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Abstract
Activating 5-HT1B/D receptors with the agonist Zolmitriptan was previously shown to facilitate Xenopus retinal ganglion cell
(RGC) axon extension from ectopic eye primordia transplanted to the ventral fin. To determine if 5-HT1B/D receptor activation
influenced entopic RGC axonal outgrowth toward the optic tectum during typical visual system development, we reared
embryos in 50 μΜ Zolmitriptan then visualized optic tracts with anterograde HRP labeling. Zolmitriptan did not significantly
alter entopic RGC extension in the contralateral brain. Consequently, RGC axon extension in ectopic but not entopic locations
is influenced by altering serotonergic signaling .

 

Figure 1. Entopic RGC axon extension and fasciculation is unaffected by 5-HT1B/D activation in the developing visual
system:
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Xenopus embryos were reared in 50 μM of the 5-HT1B/D agonist Zolmitriptan or a vehicle control solution beginning just prior
to gastrulation (stage 8-9) through stages 35/36, 37/38, or 40 when RGCs are actively navigating along the optic tract (OT) to
reach their target in the contralateral optic tectum (Tec; a). To label OTs, the enzyme HRP was introduced into the left eye for
anterograde transport by RGC axons. The embryos were fixed and right OTs were then visualized by HRP catalysis of a
chromogenic substrate (DAB) in isolated brains. To evaluate axon extension, OT lengths were measured on the lateral surface
of the right brain as the distance from the most ventral entry point to the most posterior termination point (dashed white line in
a). To evaluate RGC axon fasciculation, both the OT area (yellow outline in a) and OT width (wide solid green line in a)
aligned with the ventral brain border (dotted green line in a) were measured. Enhanced serotonergic signaling with the 5-
HT1B/D agonist Zolmitriptan did not significantly alter the lengths, areas, or widths of OTs compared to the controls during
early (stage 35/36; b), middle (stage 37/38; c), or late (stage 40; d) stages of RGC extension. A, anterior; P, posterior; D,
dorsal; V, ventral; Di, diencephalon; Hy, hypothalamus; OT, optic tract; Tec, tectum; Tel, telencephalon. Tadpole illustrations
© 2021 Natalya Zahn (www.xenbase.org RRID:SCR_003280; Zahn et al. 2022; CC BY-NC 4.0). Bar = 100 μm; ns at p>0.05;
error bars = SEM.

Description
Retinal ganglion cell (RGC) axons form the optic nerves (ONs) that transmit visual information from each retina to the brain.
Improper ON development and/or damage in these afferent pathways can compromise vision. Although injured mammalian
ONs typically cannot regenerate, substantially more ON regenerative capacity and restoration of vision is observed in other
vertebrate visual systems including zebrafish and Xenopus (Gaze 1959; Wilson et al. 1992; Zhao and Szaro 1994; Tanaka and
Reddien 2011; Liu et al. 2012; Zou et al. 2013; Whitworth et al. 2017; Kha et al. 2019). The molecular mechanisms underlying
the differential regenerative potentials of optic nerves capable and incapable of regenerating are not fully understood but of
considerable interest for developing potential regenerative therapies (Yin et al. 2019; Fague et al. 2021; Miller and Tsai 2023).
Consequently, investigating factors that facilitate proper RGC axon development may lead to potential therapies to encourage
mammalian ON regeneration in situations of disease or damage.

In the developing Xenopus visual system, the first RGCs axons arise by stage 28 with the first active growth cones exiting the
retina at the optic nerve head to traverse the optic chiasm, and enter the contralateral brain by stage 32 (Grant and Rubin 1980;
Holt 1989). RGC axons extend along the contralateral brain in a ventral to dorsal fashion making a characteristic caudal turn
toward their target, the optic tectum. The first RGC axons reach the optic tectum at stage 37/38 where they initiate
synaptogenesis with tectal neurons. By stage 40, many more RGC axons have terminated in the optic tectum and behavioral
responses to visual cues are observed by stage 44-45 (Grant and Rubin 1980; Chien and Harris 1994; Dong et al. 2009;
McFarlane and Lom 2012; Viczian and Zuber 2014).

