
 

 

 

 

“Enhanced innate immune response in the olfactory sensory 

system of the zebrafish” 

 

Tesis entregada a la 

UNIVERSIDAD DE VALPARAÍSO 

En Cumplimiento Parcial de los requisitos para optar al grado de 

Doctor en Ciencias con Mención en Neurociencia 

Facultad de Ciencias 

Por 

María Fernanda Palominos Chacón 

Marzo, 2021 

Tesis dirigida por: 

Dr. Kathleen E. Whitlock 

 

 



[Escriba	texto]	 	 [Escriba	texto]	ii	

 

FACULTAD DE CIENCIAS 

UNIVERSIDAD DE VALPARAÍSO 

INFORME DE APROBACIÓN DE TESIS DE DOCTORADO 

Se informa a la Facultad de Ciencias que la Tesis de Doctorado presentada por: 

 

 

 

María Fernanda Palominos Chacón 

 

 

Ha sido aprobada por la comisión de Evaluación de la tesis como requisito para optar al grado de 

Doctor en Ciencias con mención en Neurociencia, en el exam de Defensa de Tesis rendido el día 

27 de Abril de 2021. 

 

Directora de Tesis: 

Dr. Kathleen E. Whitlock    .............................................. 

 

Comisión de Evaluación de Tesis 

Dr. John Ewer Lothian     .............................................. 

Dr. Pablo R. Moya     .............................................. 

Dr. Carmen G. Feijoo     .............................................. 

 

 



[Escriba	texto]	 	 [Escriba	texto]	iii	

 

 

 

 

 

Para Elena, la niña del futuro  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



[Escriba	texto]	 	 [Escriba	texto]	iv	

AGRADECIMIENTOS 

 

Esta tesis es obra de quienes han confiado en mí, de aquellos que vieron “algo” que a veces ni yo 

misma puedo ver, y eligieron apoyarme. Agradezco el apoyo incondicional y libre de mi tutora, 

la Dra. Kate Whitlock, con quien a través de la comunicación sincera, a veces de risas y/o 

llantos, me brindó su amistad y confianza. Debe haber sido difícil acarrear a los que nos 

perdemos rápido en el bosque para mirar en detalle los árboles y las ramas (a veces hasta las 

hojas…). 

Agradezco también el apoyo y las críticas constructivas de mi comisión de tesis, Dra. Carmen G. 

Feijoo, Dr. Pablo R. Moya, y en especial, a Dr. John Ewer, quien era el Director del Doctorado 

en Neurociencia cuando ingresé al Programa y quien rigurosamente revisó este tesis. También 

quisiera agradecer especialmente el apoyo constante de la Dra. Ana María Cárdenas. Gracias a 

Andrea Moscoso, Trini Órdenes, y Stephany Alaniz por tener a los peces felices y alimentados, 

por su amistad y cariño.  A mis compañeras y compañeros de lab: Eugenius, Angie, Vale, Lili, 

Cata, Caro, Danissa, Justin, Javier A., Javier C., Cristian, Pablo, Ricardo; gracias por la amistad, 

las risas, los buenos momentos, y las noches de Valpo. Por último, quisiera agradecer al Prof. 

Dr. Juan Fernández Hidalgo y al Prof. Dr. Eduardo Couve, quienes ahora pertenecen al plano de 

la memoria pero que influenciaron fuertemente mi carrera científica. 

Finalmente, pero siendo la base fundamental para el desarrollo de esta tesis, agradezco a mi 

familia; a Diego, a mis amigas y amigos. Ellos son mi fortaleza. 

 

  



[Escriba	texto]	 	 [Escriba	texto]	v	

TABLE OF CONTENTS 

Summary ........................................................................................................................................ 1 

CHAPTER 1: INTRODUCTION .................................................................................................. 3 

The olfactory route as a port of entry to the brain ...................................................................... 4 

CNS immune surveillance and recent re-discovery of the meningeal lymphatics ..................... 5 

Neutrophils and macrophages in immune defense ..................................................................... 5 

References ................................................................................................................................. 10 

CHAPTER 2: THE OLFACTORY ORGAN IS POPULATED BY NEUTROPHILS AND 

MACROPHAGES DURING EARLY DEVELOPMENT ........................................................... 16 

Abstract ..................................................................................................................................... 18 

Introduction ............................................................................................................................... 19 

Materials and Methods ............................................................................................................. 21 

Acknowledgements ................................................................................................................... 24 

Results ....................................................................................................................................... 25 

Phagocytic cell populations in the developing olfactory organ ........................................... 25 

Blood-Lymphatic system in the developing olfactory organ ............................................... 26 

Responses of neutrophils and macrophages to tissue damage in the OO ............................ 26 

In vivo neutrophil response to cell damage .......................................................................... 27 

Macrophage response to cell damage ................................................................................... 29 

Blood-Lymphatic vasculature and neutrophil migration ...................................................... 31 

Migration route ..................................................................................................................... 32 

Discussion ................................................................................................................................. 34 

Phagocytic cell populations in th developing olfactory organ ............................................. 34 

Neurogenic response of olfactory organ .............................................................................. 35 



[Escriba	texto]	 	 [Escriba	texto]	vi	

Migration of neutrophils and macrophages .......................................................................... 36 

Conclusions .......................................................................................................................... 37 

Figures & Figure Legends ........................................................................................................ 38 

Figure 1. Neutrophils and macrophages are found in developing sensory systems. ............ 39 

Figure 2. Neutrophils and macrophages populate the olfactory system of juvenile  animals.

 .............................................................................................................................................. 41 

Figure 3. The developing olfactory organs have an extensive blood-lymphatic system ..... 43 

Figure 4. Copper exposure induces cell death and subsequent regeneration in the olfactory 

sensory system. ..................................................................................................................... 45 

Figure 5. Exposure to copper induces migration of neutrophils. ......................................... 47 

Figure 6. Exposure to copper induces migration response of macrophages in the olfactory 

organ. .................................................................................................................................... 49 

Figure 7. Exposure to copper reveales distinct clases of macrophages. ............................... 51 

Figure 8. During copper exposure neutrophils migrate in association with blood vasculature 

to reach to the developing olfactory organ. .......................................................................... 53 

Figure 9. The nasal vein as the primary route to the olfactory organ during development. 55 

Figure 10. Summary of neutrophil and macrophage responses to copper induced damage in 

the larval olfactory organ (OO). ........................................................................................... 56 

Supplementary videos ............................................................................................................... 57 

References ................................................................................................................................. 59 

CHAPTER 3: THE OLFACTORY ORGAN: A RESERVOIR OF NEUTROPHILS IN THE 

ADULT BRAIN ............................................................................................................................ 69 

Abstract ..................................................................................................................................... 71 

Significance Statement ............................................................................................................. 72 



[Escriba	texto]	 	 [Escriba	texto]	vii	

Introduction ............................................................................................................................... 73 

The adult olfactory organ blood-lymphatic system .............................................................. 73 

Neutrophils and the Nervous System ................................................................................... 74 

Material and Methods ............................................................................................................... 76 

Acknowledgements ................................................................................................................... 80 

Results ....................................................................................................................................... 81 

The Adult Olfactory Sensory System has Extensive Lymphatic Vasculature ..................... 81 

Neutrophil population in the adult olfactory organ .............................................................. 83 

Neutrophil response to damage in the adult olfactory sensory system ................................ 84 

Damage induced changes in cell cycle dynamics in the olfactory sensory system .............. 85 

Discussion ................................................................................................................................. 87 

Lymph node equivalent in fish ............................................................................................. 88 

Neutrophils ........................................................................................................................... 89 

Figures & Figure legends .......................................................................................................... 91 

Figure 1. The adult olfactory organ have an extensive blood-lymphatic system ................. 92 

Figure 2. Neutrophils are found only in the olfactory organ of the adult brain. .................. 94 

Figure 3. Exposure to copper is correlated with incerased neutrophils in the peripheral and 

central nervous system. ........................................................................................................ 96 

Figure 4. Damage induces changes in cell división of OSN and neutrophil precursors in the 

adult olfactory organ. ........................................................................................................... 98 

Figure 5. The olfactory organ is a neural-immune interface. ............................................. 100 

Figure S1. The adult olfactory organs (OO) have extensive and interconnected Blood (BV) 

and Lymphatic Vasculature (LV). ...................................................................................... 102 

Figure S2. Blood vasculature extends through cribriform plate with muLEC-like lymphatic 

cells. .................................................................................................................................... 104 



[Escriba	texto]	 	 [Escriba	texto]	viii	

Figure S3. Sustentacullar cells in the olfactory epithelium are associated with markers for 

neutrophils. ......................................................................................................................... 106 

Figure S4. Copper exposure induces rapid incerase in neutrophils in the OO. .................. 108 

References ............................................................................................................................... 109 

CHAPTER 4: DAMAGE INDUCED CALCIUM TRANSIENTS TRIGGER NEUTROPHIL 

RECRUITMENT IN THE DEVELOPING OLFACTORY ORGAN ........................................ 118 

Introduction ............................................................................................................................. 120 

Materials and Methods ........................................................................................................... 122 

Acknowledgments .................................................................................................................. 124 

Results ..................................................................................................................................... 124 

Copper exposure triggers early long-lasting calcium responses in olfactory neurons ....... 124 

A central and peripheral delayed calcium wave correlates with neutrophil infiltration to the 

olfactory organs .................................................................................................................. 125 

L-type calcium channel blockade inhibits neutrophil migration to damaged olfactory 

organs ................................................................................................................................. 127 

Discussion ............................................................................................................................... 128 

First minutes after damage ................................................................................................. 128 

Ca2+ signaling and immune response to copper-induced damage ...................................... 129 

References ............................................................................................................................... 131 

ANNEX ................................................................................... ¡Error! Marcador no definido. 

Differential responses of the left and right sides of the olfactory sensory system ............. 138 

Figures & Figure Legends ...................................................................................................... 140 

Figure 1. Exposure to non-lethal copper concentrations triggers early but long-lasting 

calcium responses in OSNs. ............................................................................................... 141 



[Escriba	texto]	 	 [Escriba	texto]	ix	

Figure 2. Neutrophil entry to the olfactory epithelia correlates with a delayed calcium 

increase in the olfactory organs in an L-type channel Ca2+-dependent released. ............... 143 

Figure 3. Summary: LTCC-dependent Ca2+ increases in OSNs are necessary for neutrophil 

recruitment to the olfactory organs. ................................................................................... 145 

Annexed Figure 1. Asymmetric responses of the olfactory sensory system during damage.

 ............................................................................................................................................ 147 

CHAPTER 5: DISCUSSION .................................................................................................... 148 

Discussion ............................................................................................................................... 149 

References ............................................................................................................................... 153 

	

 

 

 

 

 

 

 

 

 

 

 



[Escriba	texto]	 	 [Escriba	texto]	x	

INDEX OF FIGURES 

CHAPTER 2: THE OLFACTORY ORGAN IS POPULATED BY NEUTROPHILS AND 

MACROPHAGES DURING EARLY DEVELOPMENT ........................................................... 16 

Figure 1. Neutrophils and macrophages are found in developing sensory systems. ............ 39 

Figure 2. Neutrophils and macrophages populate the olfactory system of juvenile  animals.

 .............................................................................................................................................. 41 

Figure 3. The developing olfactory organs have an extensive blood-lymphatic system ..... 43 

Figure 4. Copper exposure induces cell death and subsequent regeneration in the olfactory 

sensory system. ..................................................................................................................... 45 

Figure 5. Exposure to copper induces migration of neutrophils. ......................................... 47 

Figure 6. Exposure to copper induces migration response of macrophages in the olfactory 

organ. .................................................................................................................................... 49 

Figure 7. Exposure to copper reveales distinct clases of macrophages. ............................... 51 

Figure 8. During copper exposure neutrophils migrate in association with blood vasculature 

to reach to the developing olfactory organ. .......................................................................... 53 

Figure 9. The nasal vein as the primary route to the olfactory organ during development. 55 

Figure 10. Summary of neutrophil and macrophage responses to copper induced damage in 

the larval olfactory organ (OO). ........................................................................................... 56 

Supplementary videos ............................................................................................................... 57 

CHAPTER 3: THE OLFACTORY ORGAN: A RESERVOIR OF NEUTROPHILS IN THE  

Figure 1. The adult olfactory organ have an extensive blood-lymphatic system ................. 92 

Figure 2. Neutrophils are found only in the olfactory organ of the adult brain. .................. 94 

Figure 3. Exposure to copper is correlated with incerased neutrophils in the peripheral and 

central nervous system. ........................................................................................................ 96 



[Escriba	texto]	 	 [Escriba	texto]	xi	

Figure 4. Damage induces changes in cell división of OSN and neutrophil precursors in the 

adult olfactory organ. ........................................................................................................... 98 

Figure 5. The olfactory organ is a neural-immune interface. ............................................. 100 

Figure S1. The adult olfactory organs (OO) have extensive and interconnected Blood (BV) 

and Lymphatic Vasculature (LV). ...................................................................................... 102 

Figure S2. Blood vasculature extends through cribriform plate with muLEC-like lymphatic 

cells. .................................................................................................................................... 104 

Figure S3. Sustentacullar cells in the olfactory epithelium are associated with markers for 

neutrophils. ......................................................................................................................... 106 

Figure S4. Copper exposure induces rapid incerase in neutrophils in the OO. .................. 108 

CHAPTER 4: DAMAGE INDUCED CALCIUM TRANSIENTS TRIGGER NEUTROPHIL 

RECRUITMENT IN THE DEVELOPING OLFACTORY ORGAN ........................................ 118 

Figure 1. Exposure to non-lethal copper concentrations triggers early but long-lasting 

calcium responses in OSNs. ............................................................................................... 141 

Figure 2. Neutrophil entry to the olfactory epithelia correlates with a delayed calcium 

increase in the olfactory organs in an L-type channel Ca2+-dependent released. ............... 143 

Figure 3. Summary: LTCC-dependent Ca2+ increases in OSNs are necessary for neutrophil 

recruitment to the olfactory organs. ................................................................................... 145 

Annexed Figure 1. Asymmetric responses of the olfactory sensory system during damage.

