incubator and
3D-Cell CX-F
(firmware 1.5.70; Nanolive SA, Switzerland) equipped with
a 60 x objective and a CMOS camera with 1,024 x 1,024 pixels.
The laser used for tomography was 520 nm at an output power

immediately imaged with a Explorer

of 0.1 mW. The imaging conditions matched the incubation
conditions (5% CO; at 37°C). The z-stacks contained around 95
sections and were imaged around every 7 s. The 4D-recordings
were reviewed and analyzed in STEVE 1.6 (the native software
of the system). Time-lapse z-projections were generated in
Image] with a Nanolive macro.

Immunohistochemistry and
super-resolution microscopy

A timed-pregnant C57BL/6 dam (Charles River) was
euthanized with CO; at embryonic day 17 (E17). The embryos
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were removed from the uterus, immediately decapitated, and
their brains were dissected and immersion-fixed in 4% PFA
overnight at 4°C. They were cryoprotected in phosphate-
buffered 30% sucrose for 2 days and embedded in 20%
gelatin (type A; FisherScientific #G8-500). The gelatin block
was trimmed around the brain, immersed in formalin with
20% sucrose for 3 h, rinsed in PBS, and sectioned on a
freezing microtome at 40 pum thickness. Selected sections were
rinsed in PBS, blocked in 2% normal goat serum (NGS)
in PBS for 30 min, and incubated in rabbit anti-5-HT IgG
(1:500; ImmunoStar #20080) with 2% NDS and 0.3% TX
in PBS for 2 days on a shaker at 4°C. They were rinsed
three times in PBS (10 min each), incubated in STAR-RED-
conjugated goat anti-rabbit IgG (1:200, Abberior #STRED-
1002) for 90 min, rinsed three times in PBS (10 min each),
mounted on coverslips (to minimize the objective-section
distance and improve imaging depth), and allowed to air-dry.
The coverslips were mounted on glass slides with ProLong Gold
Antifade Mountant (without DAPI; ThermoFisher #P36930).
The sections were imaged at least 24 h after mounting
to allow curing to the optimal refractive index. They were
imaged on an Abberior STED (Stimulated Emission Depletion)
microscope using a 60 x oil objective (NA 1.4), the excitation
line of 640 nm, and the depletion line of 775 nm. The
voxel dimensions were 30 x 30 x 100 nm?®. Double-label
immunohistochemistry for 5-HT and MAP2 (with Alexa Fluor
594-conjugated donkey anti-goat IgG and Alexa Fluor 647-
conjugated donkey anti-rabbit IgG) was also attempted but
yielded virtually no improvement over regular confocal imaging,
likely due to suboptimal properties of the AlexaFluor dyes in the
used STED configuration.

Results

Midbrain serotonergic neurons grown in primary cultures
were strongly immunoreactive for 5-HT and had normal
morphology (Figure 1). Their somata were round (typically,
around 20 pwm in diameter) or fusiform (extending up to
50 pm in length) and immunoreactive for MAP2. They typically
had long, 5-HT-immunoreactive axons distinguished from
other neurites (e.g., dendrites) by the characteristic varicosity-
like profiles and the absence of MAP2-immunoreactivity.
Serotonergic neurons appeared normal at various plating
densities. In particular, many axons were observed extending
from raphe regions that have not been fully dissociated
(Figure 1A), as well as from sparsely distributed single neurons
(Figures 1B,C).

High-resolution confocal imaging revealed that many
serotonergic axons were in contact with MAP2-positive
neurites (e.g., putative dendrites) of non-serotonergic neurons
(Figures 2A-D). Some serotonergic axons appeared to wind
around these neurites (Figure 2A) and some simply advanced
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5-HT+MAP2+DAPI

DAPI DAPI

FIGURE 1

— | 5-HT+MAP2+DAR)

10.3389/fnins.2022.994735

— | 5-HT+MAP2+DAPI

DAPI

Primary midbrain cultures (all monolayers at DIV 5), visualized with immunocytochemistry for 5-HT (red) and MAP2 (green) and imaged with
epifluorescence microscopy. Cell nuclei are stained blue (DAPI). (A) A tissue piece from the midbrain raphe region, the cells of which have not
been fully dissociated. Long serotonergic axons with varicosities emerge from the tissue, suggesting that the culture protocol can also be used
in organotypic preparations. (B,C) Typical dissociated serotonergic neurons, with morphological features (round or fusiform somata) and
neurites virtually indistinguishable from those in intact neural tissue. Scale bar = 100 um.