Throughout the central nervous system, serotonin (5-hydroxytryptamine, 5-HT) transmits many important signals from pre- to
postsynaptic neurons through seven classes of 5-HT receptors (Pourhamzeh et al. 2022). Even before synaptogenesis,
neurotransmitters play a variety of important roles in neuronal development influencing cell proliferation, motility, axon
extension, survival, and differentiation (Haydon et al. 1984; Severin and Kondratyev 1988; Sikich et al. 1990; Lauder 1993;
Liu and Lauder 1993; Lima et al. 1994, 1996; Upton et al. 1999; Koert et al. 2001; Fricker et al. 2005; Homma et al. 2006;
Bonnin et al. 2007; Xu et al. 2010). Serotonergic signaling can be dysregulated in a variety of conditions such as addiction,
depression, migraine, anxiety, and pain perception that are treated with pharmaceuticals targeting 5-HT1 receptors (Gingrich
and Hen 2001; Gross et al. 2002; Pytliak et al. 2011; Pourhamzeh et al. 2022). Alterations in serotonin signaling also influence
the regeneration of damaged axons (Sobrido-Cameán et al. 2018; Bajjig et al. 2022). Serotonin’s regulatory influences on
neuronal development can be excitatory or inhibitory, varying between and within species depending on ligand-receptor
interactions, second messenger systems, the presence of glial cells, and/or the developmental stage (Haydon et al. 1984;
Severin and Kondratyev 1988; Sikich et al. 1990; Goldberg et al. 1991; Liu and Lauder 1991; Lauder 1993; Lima et al. 1994;
Fricker et al. 2005; Homma et al. 2006; Bonnin et al. 2007; Xu et al. 2010).

In the mature vertebrate retina, 5-HT is synthesized by amacrine cells that synapse on RGC dendrites in the inner plexiform
layer (Vaney 1986; Wässle and Chun 1988). In the Xenopus visual system, 5-HT signaling was identified as a potential
candidate for facilitating RGC axon extension from donor eyes grafted to ectopic locations distant from the brain (Blackiston
et al. 2015, 2017). RGCs from donor eyes heterotopically transplanted to the ipsilateral flank of host tadpoles could in some
cases extend axons that conferred rudimentary vision as detected in a light-mediated learning assay (Blackiston and Levin
2013, 2017). Specifically, RGC axon extension from ectopic eyes was enhanced by rearing developing embryos in bath
applications of either 50 μM serotonin directly (Blackiston et al. 2015) or 50 μM Zolmitriptan, an agonist of 5-HT1B and 5-
HT1D receptors (Blackiston et al. 2017).
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This study aimed to determine if similar activation of 5-HT1B/D receptors with 50 μM Zolmitriptan influenced the
development of entopic optic nerves as they initially grew from the retina toward their synaptic targets in the contralateral
optic tectum. Investigating mechanisms of RGC innervation within the native CNS is more applicable to regenerative
situations because ON regeneration within the native visual system is a more likely clinical situation than ectopic retinal
transplantation. RGC axon growth in vivo was visualized at discrete stages of development using anterograde horseradish
peroxidase (HRP) labeling (Cornel and Holt 1992; Chien et al. 1993). To determine if 5-HT1B/D receptor activation affected
entopic RGC initial innervation, tadpoles were reared in 0 μM (vehicle control) and 50 μM Zolmitriptan treatments (Fig. 1a).
To document the RGC axonal extension in the contralateral brain, optic tract (OT) lengths were measured (Fig. 1a) at stage
35/36 when some RGC actively extending in the contralateral brain have initiated a characteristic caudal turn toward the
tectum (Fig. 1b), at stage 37/38 when the first axons have reached the tectum (Fig. 1c), and at stage 40 when many RGCs have
ceased extension to terminate at the optic tectum and began initiating synaptogenesis (Fig. 1d). We observed that enhanced
serotonergic signaling by 50 μM Zolmitriptan did not significantly alter (p>0.05) entopic optic tract lengths at stage 35/36
(-1% average change; Fig. 1b), stage 37/38 (+8% average change; Fig. 1c), or stage 40 (+2% average change; Fig. 1d). To
determine if 5-HT1B/D receptor activation affected entopic RGC axon fasciculation, OT areas were measured at stages 35/36
(Fig. 1b), 37/38 (Fig. 1c), and 40 (Fig. 1d), also observing no significant changes between the vehicle control and 50 μM
Zolmitriptan conditions (p>0.05). In addition, average OT widths did not significantly differ between control and Zolmitriptan
conditions at stages 35/56 (20.1 + 1.6 vs. 18.5 + 1.7 μm), 37/38 (26.0 + 2.2 vs. 31.9 + 2.8 μm), and 40 (44.8 + 4.2 vs. 42.5 +
3.5 μm) suggesting that Zolmitriptan did not modify RGC fasciculation. Consequently, these results suggest that enhanced 5-
HT1B/D receptor signaling does not influence entopic Xenopus RGC axon bundling or extension toward their tectal target
during development.