 ............................................................................................................................................ 147 



[Escriba	texto]	 	 [Escriba	texto]	1	

Summary 

The olfactory system detects odorants in the environment and relays this information to the 

central nervous system via the olfactory nerve. Over fifty years ago researchers showed that 

fluids pass from the arachnoid space of the brain across the cribriform plate separating the brain 

from the peripheral olfactory organs. We now know that fluids drain across the cribriform plate 

along perineural spaces associated with the olfactory nerves passing through the nasal mucosa to 

cervical lymph nodes. This olfactory/nasal lymphatic route remains poorly characterized with 

respect to the potential immune contribution in the protection of the brain from inflammation 

caused by damage, and viral or bacterial infections.  

Here we showed that the zebrafish olfactory sensory system has an extensive network of blood-

lymphatic vasculature and associated immune cells (neutrophils and macrophages) that forms 

during early development. This network of lymphatic and blood vasculature is associated with 

the migration of immune cells towards the olfactory organs in response to copper induced 

damage and migration of neutrophils is dependent on calcium signaling mediated by L-type Ca2+ 

channels.  

In adult animals we showed that the blood-lymphatic vasculature extends across the cribriform 

plate connecting the peripheral olfactory organs and central nervous system. Two distinct 

lymphatic cell types were identified in the olfactory organs, one of which accompanies the blood 

vasculature as it connects the olfactory organs and the central nervous system. Finally, the adult 

olfactory organs have a large population of resident neutrophils that rapidly increased on number 

in response to copper-induced damage.   

The extensive population of resident neutrophils within the olfactory organs suggests that the 

olfactory organs may act as an immune defense niche for the adult brain. Furthermore, I 

anticipate that these results will lay the foundations for future research that will shed light on the 
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role of this interface in the life-long neurogenic capacities of the olfactory epithelium, the 

systemic responses of nasal-delivered drugs, as well as its potential to be used as a point of entry 

to pathogens (such as the SARS-CoV2 virus, which can access the brain through the olfactory 

pathway).	
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The olfactory route as a port of entry to the brain 

The olfactory sensory system is composed of the peripheral olfactory epithelium (OE), where the 

continually renewing olfactory sensory neurons (OSNs) are located. The axons of the OSNs 

reach the central nervous system (CNS) via the olfactory nerve (ON), where they make their first 

synapses in the olfactory bulb (OB) (Sakano 2010; Whitlock 2015). Thus, unlike other sensory 

systems, the first synapses of the sensory receptor neurons lie within the CNS. This unique 

organization creates a potential gateway for chemical or biological agents to enter the CNS 

because the OSNs can be easily damaged, triggering an inflammatory response, and the nasally 

transmitted substances can cross the cribriform plate, the bony plate that separates the CNS and 

the olfactory neuroepithelium.  

Mucosal barriers are the interfaces between the external world (Air, food etcetera) and the 

internal world of the animal, and, as a consequence, mucosal barriers are armed with 

components from the innate and adaptive immune systems. The immune cells and molecules 

they secrete form the mucosal-associated immune tissues (MALTs) and are essential in 

mounting a rapid immune response as the first line of defense. In humans, the nasopharyngeal-

associated lymphoid tissue (NALT) is the Waldeyer's tonsillar ring, an arrangement of lymphoid 

tissues (tonsils) in the naso- oropharyngeal cavity that protects us against invasion by 

neurotropic microorganisms, including viruses. The pharyngeal tonsil, or adenoids, is the 

lymphatic structure closest to the nasal mucosa, and its equivalent has been found in rat, mouse, 

and chick (Kiyono and Fukuyama, 2004; Sosa and Roux, 2004; Kang et al., 2013). In contrast, 

in fish, limited studies suggest the presence of a diffuse and scattered network of lymphoid and 

myeloid cells in the olfactory organ, resembling mammalian NALT (Tacchi et al., 2014); but 

also sparse CX3CR1-monocytes (co-expressing MHC-II and CD68) have been observed 

localized in the olfactory epithelium of adult mouse (Ruitenberg et al., 2008). Despite being 
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anatomically next to the OE-ON interface, there a few studies (Platt et al., 2020) linking NALT 

(whether diffuse in the olfactory epithelia or organized in tonsil-like structures) tissues to 

immune responses in the CNS (Platt et al., 2020; Sepahi et al., 2016).  

CNS immune surveillance and recent re-discovery of the meningeal lymphatics 

The brain was considered an immune-privileged organ until the recent "re-discovery" of 

lymphatic vasculature associated with the meninges (which drain metabolic waste & CNS- 

derived antigens, Aspelund et al., 2015; Louveau et al., 2015), a series of overlapping 

membranes containing a diverse array of immune cells (Rua & McGavern2018) that contribute 

actively to not only CNS homeostasis but also to brain immunity. In mammals, resident and 

circulating myeloid cells can enter the adult CNS via the choroid plexus, the subarachnoid space, 

and/or the perivascular space (Ransohoff, Kivisäkk, and Kidd, 2003). However, little is known 

about the immune response in peripheral sensory tissues, such as the olfactory epithelium (OE), 

and the potential link to CNS surveillance. The olfactory system is unusual because, unlike most 

other cranial nerves, the meningeal covering of the CNS extends to the peripheral OE, thus the 

newly described meningeal immunity may play an important role in this part of the peripheral 

nervous system. To date the identity and motile characteristics of the immune cells that populate 

and interact with peripheral sensory systems, like the olfactory system, are mostly unknown.  

Neutrophils and macrophages in immune defense 

The central nervous system and its meningeal coverings are populated by myeloid immune cells, 

including microglia, perivascular and meningeal macrophages, dendritic cells, and granulocytes 

(such as neutrophils and mast cells; Herz et al., 2017). Little is known about the role of immune 

cell function in brain homeostasis, but several studies suggest that there may be non-bone 

marrow sources of immune cells in the adult brain. Damage to the CNS resulted in an increase in 

immune cells including microglia, and these cells appeared to arise from a bone marrow-
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independent pool of CNS-resident progenitors (Ajami et al., 2007; Herz et al., 2017). Most 

recently, infection of the brain by Rift Valley Fever virus through aerial inhalation was first 

observed in the olfactory bulbs followed by the brain stem and spinal cord (Walter et al., 2019), 

and infection resulted in the recruitment of neutrophils and macrophages, not lymphocytes, in an 

anterior to posterior movement in the brain (Albe et al., 2019). In these studies it is still unclear 

whether the numbers of neutrophils and macrophages increased by infiltration from the 

peripheral circulation, or from a pool of local myeloid cells that change their gene expression 

and morphology after damage.  

Neutrophils are the main type of circulating leukocyte and are widely known as the first line of 

defense against pathogens (Wittamet et al., 2011). Traditionally, they were thought to be 

exclusively active in innate immunity, but recently they have been implicated in different 

adaptive responses in vivo and in vitro (Puga et al., 2011; Dragana Odobasic, et al. 2016; C.-

W.Yang et al. 2010; Rua et al., 2019, Mohanty et al., 2019; Parker Harp et al., 2019). 

Macrophages are primarily responsible for the phagocytosis of pathogens and cellular debris. 

Along with neutrophils (Yipp et al., 2017; Herz et al., 2017; Li et al., 2019), macrophages are 

able to coexist in specialized tissue-specific functions (Epelman et al., 2014; Theret et al., 2019), 

as well to coordinate adaptive immune responses through T lymphocyte antigen presentation (Li 

et al., 2019; Hilhorst et al., 2014). In their ontogeny, neutrophils and macrophages constitute a 

heterogeneous type of phagocytic innate immune cell derived from the myeloid lineage. In both 

mice and humans, the hematopoietic stem cells of the bone marrow give rise to myeloid 

progenitors that will generate monocytes including macrophages, neutrophils, dendritic cells, 

erythrocytes, and megakaryocytes (Wolf et al., 2019). In mammals, circulating neutrophils and 

macrophages are produced in the bone marrow, whereas microglia (the resident macrophage 

population in the CNS), originate from mesodermally-derived tissues during embryonic 
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development and populate the brain (Epelman et al., 2014; Blériot et al., 2020). In contrast, in 

teleost fish, the hematopoietic stem cells are derived from the intermediate cell mass (ICM), the 

aorta- gonad mesonephros (AGM) region and caudal hematopoietic tissue (CHT) in successive 

waves of differentiation with circulating adult neutrophils and macrophages arising from the 

head kidney and spleen (Orkin and Zon 2008). Originally the CNS was thought to lack immune 

cells and an inflammatory response in part because the tissue damage would affect the brain; 

with the re-analysis of the lymphatic vasculature of the brain and meninges it is now important 

to understand how neutrophils and macrophages infiltrate the CNS in response to damage.  

In response to tissue injury and infection, neutrophils and macrophages migrate in coordinated 

behaviors to the damage site using cues such as damage-associated molecular patterns (DAMPs) 

and reactive oxygen species (ROS) (Moreira et al., 2010), but also chemokines and leukotrienes 

(Chen and Nuñez, 2010; Lämmerman and Germain, 2014). Using the circulation, leukocytes, 

such as neutrophils, can reach distant tissues traveling inside the endothelial lumen of vessels, 

and then passing to the interstitial tissue through a coordinated multi-step choreography that 

includes tethering, rolling, adhesion, crawling, and transendothelial migration (McDonald and 

Kubes, 2011). During chemotactic migration, neutrophils primarily employ fast-speed amoeboid 

motility, becoming polarized by asymmetrically distributing actin and microtubule networks, 

while macrophages display characteristics of both amoeboid and lower speed mesenchymal 

mode of migration (Barros- Becker et al., 2017). The orchestration of adaptive immune 

responses in vertebrates relies on innate immunity for its initiation. Recently, neutrophils have 

been shown to transport antigens from the injured tissues in reverse migration (de Oliveira et al., 

2016; Christoffersson and Phillipson, 2018) to lymph nodes via High-Endothelial Venules 

(HEVs), where they can coordinate early adaptive immune responses (Hampton et al. 2015, 

Hampton and Chtanova 2016). Furthermore, macrophages are highly heterogeneous scavengers 
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that can also recognize and transport antigens to control the proliferation and differentiation of 

type 1 and 2 helper T cells (Mills and Ley, 2014).  

We have previously performed microarray and RNAseq (Harden et al., 2006; Calfun et al., 

2016) analyses using the olfactory epithelia of adult zebrafish looking for differentially 

expressed genes related to the formation of olfactory memory or imprinting (Harden et al., 2006; 

Whitlock, 2006). In addition to known genes, such as olfactory receptors (Calfun et al., 2016), 

we found specific changes in genes from both the innate and adaptive immune systems (Calfun 

et al., in preparation). Moreover, other labs have previously reported that the OE of both mouse 

(Chum et al., 1991) and zebrafish (Jessen et al. 2001) express genes from the adaptive immune 

system such as the recombination activating-gene Rag1/2, which is specifically expressed in 

lymphocytes for correct immunoglobulin recombination (Mombaerts et al., 1992)  

Peripheral sensory systems such as the olfactory epithelium are traditionally thought to lack 

immune cells (Rasohoff and Brown, 2012; Herz et al., 2017), however the presence of 

meningeal covering along the olfactory nerve and extending to the olfactory epithelia (Faber, 

1937), coupled with the localization of myeloid cells in organized or diffuse NALT in the 

olfactory epithelium of mice, rat, and rainbow trout (Kiyono and Fukuyama, 2004; Sosa and 

Roux, 2004; Kang et al., 2013; Ruitenberg et al., 2008; Tacchi et al., 2014) suggests that there 

are immune cells associated with the olfactory sensory system. Furthermore, the infiltration of 

immune cells in an anterior-posterior appearance (from the olfactory bulb to the spinal cord) in 

response to viral infection of the brain suggests that the olfactory sensory system may be a 

source of immune cells in the CNS. Because the olfactory sensory system is exposed to the 

external environment with direct connections to the CNS, it may have a robust immune response 

associated with an extensive immune architecture in both the developing and the adult animal.  
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For my thesis work, I used the zebrafish, Danio rerio, as a model organism to describe the 

localization of neutrophils and macrophages in the developing and adult olfactory sensory 

system. I then analyzed the dynamics of immune cell movement in response to copper-induced 

death of olfactory sensory neurons in the developing and adult olfactory system. Concurrently, I 

described the structure of the blood and lymphatic vasculature in the olfactory sensory system of 

developing and adult zebrafish. Finally, using a genetically encoded calcium indicator expressed 

in neurons, I showed that large calcium transients generated by copper-induced damage trigger 

immune cell recruitment to the developing olfactory sensory system, and that attenuation of 

these calcium transients blocks immune cell recruitment.  
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CHAPTER 2: THE OLFACTORY ORGAN IS POPULATED BY NEUTROPHILS AND 

MACROPHAGES DURING EARLY DEVELOPMENT 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



[Escriba	texto]	 	 [Escriba	texto]	17	

 

The olfactory organ is populated by neutrophils and macrophages during early 

development 

  

M. Fernanda Palominos and Kathleen E. Whitlock 

 

Centro Interdisciplinario de Neurociencia de Valparaíso (CINV) 

Facultad de Ciencia 

Universidad de Valparaíso 

Pasaje Harrington 287 

Valparaíso, Chile 

Teléfono: 56-32-299-5510, 56-32-250-8040 

FAX: 56-32-250-8027 

 

Correspondence to be sent to: Kathleen Whitlock 

Instituto de Neurociencia, Universidad de Valparaíso, Valparaíso, Chile 

e-mail: kathleen.whitlock@uv.cl 

 

Key words: immune, macrophage, olfactory, neuron, vasculature, zebrafish, microglia, nervous 

system 

 

Worked published on 18 January of 2021 in: 

Frontiers in Cell and Developmental Biology  

DOI:10.3389/fcell.2020.604030	 	



[Escriba	texto]	 	 [Escriba	texto]	18	

Abstract 

The immune system of vertebrates is characterized by innate and adaptive immunity that 

function together to form the natural defense system of the organism. During development innate 

immunity is the first to become functional and is mediated primarily by phagocytic cells, 

including macrophages, neutrophils, and dendritic cells. In the olfactory sensory system, the 

same sensory neurons in contact with the external environment have their first synapse within 

the central nervous system. This unique architecture presents a potential gateway for the entry of 

damaging or infectious agents to the nervous system. Here we used zebrafish as a model system 

to examine the development of the olfactory organ and to determine whether it shares immune 

characteristics of a host defense niche described in other tissues. During early development both 

neutrophils and macrophages appear coincident with the generation of the primitive immune 

cells. The appearance of neutrophils and macrophages in the olfactory organs occurs as the 

blood and lymphatic vascular system is forming in the same region. Making use of the 

neurogenic properties of the olfactory organ we show that damage to the olfactory sensory 

neurons in larval zebrafish triggers a rapid immune response by local and non-local neutrophils. 