along them in the same imaging plane (Figure 2B). These
neurite contacts appeared to be functionally important for axon
extension, as was evidenced by instances in which one axon
branch remained on the neurite but the other lost its contact
(Figure 2C). In some cases, the detached branch increased its
caliber dramatically (at least two-fold), likely due to its multiple
active (growth cone-like) zones in the terminal segment. The
appearance of these branches in fixed preparations suggested
that they were attempting to find the next attachment point
(Figure 2C). Serotonergic axons were also found sliding along
other serotonergic axons, with no apparent repulsion, but these
instances were considerably less frequent (Figure 2E).

In order to investigate the nature of contacts between
serotonergic axons and MAP2-positive neurites, we examined
axons that were advancing along a neurite but were not in
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close apposition to it (Figure 3A). It revealed discrete adhesion
structures, composed of a strongly 5-HT-positive “foot” (directly
in contact with the neurite) and an extremely thin (nanoscale)
membrane tether anchoring it to the main axon (Figures 3B,C).
These structures were located close to the growth cone but
outside its active zone. Putative adhesion sites were also detected
on neurites where the axon was no longer present. In some
instances, these sites were strongly elongated (Figure 3D),
suggesting that the contacting axon membrane was flattened,
perhaps to reflect the width of the neurite.

The presence of 5-HT-positive adhesion sites raises the
question of whether they can be mistaken for varicosities
in brain tissue. Image analysis suggests subtle transitions
between actual axon varicosities (connected with continuous
cell membrane) and residual adhesion sites (with no membrane
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5-HT + MAP2 + DAPI

FIGURE 2

Primary midbrain cultures, visualized with immunocytochemistry for 5-HT (red) and MAP2 (green) and imaged with high-resolution confocal
microscopy. Cell nuclei are stained blue (DAPI). (A) A serotonergic axon (5-HT + /MAP2 -, asterisk) that advances along a dendrite of a
non-serotonergic neuron (5-HT -/MAP2 +). (B) Another serotonergic axon (5-HT + /MAP2—, asterisk) that advances along a

5-HT-/MAP2 + neurite. (C) A serotonergic axon (5-HT + /MAP2-, asterisk) that advances to the end of a 5-HT —/MAP2 + neurite and also
produces a branch that has lost contact with the neurite (double asterisk). Note the much larger caliber of the branch, as well as multiple
growth cone-like zones, perhaps in search of the next attachment point. (D) A typical contact between a serotonergic axon (5-HT + /MAP2-)
and a 5-HT-/MAP2 + neurite (an enlarged part of B). (E) Contacts between two serotonergic axons (5-HT + /MAP2-) are less frequent but also
occur, with no apparent repulsion between the axons. (A,B,D,E) Monolayers at DIV 4; (C) neuron-glia co-culture at DIV 3. Scale bar (shared by
all panels) = 10 wm in (A-=C); 5 um in (D,E)

5-HT + MAP2 + DAPI

FIGURE 3

A primary midbrain culture (neuron-glia co-culture at DIV 3), visualized with immunocytochemistry for 5-HT (red) and MAP2 (green) and
imaged with high-resolution confocal microscopy. Cell nuclei are stained blue (DAPI). (A) A serotonergic axon (5-HT + /MAP2-) that advances
along a 5-HT-/MAP2 + neurite and reveals its adhesion sites (one site is marked with an asterisk). (B) An enlarged view of the growth cone
region in (A). (C) A further enlarged view of the adhesion site marked with an asterisk in (A). (D) Relatively regularly spaced putative adhesion
sites (5-HT + /MAP2-) on a 5-HT-/MAP2 + neurite (an enlarged part of (A), arrow). Scale bar (shared by all panels) = 10 pm in (A); 5 wm in (B,D);
2 umin (C)

continuity), which may be difficult to tell apart in fixed no detectable 5-HT-immunoreactivity, interspersed among
tissue visualized with immunohistochemistry (Figures 4A-C). segments with strong 5-HT-immunoreactivity (Figure 4A). This
This situation is further complicated by the observation phenomenon may be due to sharply delineated accumulation of
that serotonergic axons themselves can have segments with 5-HT in specific segments (with no change in the fiber caliber)
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5-HT + MAP2 + DAPI