A prior study examining Xenopus RGC axon extension from entopic retinal transplants observed that 50 μΜ Zolmitriptan
treatment did not alter donor RGC axonal innervation of the host tectum, yet Zolmitriptan treatment did enhance regeneration
of some ectopic retinal transplants to the ipsilateral ventral fin to permit detectable visual learning behaviors in some tadpoles
without entopic eyes (Blackiston and Levin 2013; Blackiston et al. 2017). Although transplanted entopic RGC axons were
treated with 50 μM Zolmitriptan for a longer duration (stage 23-47; Blackiston et al. 2017) than in this study of native (non
transplanted) entopic RGC axons (stage 8-40), RGC axon outgrowth was not affected by 50 μm Zolmitriptan in either
experimental situation in which anatomically typical optic nerves developed. Morphologies of RGC axons extending from
entopic retinas differed considerably from those extending from ectopic retinas. Specifically, entopic RGCs fasciculate to form
bundled optic nerves (Fig. 1b-d; Blackiston et al. 2015, 2017) in comparison to RGCs extending from ectopic RGCs that form
far more diffuse axonal networks (Blackiston and Levin 2013, Blackiston et al. 2015, 2017). This difference in RGC extension
morphologies may be due to the difference in availability and patterning of guidance cues between the entopic and ectopic
locations. Interestingly, the differential effects of 5-HT1B/D receptor activation on RGCs extending toward the brain from
entopic (intact and transplanted) and ectopic locations suggest that the nature of the environment through which the RGCs
navigated may confer differential sensitivity to enhanced serotonergic signaling. In support of this hypothesis, ectopic RGC
axon extension was influenced by pharmaceutical depolarization of host but not donor tissues (Blackiston et al. 2015).

Expanding this line of investigation to examine potential roles of additional serotonin receptor subtypes in RGC axon
extension may be worthwhile because 5-HT1A and 5-HT2A receptors have been implicated in neurite outgrowth (Rojas et al.
2014; Ishima et al. 2015), 5-HT1A, 5-HT2B and 5-HT2C receptors are expressed in the developing Xenopus retina (Marracci et
al. 1997; De Lucchini et al. 2005), and 5-HT6 receptors influence dendritic morphogenesis and outgrowth (Lesiak et al. 2018;
Pujol et al. 2020). Moreover, Xenopus amacrine cells begin to synthesize 5-HT at approximately stage 35/36 (Ori et al. 2013)
and 5-HT1A receptor expression is detected in the eye by stage 41 (Marracci et al. 1997). Consequently, alterations in
serotonergic signaling may not be detectable by RGCs just beginning to express 5-HT receptors during initial RGC axon
extension, but detectable by more mature RGCs. Rearing Xenopus embryos in solutions with pharmaceutical agents is a
convenient experimental strategy that can lead to questions of drug penetration and tissue access. Future experiments could
therefore apply pharmacological reagents more directly to the extending RGC axons and the environment through which they
navigate via an in vivo exposed-brain preparation (Chien et al. 1993; McFarlane et al. 1995; Chien and Harris 1996; Walz et al.
1997) and/or in vitro analyses of RGC extension and growth cone morphologies out from retinal neurons growing on defined
cellular or acellular surfaces (Gooday 1990; de la Torre et al. 1997; Ruchhoeft et al. 1997; Lom et al. 1998; Campbell et al.
2001; Shewan et al. 2002). Additionally, in vivo extension trajectories, growth cone dynamics, and/or fasciculation of
individual RGC axons in the developing optic tract could be examined through techniques that label a small subset of RGC
axons in vivo (Chien et al. 1993; Lom et al. 1998; Watson et al. 2012; Ruthazer et al. 2013a,b; Erdogan et al. 2016; Jin et al.
2018; Santos et al. 2020). Elucidating potential contributions of serotonergic signaling to RGC axon extension and pathfinding
will enhance understanding of both developmental mechanisms and potential regenerative strategies for afferent retinal
neurons.
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Methods
Adult Xenopus laevis frogs were maintained in environments following Davidson College IACUC guidelines. Embryos were
obtained by overnight paired breedings. Superovulation was encouraged by human chorionic gonadotropin (hCG) hormone
treatment (Sive et al. 2000). Fertilized eggs were dejellied in 2% (w/v) cysteine in 20% Steinberg’s solution and sorted
manually to select morphologically appropriately developing early embryos staged according to Nieuwkoop and Faber (1994)
and Zahn et al. (2017, 2022). A 50 mM stock solution of the 5-HT1B/D agonist Zolmitriptan was prepared in DMSO with
aliquots frozen at -20 °C then thawed immediately before being diluted to 50 μM in 20% Steinberg’s solution (per Blackiston
et al 2017). Control embryos were reared in a vehicle control solution of an equivalent concentration of DMSO (1 μl/ml). For
each experiment healthy, typically developing pre-gastrula embryos (stage 8-9) were reared in Zolmitriptan or control
solutions at temperatures of 15-25 °C at densities of no more than 15 embryos per 10 ml in 60 x 15 mm Petri dishes. Optic
nerves at stages 35/36, 37/38, and 40 were anterogradely labeled with horseradish peroxidase (HRP) in L-⍺-lysolecithin as
described in Chien et al. (1993). Tadpoles were anesthetized in 0.05% Tricaine-S in 20% Steinberg’s solution. The lens of the
left eye was removed and replaced with a similarly sized bolus of HRP in 1% L-⍺-lysolecithin. After 25 minutes for uptake
and transport of HRP, the anesthetized embryos were fixed by immersion in 4% glutaraldehyde for one hour. The brains were
manually isolated then rinsed three times in PBST (phosphate buffered saline (PBS) with 1% Triton X-100). A solution
containing the HRP substrate diaminobenzidine (DAB; 0.7 mg/ml) with hydrogen peroxide (1.6 mg/ml) in 0.6 M TRIS buffer
was applied for approximately one minute, followed by three PBST rinses and three PBS rinses. Brains were stored in PBS in
a humid chamber at 4 °C prior to imaging the contralateral optic tracts. Digital images of the right lateral view of each labeled
brain were collected with TCapture software on a Nikon SMZ1270 stereomicroscope. The lengths of each OT from the ventral
entry point to termination point in the optic tectum were measured to quantify RGC axon extension (Fig. 1a; dotted white
line). Both the area of each OT (Fig. 1a; solid yellow outline) and the width of the OT at a diencephalic location (Fig. 1a; solid
green horizontal line) aligned horizontally to the ventral border of the posterior brain (Fig. 1a; green dotted line) were
measured. In cases where the most dorsal extent of the OT had not yet crossed a plane horizontal to the ventral brain border,
then the width of the most dorsal position of the OT was measured. The experimenter was unaware of experimental conditions
during all measurements. Unpaired t-tests compared RGC extension lengths between treatment and control conditions.