In contrast macrophages, though present in greater numbers, mount a slower response to 

damage. We anticipate our findings will open new avenues of research into the role of the 

olfactory-immune response during normal neurogenesis and damage-induced regeneration, and 

contribute to our understanding of the formation of a potential host defense immune niche in the 

peripheral nervous system. 
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Introduction 

The olfactory sensory system is composed of the peripheral olfactory epithelium (OE), where the 

continually renewing olfactory sensory neurons (OSNs) are located. The axons of the OSNs 

reach the central nervous system (CNS) via the olfactory nerve (ON), where they make their first 

synapses in the olfactory bulb (OB) [1];[2]. Thus, unlike other sensory systems the first synapses 

of the OSNs lie within the CNS. This unique organization creates a potential pathway for 

chemical or biological agents to enter the CNS. Yet, although pathogens can enter the CNS via 

the olfactory epithelium [3], it is striking that our brains are not besieged by infections that enter 

through this direct olfactory portal.  

Recently it has been shown that in mammals “host defense niches” exist where myeloid cell 

types, such as neutrophils, remain associated with the tissue instead of patrolling the body [4]. 

These resident cells have been described in the lungs, a tissue that like the olfactory epithelia 

come in contact with potential damaging airborne substances. In mammals the airways of the 

nose and mouth have a network of lymphoid tissue in the pharynx and palate (tonsils), called 

nasopharynx-associated lymphoid tissue (NALT) that protect against invasion by neurotropic 

microorganisms, including viruses. Like mammals, zebrafish have the basic myeloid cell types 

including monocytes, neutrophils, eosinophils, mast cells and dendritic cells, yet they do not 

have organized lymphoid structures such as tonsils/lymph nodes. Limited studies suggest that 

fish have a diffuse network of lymphoid and myeloid cells associated with the olfactory organ 

that may resemble mucosal immune tissues [5].   

Similar to mammals zebrafish generate blood/immune cells in successive waves during 

development. In zebrafish, during the first phase of hematopoiesis precursors arise from the 

mesoderm generating the rostral blood island (RBI) and intermediate cell mass (ICM) before 

entering the circulation [6]. Myeloid cell precursors including monocytes/macrophages and 
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granulocytes develop by 12 hours post fertilization (hpf) [7] and functional macrophages and 

neutrophils are present by 30 hpf [8; 9]. The RBI will also give rise to larval microglia via 

primitive macrophages [8; 10; 11]. The larval zebrafish has been used to study immune system 

development and function due to the optical clarity, availability of reporter lines expressed in 

immune cell types, and sequenced genome [12; 13; 14]. Because of the regenerative properties 

of fish, in tissues such as the tail and fins, zebrafish are readily amenable to wounding studies 

(induced by cutting the tail for example) where the response of the innate immune system can be 

visualized and manipulated in intact living animals [15]. Here we make use of the peripheral 

olfactory sensory system to explore the early development of immune cells types and their 

potential association with the olfactory organ.  

Previously, through microarray and RNAseq analyses of adult OE zebrafish [16] [17], we found 

that in addition to OE specific genes, genes normally expressed in both the innate and the 

adaptive immune systems were also expressed. These findings prompted us to investigate the 

potential “immune architecture” of the OE. Because of the early development of innate immune 

system [18], we investigated the presence and dynamics of neutrophils and macrophages in the 

olfactory sensory system of developing zebrafish to better characterize the immune cells as well 

as understand their potential response to damage in the developing olfactory organ. 
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Materials and Methods 

Animals: Zebrafish were maintained in a re-circulating system (Aquatic Habitats Inc, Apopka, 

FL) at 28°C on a light-dark cycle of 14 and 10 hours respectively.  All fish were maintained in 

the Whitlock Fish Facility at the Universidad de Valparaiso. Wild-type (WT) fish of the Cornell 

strain (derived from Oregon AB) were used. All protocols and procedures employed were 

reviewed and approved by the Institutional Committee of Bioethics for Research with 

Experimental Animals, University of Valparaiso (#BA084-2016). Embryos were obtained from 

natural spawnings in laboratory conditions and raised at 28.5°C in Embryo medium as 

previously described [19]. Staging was done according to Kimmel [20]. At 5 dpf larvae were 

transferred to finger bowls, and fed daily with Larval AP100 dry diet (Zeigler ®) until 

processed. Larvae were defined as ranging from 3 to 14 dpf; and 21 dpf animals were considered 

as juveniles. Transgenic lines were used to visualize specific cell types.  Tg(BACmpx:gfp)i114, 

Tg(mpx:GFP) Tg(mpx:EGFP), [12]; (Tg(fli1a:EGFP)y1, Tg(fli1a:EGFP), [21]; 

Tg(−5.2lyve1b:DsRed)nz101, Tg(2lyve1b:DsRed) Tg(−5.2lyve1b:EGFP)nz151 Tg(lyve1b:EGFP), 

[22]; Tg(gata1a:DsRed)sd2, Tg(gata1a:DsRed) [23]; Tg(pOMP2k:gap-YFP)rw032a, (OMP:YFP), 

Tg(pOMP2k:lyn-mRFP)rw035a, Tg(OMP:RFP), Tg(pTRPC4.5k:gap-Venus)rw037a [24]; 

Tg(mpeg1:mCherry) [25]; and Tg(lysC:DsRED2), [14]. 

Copper Exposure: Initial dose response analysis was performed based on previous work in 

zebrafish and salmon [26]; [27]. A stock solution of 10 mM CuSO4 was diluted in filtered 

embryo medium [19] for a final concentration of 10 µM CuSO4. Staged larvae were exposed to 

10 µM CuSO4 for 4 hours and then washed out. The long-term effects of copper on neutrophil 

movement to the OO were quantified in individual larvae using adapted ChIn assay [28].  



[Escriba	texto]	 	 [Escriba	texto]	22	

Immunocytochemistry and Cell Labeling: Staged larvae were fixed in 4% PFA in 0.1M 

phosphate buffer, pH 7.3, or 1X phosphate-buffered saline PBS pH 7.3. Larvae were rinsed three 

times in phosphate buffer or PBS, permeabilized in acetone at -20 ºC for 10 minutes then 

incubated for two hours in blocking solution (10 mg/ml BSA, 1% DMSO, 0.5% Triton X-100 

(Sigma) and 4% normal goat serum in 0.1M phosphate buffer or 1X PBS). Primary antibodies 

used were anti-RFP (rabbit 1:250, Life Technologies), anti-GFP (mouse 1:500, Life 

Technologies), anti-GFP (rabbit 1:500, Invitrogen), anti-SOX2 (mouse 1:250, Abcam), anti-

DsRed (mouse 1:500, Santa Cruz Biotechnology) and anti-HuC/D (rabbit 1:500, Invitrogen). 

Larvae up to 14 days were incubated in primary antibodies for 3-4 days. After washes, tissues 

were incubated overnight in any of the following secondary antibodies as appropriate: Dylight 

488 conjugated anti-mouse antibody (goat 1:500, Jackson Immuno Research), Alexa Fluor 488 

conjugated anti-rabbit antibody (goat 1:1000, Molecular Probes), Alexa Fluor 568 conjugated 

anti-rabbit antibody (goat 1:1000, Molecular Probes), Alexa Fluor 568 conjugated anti-mouse 

antibody (goat 1:1000, Molecular Probes), Dylight 650 conjugated anti-rabbit antibody (goat 

1:500, Jackson Immuno Research). Tissues were then rinsed in 0.1M phosphate buffer or 1X 

PBS with 1% DMSO, stained for DAPI (1 µg/ml, Sigma), washed in 0.1M phosphate buffer or 

1X PBS and mounted in 1.5 % low melting temperature agarose (Sigma) in an Attofluor 

Chamber for subsequent imaging (see below). 

Cryosectioning. 7 dpf larvae were sacrificed, then fixed and embedded in 5% sucrose/ 1.5 % 

agarose in mqH2O. Blocks were then submerged in 30% sucrose for 2-3 days and then stored 

covered by O.C.T. Compound (Tissue-Tek®) in cryomolds at -20ºC. Twenty-five µm 

cryosections were processed for immunofluorescense as described above; primary and secondary 

antibodies were incubated overnight.  

TUNEL Labeling: Larvae were processed using In Situ Cell Death Detection Kit, Fluorescein 

(Roche) according manufacturer recommendations. Briefly, larvae were permeabilized for 1 
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hour at 37 ºC, washed twice and labeled at the same temperature for 1 hour. DAPI staining was 

used for nuclear labeling. Larvae were mounted in 2% low melting temperature agarose (Sigma) 

in an Attofluor Chamber for imaging (see below). Fluorescent signals in TUNEL labeled 

preparations were quantified by mean pixel intensities from green (fluorescein from TUNEL 

staining), green (GFP from trpc2:GFP) and red (RFP from OMP:RFP) in OE and OB (selected 

as different ROIs in FIJI). Values were normalized by mean pixel intensity of the DAPI stained 

whole head (as another ROI).   

Microscopy: Fluorescent images were acquired using a Spinning Disc microscope Olympus BX-

DSU (Olympus Corporation, Shinjuku-ku, Tokyo, Japan) with ORCA IR2 Hamamatsu camera 

(Hamamatsu Photonics, Higashi-ku, Hamamatsu City, Japan) and Olympus CellR software 

(Olympus Soft Imaging Solutions, Munich, Germany) or confocal laser scanning microscope 

(Nikon C1 Plus; Nikon, Tokyo, Japan). Images were deconvoluted in AutoQuantX 2.2.2 (Media 

Cybernetics, Bethesda, MD, USA) and processed using FIJI (National Institute of Health, 

Bethesda, Maryland, USA; [29] and CellProfiler [30]. 

Live imaging: For live imaging of the olfactory sensory system, larvae were anesthetized (2% 

Tricaine Sigma) mounted in a cut tip of plastic Pasteur pipette in 2% low temperature agarose 

(Sigma) in embryo medium [19]. The larvae were imaged in frontal view in an Attofluor 

Chamber (Thermo Fisher Scientific) filled with Embryo medium. The agarose covering the 

olfactory system was removed. Temperature was maintained at 26-28ºC and images were 

captured using a Spinning disc confocal microscope (Olympus) with a 20X 0.95 NA water 

immersion LUMPlanFL/IR objective. 

Time-lapse videos of copper exposure: To generate the time-lapse movies (Fig. 5, 6, 8, 9), stacks 

of images were collected with 3um/optical sections in a total depth of 150 um depth. All tracking 

data from time-lapse microscopy in control and copper-exposed larvae were processed using 

MTrackJ tracker in FIJI. Chemotactic index (CI) was calculated as described by [31], taking left 
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or right OO as reference. Briefly, CI was defined as cos(α) with α as the angle between the 

distance vector to the damage site (OO) and the actual movement vector.  

Image Analyses For analysis of neutrophils and macrophages: Only cells within the boundaries 

of the sensory tissue in were counted and the values were given as the average of total number of 

mpx:GFP positive or mpeg1:mCh positive in both OOs with standard deviation. Values given 

for paired sensory structure are a sum of the individual sensory tissues. For time-lapse videos all 

counts of neutrophils and macrophages in the two olfactory organs were combined for each 

animal and the mean/SEM calculated for each time point.  

Statistics. Data are presented as means ± standard deviations. Experiments number and statistical 

analysis were done using Prism 6 (Graphpad), and are indicated in each figure legend. Unpaired 

Student’s t-tests were performed unless otherwise indicated. P values are indicated as follows: *: 

P  < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001. 
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Results 

Phagocytic cell populations in the developing olfactory organ 

We first quantified phagocytic cells (neutrophils and macrophages) of the immune system to 

determine whether they were present in peripheral sensory systems during early development. 

We used the Tg(mpx:GFP) line to visualize neutrophils, a leukocyte sub-type with strong 

myeloperoxidase (mpx) activity, and the Tg(mpeg1:mCh) line (macrophage-expressed gene, 

mpeg1.1, encodes perforin-2, a pore-forming protein associated with host defense against 

pathogens) to visualize macrophages in fixed wholemount larvae (Fig. 1). Olfactory sensory 

structures do not appear as a stratified epithelium until later in development thus we refer to the 

tissue as an olfactory organ (OO, Fig. 1A, E). At 7 days post fertilization (dpf) mpx:GFP+ 

neutrophils were found associated with the OOs (Fig. 1, B, green, arrows) and anti-Sox2 positive 

taste buds (Fig. 1, B, arrowheads). In contrast few neutrophils were directly associated with the 

ear (Fig. 1, C, green). When quantifying neutrophils in the developing sensory systems (Fig. 1, 

D) the olfactory sensory system has more neutrophils than other sensory systems (n=30 animals 

per sensory system, 1-way ANOVA, Tukey test, p < 0.05). No neutrophils were observed in the 

retina. In contrast to neutrophils, at 7 dpf there were many more macrophages in the OOs (Fig. 1, 

F), but not in the ear (Fig. 1, G). Unlike the situation with neutrophils, the OO and eye had equal 

numbers of macrophages  (Fig. 1, H) yet the gustatory (mouth) and auditory (ear) number 

remained lower (n=30 animals per sensory system, 1-way ANOVA, Tukey test, p < 0.05).    

We next quantified the number of mpx:GFP+  neutrophils (Fig. 2, A-C) and mpeg1:mCh+ 

macrophages (Fig. 2, D-F) associated with the OOs during early development. At 3 dpf 

neutrophils started to appear associated with the OOs (Fig. 2, C; 1.4 ± 0.1) and by 7 dpf (Fig. 2, 

A, B, green) there was an average of 3.6 ± 0.2 (Fig. 2, C), and neutrophil numbers increased 

steadily through the first two weeks (Fig. 2, C; 6.0 ± 0.3). Like neutrophils, at 3 dpf 

macrophages started to appear associated with the OOs (Fig. 2, F; 1,1 ± 0.1) and by 7 dpf (Fig. 
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2, D, D’, E, red) there was an average of 8.2 ± 0.2 macrophages (Fig. 2, F). Macrophage 

numbers increased steadily through the first two weeks (Fig. 2, F, 11 ± 0.4).  