FIGURE 4

Primary midbrain cultures (all monolayers at DIV 4), visualized with immunocytochemistry for 5-HT (red) and MAP2 (green) and imaged with
high-resolution confocal microscopy. (A) The growth-cone region of a serotonergic axon (5-HT + /MAP2-) that shows wide gaps in
5-HT-immunoreactivity (arrows). These gaps may be due to nanoscale-caliber bridges between intensely labeled segments or actual
interruptions in fiber continuity. The presence of normal-caliber segments virtually devoid of 5-HT also cannot be ruled out. (B) A serotonergic
axon or a series of its adhesion sites (5-HT + /MAP2-) that transitions from a thin, nearly continuous trace to a much thicker trace with large
gaps (arrows) between circular 5-HT + regions. (C) A serotonergic axon or a series of its adhesion sites (5-HT + /MAP2-) that shows circular
5-HT + regions (around 1 pm in diameter) spaced at around 4 um (arrows). Scale bar (shared by all panels) = 5 um

or to an extremely small caliber of the interconnecting segments
(which physically cannot contain many 5-HT molecules).
To distinguish between these possibilities, we immunostained
cultures for 5-HT and axon markers (Tau-1 or neurofilaments)
(Figure 5). No detectable immunoreactivity for the two axon
markers was found in neurites with strongly alternating 5-HT-
positive and 5-HT-negative segments, thus not allowing direct
comparison of the signals. However, similar patterns of Tau-
I-immunoreactivity were present in other (non-serotonergic)
neurites (Figure 5A), suggesting that the absence of 5-HT-
immunoreactivity in some fiber segments was likely caused by
an actual variability of the axon diameter. It is further supported
by the observation that 5-HT tends to accumulate in well-
defined puncta (with the apparent diameter of around 300 nm
in confocal imaging) and that segments with no puncta remain
identifiable in neurites with a constant caliber (Figure 5A). In
contrast, a gradual transition to extremely thin segments (that
can no longer accommodate a single 5-HT-positive punctum)
was observed in some growing serotonergic axons (Figure 5B).
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This inference is consistent with studies in which serotonergic
axons have been visualized with green fluorescent protein (GFP
or EGFP), as opposed to 5-HT (Benzekhroufa et al, 2009;
Maddaloni et al., 2017).

It is possible that some distal axon segments can become
detached from the main axon, due to the highly dynamic active
zones extending beyond the growth cone (e.g., Figure 2C).
Since these zones can be accompanied by rapid fluctuations of
the axon diameter, distal segments may become disconnected
in stochastic events. Such terminal “shedding” would not be
detrimental to neural tissue because serotonergic axons exhibit
robust growth and naturally regenerate, even in the adult
mammalian brain (Jin et al., 2016).

In order to understand the dynamics of these processes,
midbrain cultures were examined with time-lapse 3D-
holotomography (label-free, refractive index-based imaging).
Highly dynamic, discrete contact events between growth-
cone protrusions and neurites were recorded (Figures 6A,B;
Supplementary Video 1). Some of these contacts may
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5-HT+NF+DAP}

FIGURE 5

10.3389/fnins.2022.994735

Primary midbrain cultures (both monolayers at DIV 13), visualized with immunocytochemistry for 5-HT (red) and either Tau-1 or neurofilaments
(green) and imaged with high-resolution confocal microscopy. (A) There is no overlap between the 5-HT and Tau-1 signals, but both
serotonergic (5-HT + /Tau-1-) and non-serotonergic (5-HT—/Tau-1 +) axons have segments with alternating signal intensities. It suggests that
in serotonergic axons this property cannot be explained solely by 5-HT accumulation. In serotonergic neurons, the 5-HT signal tends to
accumulate in puncta, but segments with no puncta are still detectable in neurites with a constant caliber (insets, with the corresponding
regions marked with the rectangles in the merged image). (B) Generally, there is no overlap between the 5-HT and neurofilament signals (NF),
but some strongly NF-positive and weakly 5-HT-positive axons with continuous 5-HT-immunoreactivity are present (asterisks). In some
serotonergic axons with growth cones, gradually narrowing axon segments are clearly visible (inset, with the corresponding region marked with