Reagents
Reagent - Source, Catalog Number, and/or Identifier

chorionic gonadotropin (hCG) - Intervet Chorulon and Sigma Aldrich CG10

L-cysteine - Sigma Aldrich C7880

3,3'-diaminobenzidine (DAB) - Sigma D4168

glutaraldehyde - Fisher Scientific 02957-1

horseradish peroxidase (HRP) - Sigma P6742

L-α-lysolecihin - Sigma 62962

software (graphing and statistics) - GraphPad Prism 9.4.1

software (image analysis) - ImageJ 1.53t and NIS-Elements

20% Steinberg's solution - recipe per Lom and Cohen-Cory (1999)

tricaine methanesulfonate - Western Chemical Tricaine-S

Triton X-100 - Fisher Scientific LP151

Zolmitriptan - Millipore Sima SML0248

Acknowledgements: We extend many thanks to Johanna Ferguson and the animal care staff members for generously and
skillfully managing daily frog husbandry and to Dr. Julio Ramirez, Dr. Jeremy Whitson, Martina Gergis, Paul Gomez, and
members of our lab for valuable support and feedback.

References
Bajjig A, Cayetanot F, Taylor JA, Bodineau L, Vivodtzev I. 2022. Serotonin 1A receptor pharmacotherapy and neuroplasticity
in spinal cord injury. Pharmaceuticals. 15: 460. PubMed ID: 35455457

 

12/4/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/35455457


 

Blackiston DJ, Levin M. 2013. Ectopic eyes outside the head in Xenopus tadpoles provide sensory data for light-mediated
learning. Journal of Experimental Biology. 216: 1031-40. PubMed ID: 23447666

Blackiston DJ, Anderson GM, Rahman N, Bieck C, Levin M. 2015. A novel method for inducing nerve growth via modulation
of host resting potential: Gap junction-mediated and serotonergic signaling mechanisms. Neurotherapeutics. 12: 170-84.
PubMed ID: 25449797

Blackiston DJ, Vien K, Levin M. 2017. Serotonergic stimulation induces nerve growth and promotes visual learning via
posterior eye grafts in a vertebrate model of induced sensory plasticity. NPJ Regenerative Medicine. 2: 8. PubMed ID:
29302344

Bonnin A, Torii M, Wang L, Rakic P, Levitt P. 2007. Serotonin modulates the response of embryonic thalamocortical axons to
netrin-1. Nature Neuroscience. 10: 588-97. PubMed ID: 17450135

Campbell DS, Regan AG, Lopez JS, Tannahill D, Harris WA, Holt CE. 2001. Semaphorin 3A elicits stage-dependent collapse,
turning, and branching in Xenopus retinal growth cones. Journal of Neuroscience. 21: 8538-47. PubMed ID: 11606642

Chien CB, Rosenthal DE, Harris WA, Holt CE. 1993. Navigational errors made by growth cones without filopodia in the
embryonic Xenopus brain. Neuron. 11: 237-51. PubMed ID: 8352941

Chien CB, Harris WA. 1994. Axonal guidance from retina to tectum in embryonic Xenopus. Current Topics in Developmental
Biology. 29: 135-69. PubMed ID: 7828437

Chien CB, Harris WA. 1996. Signal transduction in vertebrate growth cones navigating in vivo. Perspectives in Developmental
Neurobiology. 4: 253-66. PubMed ID: 9168207

Cornel E, Holt C. 1992. Precocious pathfinding: retinal axons can navigate in an axonless brain. Neuron. 9: 1001-11. PubMed
ID: 1281416

de la Torre JR, Höpker VH, Ming GL, Poo MM, Tessier-Lavigne M, Hemmati-Brivanlou A, Holt CE. 1997. Turning of retinal
growth cones in a netrin-1 gradient mediated by the netrin receptor DCC. Neuron. 19: 1211-24. PubMed ID: 9427245