Blood-Lymphatic system in the developing olfactory organ 

Recently the lymphatic vasculature (LV) of the zebrafish brain has been described [32]; [33] 

[34], but little is known about the developing blood vasculature (BV) and LV associated with the 

olfactory sensory system. Using the Tg(lyve1b:DsRed);Tg(OMP:YFP) double transgenic line at 

5 dpf we found LV on the dorsal-lateral surface of the telencephalon (Fig. 3, A, red, arrows) 

extending around the region of the forming OB. By 7 dpf the LV encircled the olfactory bulb 

region (Fig. 3, B, OB) where the axons of the olfactory sensory neurons (OSNs) terminate (Fig. 

3, B, asterisks, yellow). At two weeks post fertilization the dorsal projections were maintained 

(Fig. 3, C, red, arrows) and lyve1b:DsRed+ branches were apparent on the ventral side of the 

OOs (Fig. 3, C, red, arrowheads, G, G’, NL). We visualized the development of BV using the 

Tg(fli1a:EGFP) line (Fig 3, D-F, G, G’, green). At 5 dpf the BV was already apparent on the 

dorsal surface of the brain and was found associated with the OOs before the LV. The nasal 

artery/nasal veins (NA/NV) [35] are the most rostrally-projecting of vessels until at least 7 dpf, 

with two branches enclosing the OO at 15 dpf (Fig. 3, F, G, G’, yellow), a time when the 

ventral-lateral branch of the LV can be seen entering the OO (Fig. 3, C, red, arrowhead, G’, NL, 

red). The nuclei of the NV wrapping along the medial OO (Fig. 3, D-F, G’, green) are positive 

for both the LV (lyve1b:DsRed) and the BV marker (fli1a:EGFP), suggesting it is venous–

lymphoid in nature. The later developing LV entering the ventral lateral region of the OO (NL in 

Fig. 3, F, G’, red) expressed only lyve1b:DsRed suggesting it is differentiated LV. 

 

Responses of neutrophils and macrophages to tissue damage in the OO 

Previously it has been shown that copper exposure at concentrations ranging from 10-9 to 10-5 M 

[36] damages the olfactory sensory epithelia of zebrafish and that the unique neurogenic 
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characteristics of the OE allow for the replacement of the olfactory sensory neurons [37]. In 

order to confirm that copper caused cell death in the developing OO, 5 dpf larvae were exposed 

to 10 µM CuSO4 (Fig. 4) and processed for TUNEL labeling (Fig. 4, A-C). At 5 dpf whole-

mount control fish showed no cell death (Fig. 4, A). After exposure to 10 µM CuSO4 only the 

OOs were positive for TUNEL (Fig. 4, B, green, arrows). Quantification of TUNEL 

fluorescence in control and treated animals showed a statistically significant increase in 

fluorescence in the OOs of copper treated animals (Fig. 4, C).  

The olfactory sensory system has several sensory cell types and the Tg(OMP:RFP) reporter line 

is expressed only in ciliated OSNs, the most abundant sensory neuron type in the OO. Because 

differential sensitivity has been reported for ciliated and microvillous OSNs we visualized the 

microvillous OSNs using the Tg(trpc2:GFP) line combined with  Tg(lysc:DsRed) to visualize 

neutrophils in red (Fig. 4, D, E). Quantification of pixel intensity changes for Trpc2:GFP+ 

fluorescence confirmed that, unlike ciliated OSNs (see Fig. 5), microvillous OSNs were largely 

unaffected by copper exposure (Fig. 4, D, E, green; F, grey bar). For all experiments (Fig. 4, D, 

E) 25 larvae were processed and examined (control and copper-exposed). Of these, 3 different 

animals were analyzed from each treatment group. These results confirm that the damage caused 

by copper exposure is consistent and comparable with previous studies in zebrafish [37]. 

In vivo neutrophil response to cell damage 

To confirm whether copper induced damage affected the ciliated olfactory sensory neurons 

(OSNs) and triggered a neutrophil response, we exposed 5 dpf Tg(mpx:GFP);Tg(OMP:RFP) to 

copper (Fig. 5, A-A’’, OSNs: red, neutrophils: green) and assayed the changes in fluorescence in 

the OSNs (Fig. 5, B). After 4 hrs of copper exposure neutrophils were found in the OO (Fig. 5, 

A’, green) and the OSNs degenerated as evidenced by loss of OMP:RFP fluorescence (Fig. 5, 

A’, red). Quantification of pixel intensity changes in OMP:RFP+ fluorescence confirmed that 

OSNs degenerated when scored immediately after copper exposure  (Fig. 5, B, red bar). When 
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scored at twenty-four hours after exposure (Fig. 5, B, green bar) and forty-eight hours after 

exposure a steady increase in OMP:RFP fluorescence was observed where OSN fluorescence in 

the OB returned to pre-copper exposure levels (control, Fig. 5, A), indicating the OSNs had 

recovered (Fig. 5, C, blue bar). Analyses were performed both in the OO where the cell bodies 

of the OSNs are located and in the OB where the axons form their terminations (Fig. 5, A, 

arrows; B, asterisks, respectively). 

To better understand the dynamics of neutrophil response to OSN damage in the OO we 

performed time lapse imaging in whole-mount preparations using a 

Tg(OMP:RFP):Tg(mpx:GFP) double transgenic line to visualize OSNs (Fig. 5, C-C‘’’; red) and 

neutrophils in vivo (Fig. 5, C-C’’’; green; Supplementary Video 1). Before copper exposure, 

local neutrophils (defined as those associated with the OO prior to initiating the time lapse; Fig. 

5, C, green) were associated with the OSNs at the margins of the OO (Fig. 5, C, red, asterisk 

indicates boxed area). During copper exposure local neutrophils were associated with the OO 

(Fig. 5, C’, arrow) and olfactory nerve (Fig. 5, C’, arrowhead, asterisk indicates boxed area). 

Subsequently, neutrophils in the OO (Fig. 5, C, asterisk indicates boxed area) were joined by 

neutrophils associated with the axons of OSNs in the OB (Fig. 5, C’’’, asterisk indicates boxed 

area), and by patrolling non-local neutrophils (Fig. 5, C’’’, arrows) in an apparent “swarming 

behavior” (Supplementary Video 1).   

Analysis of the 2D path of individual neutrophils showed that copper exposure triggered the 

migration of non-local neutrophils from the dorsal and ventral sides of the head (Fig.  5, C’’’, 

D’-D’’’, arrows), and these entered the OO and OB regions via pathways separate from the 

olfactory nerve (Fig. 5, C’’’, arrows). During the time of copper exposure (4 hours) the number 

of neutrophils increased from a pre-exposure average of 5.2 ± 1.7 to 15.0 ± 2.4 (Fig. 5, E, data 

from analysis of 6 different time lapse videos). The mean speed of neutrophils after copper 

exposure increased from a pre-exposure velocity of 7.1 ± 0.2 µm/min, to a post exposure 
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velocity of 7.8 ± 0.1µm/min (Fig. 5, F, n=30 neutrophils; 1 representative video). Both velocities 

were in the range of the reported 11 µm/min for randomly migrating neutrophils in the ventral 

region of the head of 3 dpf zebrafish larvae [38]. Analysis of the chemotactic index (Fig. 5, G) 

showed a significant increase in orientation towards the OO [CI of - 0.05 (range: -0.21 to 0.15) 

to 0.24 (from -0.33 to 0.78)] but with a separation of groups, reflecting different patterns of 

movement of local neutrophils, which moved within the OO, vs. those of non-local populations, 

which appeared to circulate in and out of the OO region (Fig. 5, D’-D’’’, arrows, G, red). The 

number of neutrophils in the OOs remained elevated in the continued presence of copper  (9.8 ± 

1.9) and decreased after wash-out (Fig. 5, H). A second increase is seen twenty-four hours after 

copper treatment (8.1 ± 1.9; n=48), which may be associated with the replacement of ciliated 

OSNs (Fig. 5, A-A’’, B), which have a life-long program of cell renewal that is distinct from 

damage-induced regeneration. The number of neutrophils then returned to baseline at the end of 

the second day post exposure (Fig. 5, H) a time when the OSNs have recovered (Fig. 5, B). 

Thus, consistent with previous reports, in juvenile zebrafish damage triggers a rapid mobilization 

of neutrophils, and chemotaxis contributes to the migration of neutrophils to the site of damage 

[13], which also correlates with the time course of neuronal regeneration. 

Macrophage response to cell damage  

To better understand the dynamics of the macrophage response to OSN damage in the OO we 

performed time lapse imaging in whole-mount preparations using a 

Tg(mpeg1:mCh);Tg(OMP:RFP) double transgenic line to visualize macrophages (Fig. 6, A-A’’; 

red) and OSNs (Fig. 6, A-A‘’’; green; Supplementary Video 2). Before copper exposure, an 

extensive population of macrophages was found both associated with the OO (Fig. 6, A, green) 

as well as extending dorsal and ventral to the OOs (Fig. 6, A, red). In contrast to neutrophil 

migration induced during copper exposure, macrophages were closely associated with the OO 

(Fig. 6, A, arrows) and olfactory nerve (Fig. 6, A).  During copper exposure macrophages in the 
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OOs (Fig. 6, A, red) were joined by macrophages located outside the OOs (Fig. 6, A’-’A’’, 

arrows; Supplementary Video 2). Analysis of the 2D path of only the macrophages associated 

with the OOs showed that copper exposure resulted in a statistically significant increase in the 

number of macrophages in the OOs (Fig. 6, B-B’’’, C), with specific non-local macrophages 

moving toward the OOs (Fig. 6, B’-B’’’, arrows). These macrophages entered the OO and OB 

via pathways separate from the olfactory nerve (Fig. 6, A’’’, arrows). Similar to neutrophils, 

exposure to copper resulted in an increased number of macrophages (Fig. 6, C; 11.5 ± 0.4) 

associated with the OO when compared to the controls (Fig. 6, C; 6.2 ± 0.3; data from analysis 

of six independent time lapse videos). In contrast to neutrophil dynamics, no significant 

difference in instantaneous velocity of the macrophages was observed (Fig. 6, D, pre-exposure 

velocity of 1.7 ± 0.7 µm/min to a post exposure velocity of 2.2 ± 0.6 µm/min; n=26 

macrophages; 1 video), and both velocities were significantly slower than that observed for 

neutrophils after exposure to copper (pre 7.1 ± 0.2 µm/min / post 7.8 ± 0.1µm/min). When 

quantifying the total displacement of the tracked macrophages there was a significant difference 

between two groups of macrophages (Fig. 6, E): local macrophages that remained in close 

association with the OOs, moving less than 100 µm, and non-local (or wandering) macrophages 

that exceeded this total displacement (n=51 macrophages, 16 local, 25 non local, 1 

representative time lapse).  During copper exposure there is a steady increase in macrophages 

associated with the OO (Fig. 6, F) that starts to decrease when copper is removed. Like 

neutrophils, twenty-four hours post-exposure there is a statistically significant increase of 

macrophages in the OOs that returns to baseline values at forty-eight hours post treatment (see 

Fig. 5, F).  

To better understand the dynamics of macrophage movements in the OOs we analyzed the 

movements of macrophages and neutrophils relative to copper induced damage of the OSNs in 

Tg(mpeg1:mCh):Tg(mpx:EGFP):Tg(OMP:YFP) triple transgenic larvae (Fig. 7, A-C; 
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Supplementary Video 3). As the OSNs degenerated, evidenced by the fading of green signal 

(Fig. 7, A-A’’’), the macrophages associated with the OSNs (Fig. 7, A-A’’’, arrow) and those at 

the perimeter of the OMP:YFP+ population (Fig. 7 A-A’’’, arrowheads) swell over time, (see 

Fig. 6, A’-A’’’, red; Fig. 7 D-D’, red), potentially reflecting their role in phagocytosis of 

damaged OSNs. In further analysis of the macrophage movements using cell tracking, two 

distinct populations were observed: fixed macrophages (Fig. 7, B), (previously called local 

macrophages) that were always in the OOs, and “wandering” or non-local macrophages (Fig. 7, 

C), that were able to enter the OOs when damage occurs, but were patrolling the head before 

olfactory damage. Therefore the local or fixed macrophages, observed using the Tg(mpeg1:mCh) 

line, were found in the OO and their behavior contrasts sharply with the wandering phenotype 

perhaps reflecting different roles and subtypes of the phagocytic cells within the zebrafish head.  

In response to copper induced damage of the OSNs, both local and non-local macrophages 

changed their shape from a ramified-star-like shape (Fig. 7, D, red, arrowheads) to a rounded 

swollen-morphology (Fig. 7, D’, red, arrowheads). In contrast to neutrophils, in response to 

copper macrophages formed multiple vesicles and phagosome-like structures (Fig. 7, D, D’) 

[39], that were observed engulfing the OMP:YFP+ degenerating OSNs (Fig. 7, D’, arrowheads). 

Thus the macrophages associated with the OOs during early development are greater in number, 

respond more slowly to copper induced damage, and show distinct phagocytic behaviors.   

Blood-Lymphatic vasculature and neutrophil migration 

Because this was the first reported analysis of neutrophil responses in the OO and our data on 

individual in vivo cell tracking suggested that neutrophils used pre-existing pathways to reach 

the OOs in response to copper exposure, we further examined the neutrophil migration routes. 

To determine whether neutrophils migrated using BV and/or LV, we used Tg(mpx:GFP); 

Tg(lyve1b:DsRed) double transgenic larvae to follow neutrophil movements associated with LV. 

Initially there was no association of neutrophils with the developing rostral LV (data not shown), 
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but in 7 dpf larvae neutrophils were localized in the ventral-lateral OO (Fig. 8, A, A’, asterisks). 