the rectangle in the merged image). Scale bars = 20 um

eventually become adhesion sites (Figure 7). As the axon
continues to advance along the surface, its spatial position
retains a considerable degree of flexibility. The axon can stay
closely adhered to the surface (e.g., Figure 2B) but it can also
be displaced away from the surface, while still anchored to it by
thin membrane tethers (e.g., Figure 3B). Live imaging suggests
that these tethers can extend by around 10 pm (the diameter of
a small neuron) in around 10 min, with the attachment points
firmly fixed (Figure 7; Supplementary Video 2). Such physical
flexibility is important to accommodate unavoidable lateral
shifts of the axon, as its leading end clambers from neurite to
neurite (Figures 8A,B; Supplementary Video 3). Perhaps in
response to tension forces, axon segments can become flat and
assume a cork screw-like configuration, even far away from the
growth cone and naturally flat lamellipodia (Figure 7, inset).
The environment in the culture dish does not accurately
reflect the brain environment. The differences include tissue
dimensionality (2D vs. 3D), cell packing, viscoelasticity, and
many other factors. In order to verify some of our findings,
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super-resolution (STED) microscopy was used to examine
single serotonergic axons in the mouse brain at embryonic
day 17 (Figure 9). This developmental age is convenient
because at this time the serotonergic neurons are already
fully mature but their axons only begin to spread in the
telencephalon (Lidov and Molliver, 1982; Janusonis et al,
2004). Due to this sparse distribution, single axons and their
growth cones can be easily captured in natural brain tissue.
In the embryonic telencephalon, growth cone protrusions
that closely resemble those in culture (e.g., Figure 3) were
detected. In particular, some of them appeared to have a “foot”
and a tether (Figure 9, inset). In addition, unambiguously
flattened membrane segments were detected (with the ratio
of approximately 5:1), with an apparent cork-screw rotation
(Figure 10). This suggests that serotonergic axons can be
ribbon-like (or human hand-like, to better approximate the
ratio) as they travel through neural tissue. Since these profiles
were also observed in culture (Figures 3D, 4B, 7), they may not
be induced by dense tissue packing.
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FIGURE 6

The dynamics of two growth cones (GC; labeled 1 and 2) in a primary midbrain culture (monolayer at DIV 5), visualized with time-lapse
holotomography (Supplementary Video 1). (A) GC 1 attempts to move along a neurite by producing protrusions that come in contact with the
neurite at well-defined points [arrow, enlarged in (B)]. The distance between adjacent points is similar to that between the discrete

5-HT + regions in Figure 4. GC 2 detects a substrate (around t = 511 s) and rapidly advances along its edge. To emphasize key transitions, time
points are not evenly spaced. This imaging supports the interpretation of the dynamics that may underly the confocal microscopy data, but the
recorded axons are not labeled and may not be serotonergic. Scale bar = 10 um.

of
experimental information about their branching patterns.

Realistic modeling serotonergic axons requires
At a minimum, it should include the frequency of branching,
the typical branching angles, and the trajectory information
retained by each of the two branches. This information should
ideally be described probabilistically (e.g., the “wait time”
between two branching events might be captured by the
exponential distribution with a given intensity X, the branching
angles can be described by a directional probability distribution,
and the “memory” of the branches can be reflected in the
underlying increment covariance structure). Serotonergic
axon ramification is often referred to in descriptive density
studies, but this process is essentially inferred, with no reliable
information at the level of single axons. In brain tissue, these
axons can be extremely dense, to the extent that even high-
resolution 3D-imaging can be insufficient to distinguish true
branching points from axons that cross at sub-micrometer
distances (JanuSonis et al., 2019). Serotonergic neurons in
culture tended to produced branching events that could be
detected unambiguously (Figures 11A-D). Locally, they
appeared to be rather stereotypic. The two branches of an
axon split at wide angles (typically, 90°~180°), which achieved
their immediate separation (Figure 11C). In sparse cultures,
both branches can reorient themselves parallel to the original
trajectory and thus cannot be treated as independent of their
parent trajectory or of each other. Over longer distances, they
are likely to completely decorrelate, as they advance through the

stochastically distributed attachment surfaces.
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Discussion

This study is the first high-resolution analysis of single
serotonergic axons in vitro. A key advantage of cell cultures is
that long axons can be imaged uninterrupted from the soma
to the terminal point, including branching points along the
trajectory. In contrast, brain tissue is extremely densely packed,
with extracellular distances often well below 100 nm (Hrabetova
et al., 2018). This compressed environment may conceal the
inherent properties of axons (e.g., their caliber dynamics), as well
as their contacts with other cells. Also, only relatively short axon
segments can be visualized uninterrupted in sectioned brain
tissue, because their random walk-like trajectories stay within
the section volume only for distances comparable to the width
of the section (typically, 40-50 pwm) (Janusonis et al.,, 2019).
In brain tissue, reliable identification of branching events in
serotonergic axons is currently possible only in relatively sparse
regions and with sub-micrometer 3D-imaging, due to the fact
that serotonergic axons routinely cross at distances near the
limit of optical resolution (Janusonis et al., 2019). Therefore, the
true extent of branching or ramification in serotonergic axons
remains unknown, even though these processes are often used
to explain regional density differences.