De Lucchini S, Ori M, Cremisi F, Nardini M, Nardi I. 2005. 5-HT2B-mediated serotonin signaling is required for eye
morphogenesis in Xenopus. Molecular and Cellular Neuroscience. 29: 299-312. PubMed ID: 15911353

Dong W, Lee RH, Xu H, Yang S, Pratt KG, Cao V, et al., Aizenman CD. 2009. Visual avoidance in Xenopus tadpoles is
correlated with the maturation of visual responses in the optic tectum. Journal of Neurophysiology. 101: 803-15. PubMed ID:
19073807

Erdogan B, Ebbert PT, Lowery LA. 2016. Using Xenopus laevis retinal and spinal neurons to study mechanisms of axon
guidance in vivo and in vitro. Seminars in Cell and Developmental Biology. 51: 64-72. PubMed ID: 26853934

Fague L, Liu YA, Marsh-Armstrong N. 2021. The basic science of optic nerve regeneration. Annals of Translational Medicine.
9: 1276. PubMed ID: 34532413

Fricker AD, Rios C, Devi LA, Gomes I. 2005. Serotonin receptor activation leads to neurite outgrowth and neuronal survival.
Brain Research Molecular Brain Research. 138: 228-35. PubMed ID: 15925428

Gaze RM. 1959. Regeneration of the optic nerve in Xenopus laevis. Quarterly Journal of Experimental Physiology and
Cognate Medical Sciences. 44: 290-308. PubMed ID: 13827019

Gingrich JA, Hen R. 2001. Dissecting the role of the serotonin system in neuropsychiatric disorders using knockout mice.
Psychopharmacology. 155: 1-10. PubMed ID: 11374326

Gooday DJ. 1990. Retinal axons in Xenopus laevis recognise differences between tectal and diencephalic glial cells in vitro.
Cell and Tissue Research 259: 595-98. PubMed ID: 2317846

Grant P, Rubin E. 1980. Ontogeny of the retina and optic nerve in Xenopus laevis. II. Ontogeny of the optic fiber pattern in the
retina. Joural of Compartive Neurology. 189: 671-98. PubMed ID: 7381045

Gross C; Zhuang X; Stark K; Ramboz S; Oosting R; Kirby L; et al.; Hen R. 2002. Serotonin1A receptor acts during
development to establish normal anxiety-like behaviour in the adult. Nature. 416: 396-400. PubMed ID: 11919622

Haydon PG, McCobb DP, Kater SB. 1984. Serotonin selectively inhibits growth cone motility and synaptogenesis of specific
identified neurons. Science. 226: 561-64. PubMed ID: 6093252

Holt CE. 1989. A single-cell analysis of early retinal ganglion cell differentiation in Xenopus: From soma to axon tip. Journal
of Neuroscience. 9: 3123-45. PubMed ID: 2795157

 

12/4/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/23447666
https://www.ncbi.nlm.nih.gov/pubmed/25449797
https://www.ncbi.nlm.nih.gov/pubmed/29302344
https://www.ncbi.nlm.nih.gov/pubmed/17450135
https://www.ncbi.nlm.nih.gov/pubmed/11606642
https://www.ncbi.nlm.nih.gov/pubmed/8352941
https://www.ncbi.nlm.nih.gov/pubmed/7828437
https://www.ncbi.nlm.nih.gov/pubmed/9168207
https://www.ncbi.nlm.nih.gov/pubmed/1281416
https://www.ncbi.nlm.nih.gov/pubmed/9427245
https://www.ncbi.nlm.nih.gov/pubmed/15911353
https://www.ncbi.nlm.nih.gov/pubmed/19073807
https://www.ncbi.nlm.nih.gov/pubmed/26853934
https://www.ncbi.nlm.nih.gov/pubmed/34532413
https://www.ncbi.nlm.nih.gov/pubmed/15925428
https://www.ncbi.nlm.nih.gov/pubmed/13827019
https://www.ncbi.nlm.nih.gov/pubmed/11374326
https://www.ncbi.nlm.nih.gov/pubmed/2317846
https://www.ncbi.nlm.nih.gov/pubmed/7381045
https://www.ncbi.nlm.nih.gov/pubmed/11919622
https://www.ncbi.nlm.nih.gov/pubmed/6093252
https://www.ncbi.nlm.nih.gov/pubmed/2795157


 

Homma K, Kitamura Y, Ogawa H, Oka K. 2006. Serotonin induces the increase in intracellular Ca2+ that enhances neurite
outgrowth in PC12 cells via activation of 5-HT3 receptors and voltage-gated calcium channels. Journal of Neuroscience
Research. 84: 316-25. PubMed ID: 16688720