After copper exposure the number of neutrophils increased (Fig. 8, A’, B’, green, asterisks), and 

were found associated with the lyve1b:DsRed+ branch of the ventral-lateral OO (Fig. 8, A’, B’, 

red, arrowheads; Fig. 3, G’, NL, red). To analyze the potential role of BV in neutrophil 

migration, we generated a quadruple reporter line 

Tg(fli1a:EGFP);Tg(gata1a:DsRed);Tg(mpx:GFP);Tg(OMP:RFP) allowing us to image in 5 dpf 

larvae in vivo: neutrophils (Fig. 8, C, C’, D, D’’, green), the blood vasculature surrounding the 

OO (Fig. 8, C, C’, D, D’’, green), the OSN (Fig. 8, C, C’, D, D’’, red), and the erythrocytes 

within blood vessels (Fig. 8, C, C’, D, D’’, green). Consistent with previous reports, we found 

that neutrophils showed a close association with the BV system in the developing embryo. In 

larvae exposed to copper, neutrophils moved along the NV on the medial side of the OO (Fig. 8, 

D, D’, asterisks, Supplementary Video 4). As the neutrophils migrate they maintained intimate 

contact with the BV, often extending “feet” into the vasculature (Fig. 8, E-E’’) as they moved 

(Supplementary Video 5). Thus, copper induced damage to the developing OOs initiated 

neutrophil migration (Fig. 8, F, blue), which occurred along the medial NV (Fig. 8, F green) at 

early stages, and later included the ventral lateral OO associated with lyve1b:DsRed positive LV 

branch (Fig. 3, G).  

Migration route 

Because the nasal artery/nasal veins are the primary routes for neutrophil migration to the OOs 

during early development and the classification as a vein or artery is unclear in the literature, we 

further analyzed the direction of blood flow in 5 dpf larvae. In 

Tg(fli1a:EGFP);Tg(gata1a:DsRed);Tg(mpx:GFP) triple transgenic larvae we observed 

movement of erythrocytes (Fig. 9, A, red, arrows) in the nasal vein and with a net direction from 

ventral to dorsal. Analysis of videos taken with transmitted light of whole mount larvae in vivo 

confirmed the net direction as ventral to dorsal or “away” from the OO (Fig. 9, B, arrow). 
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Furthermore using Tg(fli1a:EGFP);Tg(lyve1b:DsRed) double transgenic 15 dpf larvae we 

confirmed that the nasal lymphatic branch (Fig. 9, D, NL, arrow, lyve1b:DsRed+) appeared in 

association with the nasal blood vasculature (Fig. 9, D, NV, arrow,  fli1a:EGFP+ and 

lyve1b:DsRed+).  
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Discussion 

In this study we examined the population of the developing olfactory organ by myeloid immune 

cells (neutrophils/macrophages) and their response to copper induced damage. Key findings 

include (1) both local and non-local neutrophils and macrophages are present in the developing 

OOs, where the local immune cells may play a role in the lifelong neurogenesis of the olfactory 

epithelia, (2) the appearance of the immune cells is correlated with the developing blood and 

lymphatic vasculature of the OOs, (3) copper induced damage triggers rapid but distinct 

responses from neutrophils and macrophages. Further studies are needed to determine the 

origin(s) of neutrophils and macrophages as well as their different functions in developing and 

adult animals.  

Phagocytic cell populations in th developing olfactory organ 

Neutrophils are essential players in the innate immune system as they are the first cells that 

respond to tissue damage and infection by rapidly migrating to the site of injury (swarming) 

[40]. We first detected neutrophils in the OO at 3 dpf, well after the 30 hpf when functional 

macrophages and neutrophils are present [8; 9]. Perhaps consistent with the necessity of a strong 

immune defense, the OO had significantly greater number of neutrophils than the mouth or ear 

(the eye had no neutrophils). In contrast to the neutrophils, macrophage populations in the 

developing olfactory OO and the eye were much larger than the other sensory systems and there 

was no significant difference in numbers of macrophages found in the OOs and eyes. While little 

is known about macrophages in the larval retina, damage to the adult retina in zebrafish triggers 

the rapid accumulation of immune cells including local microglia, and extra-retinally derived 

macrophages [41]. Microglia appear to play a role in the regulation of neurogenesis [42] and 

macrophages may play a critical role in regeneration of sensory organs [43]. At this time we 

cannot determine whether the macrophage population we have described in the OOs also 

includes precursors of microglia that, in zebrafish, arise from the primitive macrophages [44]. 
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The finding that both the eyes and the OOs have large macrophage populations, coupled with 

their anatomically unique peripheral extension of the meninges which contain a diverse array of 

immune cells [45], supports a model we proposed where the olfactory epithelia are more like the 

retina of the eye than placodal-derived structures [46; 47; 48]. The presence of microglia in the 

peripheral olfactory sensory system would argue that the olfactory organ shares more 

characteristics with the CNS than peripheral nervous system, and we are currently investigating 

macrophage and microglia populations in the adult olfactory system. 

Neurogenic response of olfactory organ 

Unlike mammals, fish have the unique ability to maintain neurogenesis of sensory neurons 

throughout life. The exception to this difference is the olfactory epithelia where all vertebrates 

share the characteristic of ongoing sensory cell replacement [49]. Copper, a heavy metal and 

pervasive environmental contaminant [50] is known to damage the olfactory sensory epithelia of 

fish, leading to loss of olfactory-driven behaviors [51] [26] [52] and to alter expression of genes 

involved in the olfactory signal transduction pathway in adult zebrafish [53]. Here we confirmed 

in larval zebrafish that exposure to copper resulted in OSN death [54] [37] and the rapid 

recovery of the OSNs was  accompanied by the influx of both neutrophils and macrophages. 

Neutrophil movements we observed in the OOs are consistent with earlier studies in juvenile 

zebrafish, where damage triggers a rapid mobilization of neutrophils, and directed chemotaxis 

contributes to the migration of more neutrophils to the site of damage [13]. Moreover, it has also 

been shown that in response to wounding induced inflammation neutrophils move rapidly (15 

µm/min) toward the wound whereas macrophage migration velocity was significantly slower 

[25] [55]. Here we found similar results where neutrophils increased their velocity in response to 

damage while macrophages showed a slower response. In contrast to wound healing responses 

induced by tail cutting, here we found that the OOs contain populations of local neutrophils and 

macrophages who were joined by non-local neutrophils and wandering macrophages in response 
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to damage. This difference is most likely due to the unusual characteristics of the olfactory 

sensory neurons. In contrast to the tail wounding where the response is an inflammatory 

response in a tissue capable of regeneration, the olfactory organ is a tissue that has ongoing 

sensory neurogenesis over which is imposed neural damage induced by copper. Recent studies 

suggest that macrophages are involved in the repair of different neural tissue. In larval zebrafish, 

copper induced hair cell damage in both the lateral line [56] and spinal cord trans-section [57], 

resulted in the recruitment of neutrophils and macrophages to the injury site where macrophages 

were correlated with repair and regeneration of neural tissue. Because both macrophages and 

microglia are suggested to play a role in neurogenesis, as well as regeneration, the fixed or local 

macrophages we describe here (and potentially the local neutrophils) may play a role in the 

ongoing turnover of OSNs. Thus the presence of both local and non-local neutrophils and 

macrophages in the developing OOs suggests a dual response where the local immune cells 

protect against external challenges, and non-local immune cells arrive only once damage is 

detected.  

Migration of neutrophils and macrophages 

Studies in fish where a wounding response generated by tail and/or fin trans-section [25; 58] has 

elucidated the role of macrophages and neutrophils in inflammation. In the wounding response 

macrophages were found to patrol throughout the body yet neutrophils were motile only in the 

head region of the larvae [25; 59] [60].  While interstitial migration has been described for both 

neutrophils and macrophages [61] only neutrophils also use the blood-lymphatic vasculature to 

migrate [40] [62]. 

The lymphatic vasculature (LV) has recently been “re-discovered” in the central nervous system 

(CNS) of mammals [63; 64; 65; 66] and of zebrafish [32] [33] [34], yet little is known about the 

development of the LV in the brain of vertebrates. Lymphatic endothelial cells are thought to 

arise from the blood vasculature system [67; 68], yet to date there are no detailed descriptions of 
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the development of the blood vasculature (BV) and the LV in the olfactory sensory system. The 

development of the BV preceded the development of the LV in the OOs and the primary route of 

neutrophil migration to the OOs was via the nasal veins whose development coincides with the 

first appearance of myeloid cells in the peripheral olfactory sensory system. 

A fascinating question, brought to the fore by the current SARS-CoV2 pandemic, is how viruses 

gain access to the nervous system and it is now apparent that the olfactory system is used by 

COVID-19 as an entry point to the nervous system [69; 70]. The study of the peripheral 

olfactory sensory system and the associated immune cells will allow us to better understand not 

only the rapid immune response to damage caused by toxic and infectious agents, but also how 

this neural immune interface may act as a host defense niche protecting the central nervous 

system. 

Conclusions 

During early development, at all times assayed, the olfactory organs contain local populations of 

both neutrophils and macrophages, reminiscent of a potential host-defense niche described in 

other tissues where neutrophils are marginated [4] [71] [72] (Fig. 10 A, blue). In response to 

damage non-local populations join local populations of neutrophils and macrophages as they 

mount a rapid immune response (Fig. 10 A, blue, pink). Neutrophils use the developing blood 

vasculature system (Fig. 10, B, green) to access the olfactory organs and this may account for 

their greater velocity relative to macrophages. 
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Figures & Figure Legends 
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Figure 1. Neutrophils and macrophages are found in developing sensory systems.   

(A) Frontal view of 7 dpf larvae. Brightfield/fluorescent image in wholemount larvae with 

OMP:RFP+ OSNs. Lines in red indicate the future adult cribriform plate. (B) Frontal view, 

wholemount 7 dpf Tg(mpx:GFP) larva,  anti-Sox2 positive taste buds (red, arrowheads) and 

neuromasts (red, asterisks), neutrophils (green). (C) Lateral view, whole mount 7 dpf larva.  

Neutrophils (green) associated with border of the ear (dashed line), (am: ampulla). (D) 

Neutrophils are highly represented in the olfactory organ (OO) with fewer neutrophils associated 

wit the gustatory and auditory systems. No neutrophils were observed in the retina (n=30 

animals, 1-way ANOVA, Tukey test, p < 0.0001). (E) Diagram of head of larva showing 

generalized position of the cartilages (red) giving rise to the cribriform plate in the adult animal. 

(F) Frontal view, wholemount 7 dpf Tg(mpeg1:mCh) larvae, anti-HuC/D positive neurons in the 

OO (pale blue), macrophages (red). (G) Lateral view, whole mount 7 dpf. Macrophages (red) 

associated with border of the ear (dashed line). (H) The olfactory organ (OO) and the eye have 

the most macrophages, with fewer neutrophils associated with gustatory (mo) and auditory (ear) 

systems. (n=30 animals, 1-way ANOVA, Tukey test, p < 0.001, ns= non significant). DAPI: 

blue, mo: mouth, tg: trigeminal ganglia . Scale bars: (A, B, D, E) = 100 µm.  
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Figure 2. Neutrophils and macrophages populate the olfactory system of juvenile  animals. 

 (A) Frontal view of Tg(mpx:GFP) 7dpf larva with anti-HuC/D positive (red) neurons in the 

olfactory organ (OO) adjacent to the olfactory bulb (OB). (A’) Image of OO (boxed area in A) 

with neutrophils (green). (B) 25 µm cryosection of a 7 dpf Tg(OMP:RFP);Tg(mpx:GFP) larva 

neutrophils (green, asterisks) localized within the OO margin and adjacent to OSNs (red, see 

inset). (C) Average number (+ SEM) of neutrophils in OOs of Tg(mpx:GFP) during the first 2 

weeks post fertilization (n=45 larvae). (D) Frontal view of Tg(mpeg1:mCh) 7 dpf larva. Anti-

HuC/D positive (green) neurons populate the olfactory organs (OO). D’. Image of OO (boxed 

area in D) with macrophages (red) adjacent to the OO (arrow) and within the OO (arrowhead). 

(E) Lateral oblique view of OO at 7 dpf. (G) Average number (+ SEM) of macrophages in OOs 

of Tg(mpeg1:mCh) during the first 2 weeks post fertilization (n=45 larvae). Scale Bars: (A, D)= 

100 µm; (A’, D’, E) = 50 µm; C= 25 µm. 
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Figure 3. The developing olfactory organs have an extensive blood-lymphatic system 

Lyve1b:DsRed+ lymphatic vessels (red) at 5 dpf (A), 7 dpf (B) and 15 dpf (C). (A-C) 

Lyve1b:DsRed+ lymphatic vasculature (red, arrows) extends from the dorsal brain toward the 

olfactory organs (OO). (B, C) Lymphatic vessels extend to region of olfactory sensory neurons 

(OMP:YFP+), yellow, asterisks) in olfactory bulb (OB). (C) At 15 hpf nasal lymphatic 

vasculature (red, arrowheads) is now visible wrapping around the posterior OO and associating 

with the ventral lateral OOs (G). Fli1a:EGFP+ blood vasculature (green) at 5 dpf (D), 7 dpf (E) 

and 15 dpf (F). Blood vessels (green) forming nasal vein (NV), NCA: nasal ciliary artery (NCA) 

are present at 5 dpf. The NV extends ventrally (E) encircling the OO (F). (G) Diagram of head of 

15 dpf larva showing telencephalon (green) and olfactory organs (grey). (G’) Olfactory organ 

(grey) summarizing blood (green) and lymphatic (red) vasculature. Nuclei of NV (orange) are 

positive for both lyve1b:DsRed and fli1a:EGFP. A, B, E, AND F: DAPI (blue). OO: olfactory 

organ, OB: olfactory bulb, ey: eyes. Scale Bars: (A-C) = 200 µm, (D-F) = 200 µm. 
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Figure 4. Copper exposure induces cell death and subsequent regeneration in the olfactory 

sensory system.  

(A, B) TUNEL Assay for copper induced damage to olfactory organ (OO). Whole mount, 5 dpf 

larva. (A) Control fish showed no cell death. (B) Only the OO were positive for TUNEL, green, 

arrows, DAPI (blue). (C) Quantification of TUNEL fluorescence control and treated animals. (D, 

E) Frontal view of Tg(trpc2:GFP):Tg(lysC:DsRed) with microvillous sensory neurons (MSN, 

green) extending into OB in control animals (D) and 4 hrs post treatment (E). Neutrophils (red) 

in the OO, but unlike OSNs, microvillous OSNs were largely unaffected. (F) Quantification of 

microvillous OSNs (green, fluorescence) in control (grey) and copper-treated animals (red); no 

significant decrease in Trpc2:GFP fluorescence was observed. All fluorescence was normalized 

using DAPI (n=3 larvae, Two-way ANOVA, Tukey multiple comparison test, ****, a= P < 

0.0001, b= P < 0.01). All scale bars=100 µm.  