Cell cultures are limited in that they cannot reproduce
the natural environment of cells. In particular, traditional cell
cultures and natural tissues differ in their dimensionality (2D vs.
3D) and a number of physical properties that cells respond to
Gjorevski et al. (2022). The burgeoning field of biocompatible
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FIGURE 7

The dynamics of a growth-cone region in a primary midbrain culture (monolayer at DIV 1), visualized with time-lapse holotomography
(Supplementary Video 2). As the growth cone finds its next attachment target and pulls the axon to the left, its adhesion sites are revealed (one
such site is marked with an asterisk). The spacing between the adhesion sites is around 2—6 pm, and the nanoscale tethers connecting them to
the main axon can be stretched to as long as 10 pm (to accommodate axon shifts). This spatial configuration closely resembles that shown in
Figure 3. The arrow points to an axon segment that appears flat and twisted in a corkscrew-like fashion. To emphasize key transitions, time
points are not evenly spaced. This imaging supports the interpretation of the dynamics that may underly the confocal microscopy data, but the
recorded axons are not labeled and may not be serotonergic. Scale bar = 5 pm

hydrogels is already providing a more graded spectrum of
experimental platforms between these two extremes (Wisdom
and Chaudhuri, 2017; Sullivan et al., 2022). The transcriptomes
of neurons in the brain and culture environments are expected
to differ; primary cultures of midbrain neurons have been
shown to have upregulated expression of genes associated with
extracellular matrix and adhesion (Greco et al., 2009). Cultured
neurons can also self-organize into functional ensembles
(Antonello et al., 2022) that may differ from mesoscale circuits
in brain tissue.
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Axon extension is a fundamental process, but its
interpretation in cell cultures requires caution. For example,
in 2D-cell cultures axon growth is thought to strongly depend
on adhesion, but adhesion may not be necessary for growth in
3D-environments (Santos et al., 2020). Neurons grown with
astrocytes in 3D-Matrigel scaffolds have been shown to have
a 40-fold lower firing threshold compared to neurons grown
in 2D-cultures, due to differences in the expression of the
voltage-gated sodium channel (Karahuseyinoglu et al., 2021).

However, artificially grown axons may not automatically
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FIGURE 8

(A) The dynamics of a growth-cone region in a primary midbrain culture (monolayer at DIV 5), visualized with time-lapse holotomography
(Supplementary Video 3). A transition from one neurite branch to another is shown (some key adhesion points are marked with asterisks). The
arrows with the dashed line indicate the spatial shift of the top branch, as the growing axon generates sufficient force to line it up with its
current growth axis. To emphasize key transitions, time points are not evenly spaced. This imaging supports the interpretation of the dynamics
that may underly the confocal microscopy data, but the recorded axons are not labeled and may not be serotonergic. Scale bar = 10 pm. (B) A
similar transition (asterisk) in a primary midbrain culture (monolayer at DIV 2), visualized with immunocytochemistry for 5-HT (red) and MAP2
(green) and imaged with high-resolution confocal microscopy. Cell nuclei are stained blue (DAPI). Scale bar = 20 um