Ishima T, Futamura T, Ohgi Y, Yoshimi N, Kikuchi T, Hashimoto K. 2015. Potentiation of neurite outgrowth by brexpiprazole,
a novel serotonin-dopamine activity modulator: a role for serotonin 5-HT1A and 5-HT2A receptors. European
Neuropsychopharmacology. 25: 505-11. PubMed ID: 25687838

Jin T, Peng G, Wu E, Mendiratta S, Elul T. 2018. N-terminal and central domains of APC function to regulate branch number,
length and angle in developing optic axonal arbors in vivo. Brain Research. 1697: 34-44. PubMed ID: 29856981

Kha CX, Guerin DJ, Tseng KA. 2019. Using the Xenopus developmental eye regrowth system to distinguish the role of
developmental versus regenerative mechanisms. Frontiers in Physiology. 10: 502. PubMed ID: 31139088

Koert CE, Spencer GE, van Minnen J, Li KW, Geraerts WP, Syed NI, Smit AB, van Kesteren RE. 2001. Functional
implications of neurotransmitter expression during axonal regeneration: serotonin, but not peptides, auto-regulate axon growth
of an identified central neuron. Journal of Neuroscience. 21: 5597-606. PubMed ID: 11466431

Lauder JM. 1993. Neurotransmitters as growth regulatory signals: Role of receptors and second messengers. Trends in
Neuroscience. 16: 233-40. PubMed ID: 7688165

Lesiak AJ, Brodsky M, Cohenca N, Croicu AG, Neumaier JF. 2018. Restoration of physiological expression of 5-HT6 receptor
into the primary cilia of null mutant neurons lengthens both primary cilia and dendrites. Molecular Pharmacology. 94: 731-42.
PubMed ID: 29678909

Lima L, Matus P, Urbina M. 1994. Serotonin inhibits outgrowth of goldfish retina and impairs the trophic effect of taurine.
Journal of Neuroscience Research. 38: 444-50. PubMed ID: 7523693

Lima L, Urbina M, Matus P, Drujan Y. 1996. Synthesis of serotonin from 5-hydroxytryptophan in the post-crush retina:
inhibition of in vitro outgrowth by the intraocular administration of the precursor. Neurochemical Research. 21: 939-46.
PubMed ID: 8895848

Liu JP, Lauder JM. 1991. Serotonin and nialamide differentially regulate survival and growth of cultured serotonin and
catecholamine neurons. Developmental Brain Research. 62: 297-305. PubMed ID: 1685108

Liu Y, Yu H, Deaton SK, Szaro BG. 2012. Heterogeneous nuclear ribonucleoprotein K, an RNA-binding protein, is required
for optic axon regeneration in Xenopus laevis. Journal of Neuroscience. 32: 3563-74. PubMed ID: 22399778

Lom B, Höpker V, McFarlane S, Bixby JL, Holt CE. 1998. Fibroblast growth factor receptor signaling in Xenopus retinal axon
extension. Journal of Neurobiology. 37: 633-41. PubMed ID: 9858264

Lom B, Cohen-Cory S. 1999. Brain-derived neurotrophic factor differentially regulates retinal ganglion cell dendritic and
axonal arborization in vivo. Journal of Neuroscience. 19: 9928-38. PubMed ID: 10559401

Marracci S, Cini D, Nardi I. 1997. Cloning and developmental expression of 5-HT1A receptor gene in Xenopus laevis. Brain
Research Molecular Brain Research. 47: 67-77. PubMed ID: 9221903

McFarlane S, McNeill L, Holt CE. 1995. FGF signaling and target recognition in the developing Xenopus visual system.
Neuron. 15: 1017-28. PubMed ID: 7576646

McFarlane S, Lom B. 2012. The Xenopus retinal ganglion cell as a model neuron to study the establishment of neuronal
connectivity. Developmental Neurobiology. 72: 520-36. PubMed ID: 21634016

Miller NR, Tsai RK. 2023. Optic neuropathies: Current and future strategies for optic nerve protection and repair. International
Journal of Molecular Sciences. 24: 6977. PubMed ID: 37108140

Nieuwkoop PD, Faber J. 1994. Normal table of Xenopus laevis (Daudin). Oxford, UK: Taylor and Francis.