 

 

 

 

 

 

 

 



[Escriba	texto]	 	 [Escriba	texto]	46	

 

 

 

 

 

 

 



[Escriba	texto]	 	 [Escriba	texto]	47	

Figure 5. Exposure to copper induces migration of neutrophils. 

(A-A’’) Frontal view of Tg(mpx:GFP);Tg(OMP:RFP) larva with OSNs (red) extending into OB. 

(A) Control. (A’) At 4 hrs post copper exposure neutrophils (green) swarmed to the OO and 

OSNs have degenerated (red, asterisk). (B) Quantification of OSN (red fluorescence) in control 

(grey), copper-treated animals (red), 1-day (green bar) and 2 days post treatment (blue bar). All 

fluorescence was normalized using DAPI (n=3 larvae, Two-way ANOVA, Tukey multiple 

comparison test, ****, a= P < 0.0001, b= P < 0.01). All scale bars=100 µm. (C-C’’’). 5 dpf 

Tg(mpx: GFP);Tg(OMP:RFP) larva, frontal view. Imaging was initiated at time 0’. At 37’ (C’) 

larvae were exposed to 10 µM of CuSO4 and imaging continued at times indicated (see 

Supplementary Video 1 for sequence taken every minute). Boxed areas: Neutrophils (green, 

asterisks) associated with olfactory organ (OO, C-C”) and OMP:RFP+ OSNs in olfactory bulb 

(red, asterisk, C’’’). (C”, C’’’) Arrows in (C’’’) non-local neutrophils that do not enter the OO 

near the ON (see Supplementary Video 4). (D-D’’’) Individual 2D-cell tracking of neutrophils 

before, during, and after copper exposure. Each color represents a different neutrophil. (E) 

Number of neutrophils within the OO before and after copper exposure: analysis of six videos 

from different animals. Unpaired t test, P < 0.0001). (F) Speed of neutrophils before and after 

copper exposure (n=30 neutrophils; Unpaired t test, P < 0.05). (G) Chemotactic index of 

neutrophils before and after copper exposure (n=20 neutrophils; Unpaired t test, p < 0.05). (H) 

Time course of neutrophil movement to the OO (n=48 larvae. ANOVA, Kruskall-Wallis test, P 

< 0.0001). Scale bar C-C’’’ = 150 µm. Tracking was done using the ImageJ plugin, MTrackJ. 
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Figure 6. Exposure to copper induces migration response of macrophages in the olfactory 

organ. 

(A-A’’’) 5 dpf Tg(mpeg1:mCh);Tg(OMP:YFP) larva frontal view. Imaging was initiated at time 

0’. At 14’ (A’) larvae were exposed to 10 µM of CuSO4 and imaging continued at times 

indicated (see Supplementary Video 2 for sequences taken every two minutes).  (A”, A’’’). 

Arrows in (A’’’): non-local macrophages that enter the OO (see Supplementary Video 2). (B-

B’’’) Individual 2D-cell tracking of macrophages associated with the OOs before, during, and 

after copper exposure. Each color represents a different macrophage. (C) Number of 

macrophages within the OO before and after copper exposure: analysis of three independent 

videos. Unpaired t test, p < 0.05). (D) Speed of macrophages before and after copper exposure 

(n=50 macrophages, 1 time lapse; Unpaired t test, P < 0.001). (E) Total displacement of local 

and non-local macrophages (Supplementary Video 2) during a two-hour time lapse (n=51 

macrophages, 16 local, 35 non-local; Unpaired t test, P < 0.0001). Scale bars= A = 150 µm,. 

Tracking was done using the ImageJ plugin, MTrackJ. (F) Time course of macrophage 

movement to the OO (n=24 larvae. ANOVA, Kruskall-Wallis test, P < 0.0001). 
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Figure 7. Exposure to copper reveales distinct clases of macrophages.  

(A-A’’’) 5 dpf Tg(mpeg1:mCh);Tg(mpx:GFP);Tg(OMP:YFP) olfactory organ (OO) and 

imaging continued at times indicated (see Supplementary Video 3 for sequence taken every 

minute). (A) Imaging was initiated at time 0’. (A’) larvae were exposed to 10 µM of CuSO4 at 

30’. Individual cell tracking reveals the presence of (B) fixed and (C) wandering macrophages. 

(D) Before copper exposure (from boxed are in A) macrophages (red) are found associated with 

OSNs (green) in the ventral OO. (D’) After exposure to copper (from boxed are in Fig. 6, A’’’) 

macrophages (mpeg1:mCh+, red) accumulate at the ventral-basal OO, in close association with 

degenerating OSNs (green, OMP:YFP+). Arrowheads indicate places where macrophages 

appeared to engulf degenerating OSNs (mpeg1:mCh+ and  OMP:YFP+). Scale bars: A-A’’’ = 

75 µm, D = 25 µm 
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Figure 8. During copper exposure neutrophils migrate in association with blood vasculature to 

reach to the developing olfactory organ. 

(A) Frontal view of Tg(mpx:gfp);Tg(lyve1b:DsRed) 7 dpf larva. Boxed area (A’) with nasal LV 

(arrows, red) and neutrophils (green, asterisks). (B) Frontal view of 

Tg(mpx:GFP);Tg(lyve1b:DsRed) 7 dpf larva after 4 hours of copper exposure, neutrophils 

(green, asterisks) associate with LV in ventral-lateral OO (arrowheads, red). Boxed area (B’) 

indicates cluster of neutrophils (asterisks, green). (C-D’) Images from Supplementary Video 4, 

Tg(fli1a:EGFP);Tg(gata1a:DeRed);Tg(mpx: GFP);Tg(OMP:RFP( quadruple transgenic larva 

of 5dpf, showing OSN and erythrocytes in red; and neutrophils and endothelial vasculature in 

green. (C) Before copper exposure. Boxed area is magnified in (C’). Arrows indicate 

fli1a:EGFP+ branches that enclose the OO (see Fig. 2 G’, NV, green). (D) After exposure to 

copper more neutrophils are associated with the OO. (D’) Image from boxed area in (D). 

Asterisks indicate neutrophils that have migrated to the OO on the BV (NV) and clustered 

around the medial edge of the OO. (E-E’’) A polarized neutrophil crawling (arrowhead) along 

the NV to finally enter the OO near the ventral basal ON (E” see Supplementary Video 5). 

Minutes are post treatment (pt). (F) Summary: Schematic of nasal blood and lymphatic 

vasculature at 5 dpf pre and post exposure to copper. OO: olfactory organ, OB: olfactory bulb. 

fli1a:EGFP (green) and lyve1b:DsRed (red), neutrophils (blue) migrate in response to copper 

exposure using the NV (C’-D’), entering the OO near ventral ON exiting, and associating with 

ventral-lateral LV (A’-B’). Scale bars:  (A-D)= 100 µm; (A’-D’, E-E’’) = 50 µm. 
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Figure 9. The nasal vein as the primary route to the olfactory organ during development.  

(A) Tg(fli1a:EGFP);Tg(gata1a:DsRed);Tg(mpx:GFP) larva at 5 dpf. Erythrocytes 

(gata1:DsRed+, red, arrows) are observed within the nasal vein after copper exposure. (B) 

Tracking of blood flow of 10 erythrocytes circulating within the NV, whole mount preparation 

in transmitted light (video of 2 minutes). Each color represents a different erythrocyte. Direction 

of movement is represented as a yellow arrow. (C) Laser confocal maximum projection of a 15 

dpf Tg(fli1a:EGFP); Tg(lyve1b:DsRed) larva, DAPI (grey). (D) 3D orthogonal view generated 

from optic sections (boxed area in C), showing the NV (Nasal Vein, arrow) positive for 

fli1a:EGFP and lyve1b:DsRed The NL (Nasal Lymphatics, arrow), is positive for lyve1b:DsRed 

and passes along the ventro-lateral region of the OO. Total depth: 230 µm, 2 µm spacing. Scale 

bars: (A, C)=100 µm, B= 50 µm.  
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Figure 10. Summary of neutrophil and macrophage responses to copper induced damage in the 

larval olfactory organ (OO).  

The blood vasculature (BV, green) wraps the olfactory organ (grey) and the lymphatic 

vasculature (LV, red) extends along the ventral posterior aspect. In untreated animals (before 

copper) there are local neutrophils (blue and macrophages (pink) associated with the OO. In 

response to damage (after copper exposure) of the olfactory sensory neurons (OSNs, dark grey), 

non-local neutrophils and macrophages migrated to the OO. Neutrophils migrated in association 

with the BV and both neutrophils and macrophages were seen associated with the LV. 

Macrophages changed to a more rounded morphology as they engulfed debris of dying OSNs. 
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Supplementary videos 

Supplementary Video 1. Neutrophils mobilize in response to copper induced damage of the 

developing olfactory organ. Time lapse of Tg(OMP:RFP0;Tg(mpx:GFP) 5dpf larva, maximum 

projection of 150 µm depth (3 µm optical sections), taken every minute for 4 hours. A final 

concentration of 10 µM of CuSO4 was added at minute 37 (Fig. 5). Scale bar= 150 µm. Time in 

minutes is indicated in upper left corner. Arrowheads indicate local neutrophils (green). After 

treatment neutrophils where observed to swarm, cluster and even divide, next to OSNs (red). 

 

Supplementary Video 2. Local and non-local macrophages respond to copper-induced damage in 

the olfactory organ. Time lapse of mpeg1:mCh;mpx:EGFP 5 dpf transgenic larva, maximum 

projection of 150  µm depth (3 µm optical sections), taken every two minutes for 1.7 hours. A 

final concentration of 10 µM of CuSO4 was added at minute 14 (Fig. 6). Scale bar= 150 µm. 

Time in minutes is indicated in upper left corner At the end of the time lapse macrophages are 

localized in the ventral and basal side of the olfactory organ, forming chain-like structures near 

branch of nasal lymphatics (Fig. 3; Fig. 7). 

 

Supplementary Video 3. Macrophages respond differently to copper exposure. Time lapse of 

Tg(mpeg1:mCh);Tg(mpx:EGFP);Tg(OMP:YFP) in 5 dpf larva, maximum projection of 150 µm 

depth (3 µm optical sections), taken every minute for 2 hours. A final concentration of 10 µM of 

CuSO4 was added at minute 30 (Fig. 7). Scale bar= 50 µm. Time in minutes is indicated in upper 

left corner. Local (or fixed) macrophages do not move, but displayed a swollen morphology after 

copper-induced damage.  

 

Supplementary Video 4. Neutrophils move on the BV during early development. Time lapse of 

Tg(fli1a:EGFP;Tg(gata1:DsRed);Tg(mpx:GFP);Tg(OMP:RFP) quadruple transgenic larva at 
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5dpf, maximum projection of 300 µm depth with optical sections of 3 µm, taken every minute 

for 3.5 hours. OSNs and erythrocytes in red; neutrophils and endothelial vasculature in green. A 

final concentration of 10µM of CuSO4 was added at minute 37 (Fig. 8). After treatment, 

neutrophils crawl on (arrowheads), and cluster next to (arrows), the NV. Scale= 150 µm. Time in 

minutes is indicated in upper left corner. 

 

Supplementary Video 5. The nasal vein as route for neutrophil migration to the olfactory organ. 

Magnified image of the olfactory organ in a time lapse (35 minutes extract) of a 

Tg(fli1a:EGFP;Tg(gata1:DsRed);Tg(mpx:GFP);Tg(OMP:RFP) quadruple transgenic larva at 5 

dpf, during copper exposure. Maximum projection of 300 µm depth, taken every minute. Scale 

bar= 50 µm. Time in minutes is indicated in upper left corner. 
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Abstract  

Until recently the brain was thought to be immune privileged, lacking an inflammatory immune 

response that could potentially damage the nervous system. It is now known that the brain has an 

extensive lymphatic vasculature associated with the meningeal coverings. These brain 

lymphatics are a second drainage route, the first being via the subarachnoid space across the 

cribriform plate to the nasal mucosa and cervical lymph nodes. Little is known about the 

potential role of the olfactory epithelia and associated lymphatics in the immune response. To 

better understand the immune architecture in the olfactory organ we characterized the blood-

lymphatic vasculature and the neutrophils in the olfactory sensory system of adult zebrafish. 

Here we describe an extensive lymphatic vasculature within the olfactory epithelia, where one 

cell type is also shared with the central nervous system. Surprisingly, the olfactory organs 

contain a large population of resident neutrophils in contrast to the brain where no neutrophils 

were observed. Next, to characterize the inflammatory response in the olfactory sensory system 

a chemical agent was used to eliminate olfactory sensory neurons in adult animals. Damage to 

olfactory epithelia resulted a rapid increase in neutrophils within the olfactory organs as well as 

the appearance of neutrophils in the brain. Further analysis of cell division during and after 

chemical treatment showed an expected increase in BrdU labeling in the neurogenic olfactory 

sensory epithelia as neurons were replaced, as well as BrdU labeling in the respiratory epithelia, 

the associated epineurium, and a subset of neutrophils. Our results reveal the existence of a new 

population of local neutrophils found only in the olfactory organ of the adult brain, suggesting a 

dual olfactory-immune function for this unique sensory system. 
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Significance Statement 

It has been over one hundred years since scientists first introduced dyes into the subarachnoid 

space of the brain and elucidated a unique connection to the nasal mucosa and cervical lymph 

nodes.  But what is the role of fluid drainage through the nasal mucosa? Here we show that two 

types of lymphatic cells are associated with the olfactory system and that the olfactory organ 

serves as a unique reservoir of neutrophils in the adult brain. Damage to olfactory sensory 

neurons triggers a rapid mobilization of these neutrophils within the olfactory organ followed by 

the appearance of neutrophils in the central nervous system. Thus, the olfactory organ may act as 

a secondary lymphoid organ protecting the nervous system.  
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Introduction 

The adult olfactory organ blood-lymphatic system 

In vertebrates the olfactory sensory neurons (OSNs), a group of continually-renewing neuronal 

population located in the olfactory epithelium (OE), extend their axons across the cribriform 

plate where they make their first synapses in the olfactory bulb (OB) (1, 2). This connection 

between the OE and the OB is part of a complex neural and immune interface that includes flow 

of cerebral spinal fluid (CSF) and interstitial fluid (ISF) from the subarachnoid space toward the 

nasal mucosa. Evidence supporting a connection between the subarachnoid space of the brain 

and cervical lymph nodes via the nasal mucosa was first proposed over a century ago (for review 

see: (3, 4). Subsequent studies in mammals using labeled tracers confirmed a drainage route 

from the cranial subarachnoid space through the olfactory pathway leaving the nasal mucosa via 

terminal lymphatics or into blood capillaries (5). Thus, the potential for turnover of brain 

extracellular fluids, via drainage to blood and deep cervical lymph, presented a system whereby 

immunogenic material and immune cells from the central nervous system (CNS) could pass to 

immune organs outside the brain. 