prefer 3D-environments over 2D-environments and may
incorporate other cues in their decisions (Li and Folch,
2005). The formation and dynamics of axon varicosities also
remains poorly understood. Early studies in other systems have
suggested that varicosities can form directly from “stopped”
growth cones (Hatada et al., 1999), and that their distribution
can be described by random point-processes such as the Poison
process (Hellwig et al., 1994). More recent studies have shown
that varicosities strongly respond to their mechanical and
biological environment (Shepherd et al., 2002; Ma et al., 2022)
and are generally plastic, including pathological states (Gu,
2021). In the mouse brain, serotonergic axons appear to undergo
a developmental transition from “dot-like” enlargements, with
virtually undetectable connections, to a smooth morphology
by the end of the first developmental month (Maddaloni
et al, 2017). In our cultures derived from early postnatal
brains, axons with a continuous smooth morphology typically
showed no 5-HT-immunoreactivity or it barely exceeded the
background level (e.g., Figure 5B). However, some serotonergic
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axons produced branches that reflected both morphologies,
perhaps because of slightly different microenvironments they
encountered in the same area (Figure 11B). Generally, neuronal
cell cultures excel at revealing the entire “behavioral” repertoire
of a particular class of neurons and their processes, especially
if the neurons are tested in diverse artificial environments-but
they do not imply that all of these “behaviors” are actually
realized in the highly specialized environment of natural neural
tissue.

We show that serotonergic axons can be ribbon-like
(with the width-thickness ratio of around 5:1) and can
also rotate along their axis, perhaps producing periodic
point-like constrictions (Figures 9, 10). This morphology
is likely induced by tension forces due to axon extension,
but it also increases the surface-to-volume ratio and may
facilitate 5-HT release. It is less likely to be related to
tissue packing because it was also observed in sparse
cultures (Figure 7). Interestingly, these profiles were noted
in early studies [see Figure 5 of Aitken and Tork (1988)], where
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FIGURE 9

A super-resolution microscopy (STED) z-series of a single serotonergic (5-HT +) axon in the sectioned cortical plate of a mouse embryo at E17
Note the growth cone protrusions similar to those in culture (e.g., Figure 3B; asterisks, inset) and a potentially flat membrane region (arrow,
further analyzed in Figure 10). The sequential optical sections are evenly separated by 100 wm. Scale bar = 20 pm.
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FIGURE 10

A super-resolution microscopy (STED) images of a single serotonergic (5-HT +) axon in the sectioned cortical plate of a mouse embryo at E17.
The axon is shown in all three dimensions, with a fixed yz-plane (at a constant x; the vertical yellow line) and a series of xz-planes (with six
different y values; the horizontal yellow line). At the shown levels, the axon is flat (ribbon-like) and appears to rotate. This hypothetical
cork-screw configuration is shown in the diagram on the right. Scale bar = 5 pm

they were interpreted as “sinuous fibers” with “translucent
varicosities” (because of their higher light intensity, likely due
to the shorter light path in the flat region). It highlights the

2

limited understanding of what serotonergic “varicosities” are,
despite their importance in neuroanatomical and functional
studies [e.g., they have been used to classify serotonergic axons
into the D- and M-classes (Kosofsky and Molliver, 1987),
a system still referred to in some current analyses]. Since

early descriptions, based on 2D-microscopy, they have been
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assumed to be dilated segments of axons, but very few studies
have performed their high-resolution analyses in the 3D-space.
The emerging picture of varicosity-like segments (VLSs) is
considerably more complex. First, some VLSs may indeed be
dilated, ovoid-shaped segments (Maddaloni et al., 2017). This
is supported by our findings that demonstrate that the caliber
of the same axon can vary considerably over short distances
(e.g., Figure 2C). Second, a sequence of VLSs may not indicate
significant changes in axon morphology but may reflect a
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5-HT + MAP2 + DAPI

FIGURE 11

(A) Primary midbrain culture (monolayer at DIV 4), visualized with immunocytochemistry for 5-HT (red) and MAP2 (green) and imaged with
high-resolution confocal microscopy. Cell nuclei are stained blue (DAPI). (A,B) Four branching regions (white 1-4) and two growth cones
(yellow 1-2) and are shown. Note that the two branches in (B) differ in their morphologies. (C) An enlarged view of the branching points. The
branching regions have a triangular shape, and the branches diverge at large angles (around 90°-180°). (D) An enlarged view of the growth
cones. Note the similarity of the second growth cone to that in the embryonic mouse brain (Figure 9). Scale bars = 10 wm in (A,B), 5 wmin (C,D).

ribbon-like segment that periodically exposes its flat surface
versus its edge, effectively creating a “blinking” effect in 2D-
imaging. Third, some VLSs may not be continuous axons but
rather 5-HT-positive “footprints,” former adhesion sites left by
axons. Our study clearly demonstrates this possibility in vitro,
but additional studies are needed in brain tissue to prove the
absence of membrane bridges between adjacent VLSs (e.g., using
other markers and/or super-resolution microscopy). As more
experimental information becomes available, VLSs may provide
important insights into axonal dynamics in fixed brain tissue.
These observations are generally consistent with recent findings
in other systems, where VLSs and other morphological features
have been shown to reflect the current, local state of an axon
rather than its identity (Liu and Nakamura, 2006; Andersson
et al., 2020; Sun et al., 2022).