Pourhamzeh M, Moravej FG, Arabi M, Shahriari E, Mehrabi S, Ward R, Ahadi R, Joghataei MT. 2022. The roles of serotonin
in neuropsychiatric disorders. Cellular and Molecular Neurobiology. 42: 1671-92. PubMed ID: 33651238

Pujol CN, Dupuy V, Séveno M, Runtz L, Bockaert J, Marin P, Chaumont-Dubel S. 2020. Dynamic interactions of the 5-HT6
receptor with protein partners control dendritic tree morphogenesis. Science Signaling. 13: eaax9520. PubMed ID: 32047117

Pytliak M, Vargová V, Mechírová V, Felšöci M. 2011. Serotonin receptors - from molecular biology to clinical applications.
Physiological Research. 60: 15-25. PubMed ID: 20945968

 

12/4/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/16688720
https://www.ncbi.nlm.nih.gov/pubmed/25687838
https://www.ncbi.nlm.nih.gov/pubmed/29856981
https://www.ncbi.nlm.nih.gov/pubmed/31139088
https://www.ncbi.nlm.nih.gov/pubmed/11466431
https://www.ncbi.nlm.nih.gov/pubmed/7688165
https://www.ncbi.nlm.nih.gov/pubmed/29678909
https://www.ncbi.nlm.nih.gov/pubmed/7523693
https://www.ncbi.nlm.nih.gov/pubmed/8895848
https://www.ncbi.nlm.nih.gov/pubmed/1685108
https://www.ncbi.nlm.nih.gov/pubmed/22399778
https://www.ncbi.nlm.nih.gov/pubmed/9858264
https://www.ncbi.nlm.nih.gov/pubmed/10559401
https://www.ncbi.nlm.nih.gov/pubmed/9221903
https://www.ncbi.nlm.nih.gov/pubmed/7576646
https://www.ncbi.nlm.nih.gov/pubmed/21634016
https://www.ncbi.nlm.nih.gov/pubmed/37108140
https://www.ncbi.nlm.nih.gov/pubmed/33651238
https://www.ncbi.nlm.nih.gov/pubmed/32047117
https://www.ncbi.nlm.nih.gov/pubmed/20945968


 

Rojas PS, Neira D, Muñoz M, Lavandero S, Fiedler JL. 2014. Serotonin (5-HT) regulates neurite outgrowth through 5-HT1A
and 5-HT7 receptors in cultured hippocampal neurons. Journal of Neuroscience Research. 92: 1000-09. PubMed ID:
24752854

Ruchhoeft ML, Harris WA. 1997. Myosin functions in Xenopus retinal ganglion cell growth cone motility in vivo. Journal of
Neurobiology. 32: 567-78. PubMed ID: 9183738

Ruthazer ES, Schohl A, Schwartz N, Tavakoli A, Tremblay M, Cline HT. 2013. Dye labeling retinal ganglion cell axons in live
Xenopus tadpoles. Cold Spring Harbor Protocols. 2013: 768-70. PubMed ID: 23906914

Ruthazer ES, Schohl A, Schwartz N, Tavakoli A, Tremblay M, Cline HT. 2013. Bulk electroporation of retinal ganglion cells
in live Xenopus tadpoles. Cold Spring Harbor Protocols. 2013: 771-75. PubMed ID: 23906915

Santos RA, Rio RD Jr, Cohen-Cory S. 2020. Imaging the dynamic branching and synaptic differentiation of Xenopus optic
axons in vivo. Cold Spring Harbor Protocols. 2020: 462-69. PubMed ID: 32963083

Severin ES, Kondratyev AD. 1988. Regulation of differentiation of PC12 cells by nerve growth factor. Advances in Enzyme
Regulation. 27: 357-70. PubMed ID: 2854951

Shewan D, Dwivedy A, Anderson R, Holt CE. 2002. Age-related changes underlie switch in netrin-1 responsiveness as growth
cones advance along visual pathway. Nature Neuroscience. 5: 955-62. PubMed ID: 12352982

Sikich L, Hickok JM, Todd RD. 1990. 5-HT1A receptors control neurite branching during development. Developmental Brain
Research. 56: 269-74. PubMed ID: 2148124

Sive H, Grainger RM, Harland RM. 2000. Early development of Xenopus laevis: A laboratory manual. New York: Cold Spring
Harbor Laboratory Press.

Sobrido-Cameán D, Rodicio MC, Barreiro-Iglesias A. 2018. Serotonin controls axon and neuronal regeneration in the nervous
system: lessons from regenerating animal models. Neural Regeneration Research. 13: 237-38. PubMed ID: 29557370

Tanaka EM, Reddien PW. 2011. The cellular basis for animal regeneration. Developmental Cell. 21: 172-85. PubMed ID:
21763617

Upton AL, Salichon N, Lebrand C, Ravary A, Blakely R, Seif I, Gaspar P. 1999. Excess of serotonin (5-HT) alters the
segregation of ispilateral and contralateral retinal projections in monoamine oxidase A knock-out mice: possible role of 5-HT
uptake in retinal ganglion cells during development. Journal of Neuroscience. 19: 7007-24. PubMed ID: 10436056

Vaney DI. 1986. Morphological identification of serotonin-accumulating neurons in the living retina. Science. 233: 444-46.
PubMed ID: 3726538

Viczian AS, Zuber ME. 2014. A simple behavioral assay for testing visual function in Xenopus laevis. Journal of Visualized
Experiments. 88: 51726. PubMed ID: 24962702

Walz A, McFarlane S, Brickman YG, Nurcombe V, Bartlett PF, Holt CE. 1997. Essential role of heparan sulfates in axon
navigation and targeting in the developing visual system. Development. 124: 2421-30. PubMed ID: 9199368