The lymphatic system of vertebrates, composed of lymphatic vessels, lymphoid organs/tissues 

and the circulating lymph fluid, is highly conserved at the functional level (6) and is suggested to 

have originated in teleost fishes where the heart provided the energy to propel lymph through 

vessels associated with the primary vasculature (7). Lymphocytes are generated in primary 

lymphoid organs (thymus and bone marrow: mammals / thymus and kidney; teleost fishes) and 

maintained in secondary lymphoid tissues (spleen and lymph nodes; mammals/spleen, 

nasopharynx and gill tissues: teleost fishes) (8). Of particular interest are the nasopharynx-

associated lymphoid tissues (NALT), a term used in mammals to describe the network of 

lymphoid tissue in the pharynx and palate (tonsils). Teleost fish lack organized lymphoid 
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structures such as tonsils yet a recent study suggested the presence of a NALT-like diffuse 

network of lymphoid and myeloid cells scattered both intraepithelial and in the lamina propria of 

the fish olfactory organ (9).   

More recently the “re-discovery” of lymphatic vasculature associated with the meninges in the 

central nervous system (CNS) of mammals (10);(11);(12);(13) and of zebrafish (14); (15) 

coupled with more recent studies indicating that the meninges contain a diverse array of immune 

cells (16) that can migrate via the sinus-associated meningeal lymphatic vessels (17) and/or via 

cribriform plate and nasal lymphatics into cervical lymph nodes (18), have led to a renewed 

interest in immune trafficking in the nervous system. To date, in spite of over a century of 

reports on “brain drainage” through the olfactory system/nasal mucosa and the expanded 

knowledge of lymphatics in the vertebrate brain, there are no detailed descriptions of the 

lymphatic vasculature (LV) in the olfactory organ. 

Neutrophils and the Nervous System 

Neutrophils, the most abundant type of white blood cells, are normally found in the blood stream 

where they are rapidly recruited to a site of injury or infection and perform a critical role in 

inflammation and pathogen clearance. Neutrophils have been shown to interact with and regulate 

not only the innate but also the adaptive immune cells where they can rapidly migrate via 

afferent lymphatics of inflamed tissues to lymph nodes (19) (20) (21, 22). Thus, neutrophils 

migrate not only on the blood vasculature and interstitial tissues, but can migrate into the 

lymphoid system and are in the unique position to participate in the very early stages of both 

innate and adaptive immune responses. Under normal conditions, neutrophils are scarce in the 

central nervous system (CNS) where the brain–blood barrier (BBB) prevents their migration into 

the brain parenchyma and cerebrospinal fluid. Conditions of neuroinflammation and injury-

induced damage to the BBB are associated with the infiltration of the CNS by neutrophils (23-

25). 
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Previously, we performed both microarray and RNAseq analyses (26) (27) of adult OE zebrafish 

looking for differentially expressed genes involved in the formation of olfactory memory (28). In 

addition to known genes expressed in the OE, we found genes specific to both the innate and the 

adaptive immune systems (29), prompting us to investigate the potential “immune architecture” 

of the OE.  

We have shown that neutrophils populate the developing olfactory organ and use the blood 

vasculature to migrate to the olfactory organ in response to injury (30). Inspired by the recent re-

discovery of the CNS lymphatics in mammals and zebrafish (11, 15), we examined the extent of 

lymphatic vasculature in the adult olfactory organ and its association with blood vasculature. 

Neutrophils, known to play a key role in both the innate and the adaptive immune response 

(31);(32);(33)), are always found in the olfactory organ of adult zebrafish under both normal and 

damaged conditions. In fishes, the olfactory bulb may be involved in immune responses where 

activation of olfactory bulb results from peripheral neuronal signals. (34). Our results suggest 

that the olfactory organ has the potential to respond quickly to damage via a local population of 

neutrophils located in both the neuronal and non-neuronal tissues of the olfactory organ. 
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Material and Methods 

Animals 

Zebrafish were maintained in a re-circulating system (Aquatic Habitats Inc, Apopka, FL) at 

28°C on a light-dark cycle of 14 and 10 hours respectively.  All fish were maintained in the 

Whitlock Fish Facility at the Universidad de Valparaiso. Wild-type (WT) fish of the Cornell 

strain (derived from Oregon AB) were used. All protocols and procedures employed were 

reviewed and approved by the Institutional Committee of Bioethics for Research with 

Experimental Animals, University of Valparaiso (#BA084-2016). 

Adults were around 1 year old. Transgenic lines were used to visualize specific cell types.  

Tg(BACmpx:gfp)i114, Tg(mpx:GFP) (61); (Tg(fli1a:EGFP)y1 (fli1a:EGFP; (62); 

Tg(−5.2lyve1b:DsRed)nz101,( (2lyve1b:DsRed) Tg(−5.2lyve1b:EGFP)nz151 (lyve1b:EGFP ), (63); 

Tg(gata1a:DsRed)sd2 (gata1a:DsRed) (64), Tg(pOMP2k:gap-YFP)rw032a, (OMP:YFP); 

Tg(pOMP2k:lyn-mRFP)rw035a Tg(OMP:RFP); and Tg(pTRPC4.5k:gap-Venus)rw037a (65); 

Tg(six4b:mCh), (66). 

Copper Exposure 

Initial dose response analysis was performed based on previous work in zebrafish and salmon 

(67); (68). A stock solution of 10 mM CuSO4 was diluted in filtered embryo medium (69) to a 

final concentration of 10 uM CuSO4. Adult animals were exposed to the same concentration of 

copper, but dissolved in system water.  

Immunocytochemistry and Cell Labeling 

Staged larvae and dissected adult brains were fixed in 4% PFA in 0.1M phosphate buffer 0.4M 

pH 7.3), or 1X phosphate-buffered saline PBS pH 7.4). Larvae were rinsed three times in 

phosphate buffer or PBS, permeabilized in acetone at -20 ºC for 10 minutes then incubated for 

two hours in blocking solution (10 mg/ml BSA, 1% DMSO, 0.5% Triton X-100 (Sigma) and 4% 

normal goat serum in 0.1M phosphate buffer or 1X PBS). Primary antibodies used were anti-
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RFP (rabbit 1:250, Life Technologies), anti-GFP (mouse 1:500, Life Technologies), anti-GFP 

(rabbit 1:500, Invitrogen), anti-SOX2 (mouse 1:250, Abcam), anti-Acetylated tubulin (rabbit 

1:500, Abcam), anti-DsRed (mouse 1:500, Santa Cruz Biotechnology), anti-HuC/D (rabbit 

1:500, Invitrogen) and anti-BrdU (rabbit 1:250,Invitrogen). Adult brains were incubated in 

primary antibodies for up to a week. After washes, tissues were incubated overnight in any of the 

following secondary antibodies, as appropriate: Dylight 488 conjugated anti-mouse antibody 

(goat 1:500, Jackson Immuno Research), Alexa Fluor 488 conjugated anti-rabbit antibody (goat 

1:1000, Molecular Probes), Alexa Fluor 568 conjugated anti-rabbit antibody (goat 1:1000, 

Molecular Probes), Alexa Fluor 568 conjugated anti-mouse antibody (goat 1:1000, Molecular 

Probes), Dylight 650 conjugated anti-rabbit antibody (goat 1:500, Jackson Immuno Research), 

Alexa Fluor 350 conjugated anti-rabbit antibody (goat 1:1000, Molecular Probes). Tissues were 

then rinsed in 0.1M phosphate buffer or 1X PBS with 1% DMSO, stained for DAPI (1 µg/ml, 

Sigma), washed in 0.1M phosphate buffer or 1X PBS and mounted in 1.5 % low melting 

temperature agarose (Sigma) in an Attofluor Chamber for subsequent imaging (see below). 

Cryosectioning.  Adult fish were sacrificed, then fixed and embedded in 5% sucrose/ 1.5 % 

agarose in mqH2O. Blocks were then submerged in 30% sucrose for 2-3 days and then stored 

covered by O.C.T. Compound (Tissue-Tek®) in cryomolds at -20ºC. Twenty-five µm 

cryosections were cut and processed for immunofluorescense as described above; primary and 

secondary antibodies were incubated overnight. Non-fluorescent labeling was done using 

Vectastain ABC Kit (Mouse IgG, Vector Laboratories) and ImmPACT DAB peroxidase 

substrate kit (Vector Laboratories) following manufacturer recommendations.  

For flat mounting, olfactory rosettes were dissected after immunohistochemistry or staining, and 

caudal-mounted in Poly-L-Lysine coated slides between triple 22x22 coverslip bridges and 

covered in VECTASHIELD® Antifade Mounting Media (Vector laboratories). 

BrdU Labeling 
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Fish were selected and placed overnight in 10 mM BrdU in system water. Fish were placed in 

1.5-liter tanks with system water (control) and tanks with system water containing 10 µM 

CuSO4, and allowed to swim freely (4 hours). All control and half of Cu-exposed fish were then 

anesthetized, sacrificed, and heads fixed overnight in 4% PFA/1X PBS. The other half of the 

fish exposed to copper were transferred to a clean 1.5-liter tank, filled with system water, and 

allowed to recover. The next day, these fish were anesthetized, sacrificed, and fixed as described 

above. After fixation, heads were incubated in EDTA (0.2 M, pH 7.5) for three days at 4 ºC and 

brains dissected in sterile 1X PBS and pre-treated in 2 M HCl for 30 minutes at 37 ºC. 

Immunocytochemistry was performed as described in Immunocytochemistry & Staining section. 

For imaging, whole adult brain were mounted on 2% low melting temperature agarose, and the 

OEs mounted between coverslips, as described above. (The removal of brains from the skull 

with the OO still attached is a difficult dissection because the OSN axons pass through the 

cribriform plate to arrive in the OB. Therefore it was not always possible to have a preparation 

with both OE still connected to the brain.) 

Cryosectioning 

Fish were euthanized and heads were fixed overnight in 4% PFA at 4 ºC and decalcified in 

EDTA (0.2 M, pH 7.6) for 3 days, and embedded in 1.5% agarose/ 5% sucrose blocks and 

submerged in 30% sucrose for 2 days at 4 ºC. Blocks were frozen (-20 ºC) with O.C.T. 

Compound (Tissue Tek®) and sectioned (20 µm) using a cryostat.  

Imaging and Image analysis 

Microscopy: Fluorescent images were taken using a Spinning Disc microscope Olympus BX-

DSU (Olympus Corporation, Shinjuku-ku, Tokyo, Japan) and acquired with ORCA IR2 

Hamamatsu camera (Hamamatsu Photonics, Higashi-ku, Hamamatsu City, Japan). Images were 

acquired using the Olympus CellR software (Olympus Soft Imaging Solutions, Munich, 

Germany). Some images were also obtained using a confocal laser scanning microscope (Nikon 
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C1 Plus; Nikon, Tokyo, Japan). Images were then deconvoluted in AutoQuantX 2.2.2 (Media 

Cybernetics, Bethesda, MD, USA) and processed using FIJI (National Institute of Health, 

Bethesda, Maryland, USA; (70) and CellProfiler (71). 

Live imaging: Images were captured using a Spinning disc confocal microscope (Olympus) with 

a 20X 0.95 NA water immersion LUMPlanFL/IR objective. Temperature was maintained at 26-

28ºC during this time. 

Image Analyses 

Neutrophils: Only neutrophils within the boundaries of the sensory tissue in adults were counted 

and the values were given as the average of total number of mpx:GFP positive with standard 

deviation. Values given for paired sensory structure are a sum of the values for the individual 

sensory tissues. For time-lapse videos all counts of neutrophils in the two olfactory organs were 

combined for each animal and the mean/SEM calculated for each time point.  

To analyze the distribution of mpx:GFP positive neutrophils from both whole adult brains and 

flat-mounted olfactory rosettes, images were filtered by size (6-30 µm) and pixel intensity, and 

then counted using CellProfiler available Pipelines (71). For quantification of neutrophils in 

different regions of the OE, sensory (ss) versus non-sensory (ns) regions were separated using 

Tg(OMP:RFP) animals or anti-HuC/D labeling as neuronal markers. We grouped the ns region 

with the epineurial extensions (EN) wrapping the OE. The percent of total neutrophils is the 

number of GFP cells in ss or ns regions, divided by total (sum of all GFP positive cells in ss, ns 

and EN). BrdU nuclei were detected by filtering size between 2-5 µm and co-localization 

between BrdU and neutrophils was done using “Co-localization” Pipeline in CellProfiler (71). 

The circularity index of each neutrophil was calculated using Analyze Particles in FIJI (National 

Institute of Health, Bethesda, Maryland, USA; (70). Neutrophils were size-filtered and values 

were graphed according frequency of distribution.  
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BV/LV vessel density. Density is defined by the ratio of the area positive for fli1a:EGFP (BV) 

and lyve1b:DsRed (LV) over the total dorsal telencephalic or the olfactory system area (which 

includes both the OE and OB). Protocol adapted from Zhao et al., 2016. Scientific Reports.  