Our analysis sheds new light on the dispersal of serotonergic
axons. It has recently been shown that this process is aided by
Pcdh-aC2 (a protocadherin) that is expressed in serotonergic
neurons and can mediate axonal self-avoidance, preventing
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axon “clumping” (Katori et al., 2009, 2017; Chen et al., 2017).
However, our previous modeling has shown that “clumping”
is unlikely if axons perform random walks with no interaction
[based on the von Mises-Fisher step-wise walk with a high
concentration parameter (k) or fractional Brownian motion
with a high Hurst index (H)] (Janus$onis and Detering, 2019;
Janusonis et al., 2020). In this context, branching points can be
disruptive because they can create sister trajectories that travel
in close proximity, at least initially. In vitro results demonstrate
that the sister branches of serotonergic axons tend to separate
at very large angles, which efficiently prevents clustering. In the
brain, each of the branches is likely to immediately encounter
different adhesion surfaces, supporting rapid decorrelation.

An important finding in this study is that serotonergic
axons can travel adhered to available cellular surfaces, such as
dendritic branches of other neurons. Some of the key axonal
structures supporting this adhesion might have been observed
in early studies but could not be accurately interpreted because
of technical limitations (Azmitia and Whitaker-Azmitia, 1987;
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FIGURE 12

(A) A diagram showing the hypothetical choices available to an advancing serotonergic axon (red) that can choose any of the available neurites
(green), provided they fall within its sector of possible directions. The sector is modeled with the von Mises distribution, in which, the mean
direction p is aligned with the current direction of the fiber and the concentration parameter k = 10. (B) A simulated walk of a fiber (blue) that
can advance only along available neurites (green). In the simulation, 200 randomly-oriented lines were used, and the fiber advanced through
350 intersections. At each intersection, it could move in the current direction (a 0°-turn), turn “left” or “right” (at the available angles), or turn
backward (a 180°-turn). The probabilities of the four events were calculated using the von-Mises distribution with p = (0, 0) and k = 5, and one
event was drawn. The simulation was performed in Wolfram Mathematica 13.0. The Mathematica script can be used to generate more unique
walks (Supplementary Data Sheet 1). (C) A comparable configuration of 5-HT + axons in a glia-neuron coculture at DIV 15, visualized with

10.3389/fnins.2022.994735

epifluorescence microscopy. The inset shows potential contact points. Scale bar = 20 um. (D) Serotonergic axons (5-HT + /MAP2-, red)
traveling along bridges of MAP2 + (green) neurites, visualized with epifluorescence microscopy. Scale bar = 50 pum.

Aitken and Tork, 1988). In the densely packed neural tissue,
dendrites and other cellular surfaces are readily available.
This suggests that the strong stochasticity of serotonergic
axon trajectories may not be a property of serotonergic fibers
themselves but may instead reflect the stochastic geometry of
the surrounding neural tissue (Figures 12A-D; Supplementary
Video 4). Given a specified stochastic process, computer
simulations can predict the resultant axon densities, with
no additional biological information (Janu$onis and Detering,
2019; Janu$onis et al., 2020). This leads to an intriguing
conclusion that local serotonergic densities can directly reflect
the local microarchitecture of a brain region. In particular, an
abnormal local cytoarchitecture alone may generate an altered
serotonergic density, with no other causal factors. It might be
exemplified by the increased densities of serotonergic axons
in some cortical regions of individuals with Autism Spectrum
Disorder (Azmitia et al., 2011), perhaps in association with the
reported denser cell packing in cortical minicolumns (Casanova
et al., 2006).

The rapid expansion of the currently available toolbox,
including approaches developed in our research program
(holotomography of primary brainstem cultures, advanced
stochastic modeling, supercomputing simulations), promises to
produce a radically new view of the serotonergic system, both
at the structural and functional levels. The recent development
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of pluripotent stem cell-derived human serotonergic neurons
(Lu et al, 2016; Cao et al, 2017; Vadodaria et al., 2018;
Jansch et al., 2021), combined with these methods, will also
stimulate novel theory-guided approaches to brain restoration
after injury.
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