Wässle H, Chun MH. 1988. Dopaminergic and indoleamine-accumulating amacrine cells express GABA-like
immunoreactivity in the cat retina. Journal of Neuroscience. 8: 3383-94. PubMed ID: 2902202

Watson FL, Mills EA, Wang X, Guo C, Chen DF, Marsh-Armstrong N. 2012. Cell type-specific translational profiling in the
Xenopus laevis retina. Developmental Dynamics. 241: 1960-72. PubMed ID: 23074098

Whitworth GB, Misaghi BC, Rosenthal DM, Mills EA, Heinen DJ, Watson AH, et al.; Watson FL. 2017. Translational
profiling of retinal ganglion cell optic nerve regeneration in Xenopus laevis. Developmental Biology. 426: 360-73. PubMed
ID: 27471010

Wilson MA, Gaze RM, Goodbrand IA, Taylor JS. 1992. Regeneration in the Xenopus tadpole optic nerve is preceded by a
massive macrophage/microglial response. Anatomy and Embryology. 186: 75-89. PubMed ID: 1514705

Xu X, Roby KD, Callaway EM. 2010. Immunochemical characterization of inhibitory mouse cortical neurons: three
chemically distinct classes of inhibitory cells. Journal of Comparative Neurology. 518: 389-404. PubMed ID: 19950390

Zahn N, Levin M, Adams DS. 2017. The Zahn drawings: new illustrations of Xenopus embryo and tadpole stages for studies
of craniofacial development. Development. 144: 2708-13. PubMed ID: 28765211

Zahn N, James-Zorn C, Ponferrada VG, Adams DS, Grzymkowski J, Buchholz DR, et al., Zorn AM. 2022. Normal table of
Xenopus development: A new graphical resource. Development. 149: dev200356. PubMed ID: 35833709

 

12/4/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/24752854
https://www.ncbi.nlm.nih.gov/pubmed/9183738
https://www.ncbi.nlm.nih.gov/pubmed/23906914
https://www.ncbi.nlm.nih.gov/pubmed/23906915
https://www.ncbi.nlm.nih.gov/pubmed/32963083
https://www.ncbi.nlm.nih.gov/pubmed/2854951
https://www.ncbi.nlm.nih.gov/pubmed/12352982
https://www.ncbi.nlm.nih.gov/pubmed/2148124
https://www.ncbi.nlm.nih.gov/pubmed/29557370
https://www.ncbi.nlm.nih.gov/pubmed/21763617
https://www.ncbi.nlm.nih.gov/pubmed/10436056
https://www.ncbi.nlm.nih.gov/pubmed/3726538
https://www.ncbi.nlm.nih.gov/pubmed/24962702
https://www.ncbi.nlm.nih.gov/pubmed/9199368
https://www.ncbi.nlm.nih.gov/pubmed/2902202
https://www.ncbi.nlm.nih.gov/pubmed/23074098
https://www.ncbi.nlm.nih.gov/pubmed/27471010
https://www.ncbi.nlm.nih.gov/pubmed/1514705
https://www.ncbi.nlm.nih.gov/pubmed/19950390
https://www.ncbi.nlm.nih.gov/pubmed/28765211
https://www.ncbi.nlm.nih.gov/pubmed/35833709


 

Zhao Y, Szaro BG. 1994. The return of phosphorylated and nonphosphorylated epitopes of neurofilament proteins to the
regenerating optic nerve of Xenopus laevis. Journal of Comparative Neurology. 343: 158-72. PubMed ID: 7517961

Zou S, Tian C, Ge S, Hu B. 2013. Neurogenesis of retinal ganglion cells is not essential to visual functional recovery after
optic nerve injury in adult zebrafish. PLoS One. 8: e57280. PubMed ID: 23437359

Funding: This undergraduate thesis research was supported by a Davidson Research Initiative summer fellowship to A.K.
Support for supplies was provided by Davidson College’s Biology Department and Wright Family Neuroscience award.

Author Contributions: Petros Basakis: investigation, validation, writing - review editing, formal analysis. Aalim Khaderi:
conceptualization, formal analysis, writing - original draft, writing - review editing, investigation. Barbara Lom: writing -
review editing, supervision.

Reviewed By: Tamira Elul, Anonymous

History: Received July 27, 2022 Revision Received November 27, 2023 Accepted November 30, 2023 Published Online
December 4, 2023 Indexed December 18, 2023

Copyright: © 2023 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Basakis, P; Khaderi, A; Lom, B (2023). Xenopus retinal ganglion cell axon extension is unaffected by 5-HT1B/D
receptor activation during visual system development. microPublication Biology. 10.17912/micropub.biology.001076

 

12/4/2023 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/7517961
https://www.ncbi.nlm.nih.gov/pubmed/23437359
https://doi.org/10.17912/micropub.biology.001076