Statistics. Data are presented as means ± standard deviations. Statistical analysis were done 

using Prism 9 (Graphpad), and are indicated in each figure legend. Unpaired Student’s t-tests 

were performed unless otherwise indicated. P values are indicated as follows: *P, 0.05, **P, 

0.01, ***P, 0.001. 
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Results 

The Adult Olfactory Sensory System has Extensive Lymphatic Vasculature 

Previously, we have shown that the lymphatic vasculature (LV) associated with the developing 

olfactory organs is evident at 14 days post fertilization (dpf) initiating in the ventrolateral side of 

the organ (30). To better understand the LV system in the olfactory sensory system of the adult 

we dissected brains, with olfactory organs attached, from Tg(lyve1b:EGFP;OMP:RFP) animals 

(Fig. 1). The olfactory organs (OO) are made up of sensory epithelia containing the OMP:RFP 

positive sensory neurons (Fig. 1 A-D, F, red) and respiratory epithelia, surrounded by what 

appears to be an extension of the epineurium (EN) of the olfactory nerve (Fig 1, A-D, EN). At 

this point it is not clear where the meningeal membranes fuse with the epineurium after crossing 

the cribriform plate (3). Viewed from the dorsal side, lyve1b:EGFP positive LV were found in 

the OO (Fig 1, A, OO, green, B, green, arrowheads), olfactory bulb (Fig 1, A, OB, green, arrow) 

and diencephalon (Fig. 1 A, TeO, green, arrow), but not the telencephalon. In the dorsal OO the 

lyve1b:EGFP positive cells (Fig. 1 B, green, arrowheads) line the lamellae of the OE (Fig. 1 B, 

LOE). In contrast, when viewed from ventral there was an apparently continuous network of LV 

extending from the OO to the OB and along ventral telencephalon (Fig. 1 C, D, green). The 

lyve1b:EGFP positive cells were also evident in the ventral OO associated with the olfactory 

nerve (Fig. 1 D, ON, red). Two morphologically distinct lymphatic cell types were observed. In 

the OO thick tubular cells associated with the LOE (Fig. 1 B, D, arrowheads) occur, which 

resemble the High Endothelial Venules (HEV-like, HEV-L; Fig. 1, E) that control lymphocyte 

trafficking in mammals (35). To date these cells have not been described in the peripheral 

olfactory sensory system. In the OB, we observed smaller lyve1b:EGFP positive cells covering 

the dorsal OB and ventral telencephalon, apparently connected by fine processes and resembling 

Mural Lymphatic Endothelial Cells (muLEC-L) after Bower (14) (Fig. 1 D, arrows, green, F, 

muLEC-L, green). This cell type was also observed in the OO (Figs. S1, S2). In contrast to the 
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cells described by Bower, the muLEC-L appeared to be connected by fine processes (Fig. 1, F, 

arrows) and not occur as separate cells like the BV-associated muLECs (14). At this time it is 

not clear whether these connections have a lumen. Thus, in adult zebrafish there is an extensive 

LV system associated with the olfactory sensory system (Fig. 1) that wraps the OE (HEV-L), 

encompassing the olfactory bulb (muLEC-L) with apparently continuous connections along the 

ventral telencephalon (Fig. 1 C). 

To investigate the association between the lymphatic vasculature (LV) and the blood vasculature 

(BV) in the OOs, Tg(lyve1b:DsRed;fli1a:EGFP) animals were used to visualize the LV (red) 

and BV (green) (Fig. S1). We found extensive BV (fli1a:EGFP-positive) surrounding the OE 

associated with the EN in both the dorsal (Fig S1 A, green) and ventral (Fig S1 B, green) OO and 

OB. The BV (Supp. Fig S1 A, B, green) and LV (Supp. Fig. 1 A, B, red) form an extensive 

network extending along the lamellae of the dorsal and ventral OE. In comparing the density of 

BV and LV in the dorsal brain, the OE/OB have a richer BV and LV density than the 

telencephalon (Fig. S1 C) as the BV and LV are intimately associated within the OO/OB 

(lyveb1:DsRed: Tg(fli1a:EGFP).  The BV and LV extended along the EN that surrounds the 

LOE (Fig. S1 D).  In the Tg(lyve1b:DsRed;fli1a:EGFP) animals (Fig. S1 E, F) the LV (red) and 

BV (green) meet at the tips of the LOE where muLEC-L like cells were observed. Thus, the 

extensive BV/LV associated with the EN connects with the BV of the olfactory epithelia in the 

distal lamellae.  

In mammals, the olfactory lymphatic route crosses the cribriform plate separating the OBs and 

OOs, draining cerebral spinal fluid (CSF) through the perineural space surrounding olfactory 

nerve (18), connecting to nasal lymphatics and carrying lymphatic endothelial cells T, B 

lymphocytes and antigen presenting cells (APCs) toward cervical lymph nodes (36). To 

characterize the LV structure crossing the cribriform plate we sectioned intact, decalcified heads 

from Tg(lyve1b:DsRed;fli1a:EGFP) animals to determine whether the muLEC-L cells or HEV-
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L cells extended across the cribriform plate (Fig. S2, CP). Dorsal to, and at the site of, ON 

crossing (Fig. S2, A, B) the OE was populated primarily by fli1a:EGFP-positive BV. Leaving the 

ON and advancing ventrally (Fig. S2, C, D, arrows) extensive lyve1b:DsRed-positive LV was 

observed in the OE and associated with fli1a:EGFP-positive BV crossing the cribriform plate 

(Fig. S2, E, arrows). We never observed HEV-L cells (Fig 1, E) crossing the CP or on the intra-

cranial side of the ethmoid bone. Thus the muLEC-L cells associated with the BV were found 

wrapping the exterior surface of the OB (Fig. 1), crossing the CP (Supp. Fig. S2) and extending 

along the EN (Fig. S1) where they were associated with the HEV-L LV (Fig. S2, F). 

Neutrophil population in the adult olfactory organ 

Neutrophils, the most abundant leukocyte sub-types in adult zebrafish, are essential players in 

the innate immune system and more recently have been shown to migrate not only on BV but 

also LV. We used the Tg(OMP:RFP);Tg(mpx:GFP) animals to visualize olfactory sensory 

neurons (red) and neutrophils (green), in fixed whole mount brains. Surprisingly, we observed 

neutrophils only in the OO of adult brains (Fig. 2 A, B green). Neutrophils were localized in the 

fingerlike lamellae of the OE predominantly associated with the EN wrapping around the OE 

(Fig S1, A, B). The OMP:RFP positive OSNs (Fig. 2 A, B, red, ss, red) are in the central OE (ss) 

and peripheral regions of the lamellae are non-sensory epithelia (Fig. 2, B, ns). The tips of the 

LOE are connected to the EN (Fig. 2 B, EN, LOE, blue; Fig. S1). Analysis of the distribution of 

GFP-positive neutrophils revealed that they were located primarily in the ns epithelia and EN 

with many fewer neutrophils in the ss epithelia (Fig. 2, C, D, D1, E, F). Within the OE/EN there 

were three morphologically distinct mpx:GFP-positive cells (Fig. 2 rounded, C; amoeboid, D; 

columnar, D1; F). Neutrophils with rounded shape (Fig. 2, C, green, nt1) were associated with 

the basal OE, while neutrophils with amoeboid like morphology (Fig. 2 C, green, nt2, D, ci=0.7) 

were present in the tips of the LOE and EN, although this distribution changed in response to 

damage of the OE (see below). In sectioned OE tissue the columnar shaped mpx:GFP-positive 
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cells (Fig. 2, D1, green) were morphologically similar to sustentacular cells of the OE visualized 

with the Tg(six4b:mCh) reporter line ((37); Fig. S3 A, B red). These cells lie at the interface of 

the ss and ns epithelia (Fig. S3 C) and further studies are needed to carefully characterize this 

class of GFP-expressing cells. To confirm that the neutrophils observed in the whole mount OE 

(Fig. 2, G, green) were within and not on the surface of the OE, a z-stack analysis was performed 

(Fig. 2, H) showing that the mpx:GFP-positive cells are in the OE tissue. Thus the adult OOs are 

unique because they are the only regions of the adult brain where resident neutrophils are found 

under normal conditions. 

Neutrophil response to damage in the adult olfactory sensory system 

In order to investigate the neutrophil response to damage of the OE, we exposed 

Tg(mpx:GFP);Tg(OMP:RFP) adult fish to 10 µM CuSO4.  Because of the challenges of live 

imaging in the whole mount adult brain, we sacrificed adults at different times after copper 

exposure to follow the dynamics of neutrophil response over time. In untreated control animals, 

and consistent with previous results, neutrophils were observed only in the OO (Fig. 3 A, 

arrowhead, A’) and were absent in the brain (Fig. 3 A). After four hours of copper exposure, an 

increase in neutrophils was observed in the OO (Fig. 3 B, green, arrowhead, B’, B’’). Within the 

OO the ns and ss OE as well as the EN (Fig. S4) showed an increase in neutrophils in response 

to damage. Additionally neutrophils were observed in the ventromedial OB, along the 

telencephalic ventricle (Fig. 3, B, OB, V) and in the ventral telencephalon (Fig. 3 B, green, 

arrows). Fish left to recover for one day post-treatment still showed elevated numbers of 

neutrophils in the ventral OB (Fig. 3, C, green, arrows, D) and the OO (Fig. 3, C’, green). The 

increased numbers of neutrophils in the OO and subsequent appearance of neutrophils in the 

ventral OB and ventral telencephalon (Fig. 3, D, E, vCNS), suggests that neutrophils may move 

from the OO into the ventral CNS in response to peripheral damage.  
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Damage induced changes in cell cycle dynamics in the olfactory sensory system 

To further investigate the cellular dynamics of the neutrophil response to copper-induced 

damage in the adult, we repeated the experiments with copper using Tg(mpx:GFP) animals in 

the presence of BrdU. When viewed in flattened whole mount preparations (Fig 4, A-C), the OE 

of the adult is organized as a “rosette” with the central region midline raphe (mr) surrounded by 

ss and the outer regions of the rosette (tips of the lamellae) containing the ns or respiratory 

epithelia. In control animals (Fig. 4, A, viewed looking into the rosette) BrdU labeling consistent 

with the mitogenic nature of the olfactory system was observed (38, 39). After four hours of 

exposure to copper, BrdU labeling showed significant increases in the mr (Fig. 4, B, white, 

arrow), and in the ns epithelia extending to the EN. In contrast, one day post treatment (dpt) 

significant increases in BrdU labeling were observed in the ss epithelia (Fig. 4 C, F) consistent 

with the renewal of OSN in the OE after damage (40). Additionally, the neutrophils now lined 

LOE (Fig. 4, C, green), possibly in association with the BV (Fig. 4, D, green). The number of 

neutrophils showed significant increases at 4 hours post-treatment (hpt) and remained high in the 

ss epithelia one dpt (Fig, 4, E; 444.67 ± 31.39 and 373.33 ± 32.32 neutrophils in 4 hpt, red, and 1 

dpt, green). Significant increases in BrdU labeling at both 4 hpt and 1 dpt were observed only in 

the ss epithelia (Fig. 4, F; 480 ± 241.76 and 786 ± 211.6, respectively). Analysis of cells 

expressing both mpx:GFP and BrdU showed a significant increase compared to control animals 

(Fig. 4 G, control: 9 ± 1, 4 hpt: 26 ± 6, 1 dpt: 22 ± 5.29). The frequency of rounded (see Fig. 2 

green, nt1; ci 0.7 or greater) and amoeboid-like neutrophils (see Fig. 2 green, nt2; ci 0.4-0.6), 

potentially representing “resting” and activated neutrophils, respectively, increased in the OE 

post-damage (Fig. 4, H). The columnar shaped cells (ci 0.1-0.3) increased in frequency at one 

dpt in the sensory region (Fig. 4, H, green, 0.2 -0.3 green bars) but remained as the least 
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common morphology. We found that damage to the OE resulted in an increased number of 

rounded neutrophils and a small but significant number were double labeled for BrdU, indicating 

that the majority of the increase in neutrophil number was likely due to migration as opposed to 

proliferation. Future work using photoconversion will allow us to determine the exact 

contribution of local vs. immigrant neutrophils in the response to damage in developing and 

adult fish brain.  
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Discussion 

In this study we have shown that the olfactory sensory system has a unique  “immune 

architecture” where neutrophils permanently populate the sensory organ in association with a 

complex network of BV-LV. These neutrophils mount a rapid response to copper-induced 

damage to the OE populating not only the tissues of the OE and associated EN, but also 

appearing in tracts extending posteriorly along the ventral CNS. These data demonstrate a role 

for resident neutrophils in the olfactory sensory system and suggest that the nasal lymphatic 

pathway may be a potential site of entry for immune cells into the CNS. 

Lymphatic Vasculature 

The olfactory/nasal lymphatic route first described using India ink to label CSF drainage 

pathways from the brain where particles moved from cranial subarachnoid space to lymphatic 

channels of the olfactory mucosa (3). Subsequently, it was shown that while the subarachnoid 

space of the optic nerves and cochlea region were labeled, the only direct connection between 

cranial CSF and lymphatics was the nasal route (41-43) passing through cribriform plate along 

perineural spaces near the olfactory nerves to the nasal mucosa and cervical lymph nodes (18). 

With the re-discovery of the brain lymphatics (11) the relative importance of the drainage of 

CSF via the meningeal LV versus olfactory/nasal LV is currently a subject of debate, (see for 

discussion (13).  

In descriptions of the olfactory/nasal drainage in mammals, the LV is generally depicted with 

terminations at the extra-cranial side of the cribriform plate. Here we found two types of 

lyve1b:EGFP positive LV: one having muLEC like structure where the cells line the BV (14, 

15), appeared to be connected, and were found on both the  intracranial and extra cranial side of 
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the cribriform plate; and a second with morphology similar to HEVs that were found in 

association with the OE/EN on the extra-cranial side of the cribriform plate. 

The muLEC-like LV wrap the dorsal and ventral surfaces of the olfactory bulbs extending 

posteriorly along the ventral telencephalon and anteriorly through the cribriform plate with the 

BV. Within the muLEC-like cells there were two populations: one positive only for lyvel1b and 

a second positive for both lyve1b and fli1a. During development, muLECS have been shown to 

form from local blood vessels by (14) and these forming cells are positive for fli1a and lyve1b. 

Thus, the lyve1b+/fli1a+ population may represent adult progenitors of LV important in 

restructuring the OE after extensive damage. The muLEC-like cells appear to be connected, yet 

future studies are needed to confirm that these cells are from the non-lumenized mural lineage 

(44). 

Lymph node equivalent in fish 

In mammals the nasal lymphatic route that drains into the cervical lymph nodes through the 

cribriform plate, carry immune cells such as monocytes, dendritic cells, and T cells (45, 46). In 

addition, mammals have Nasal-Associated Lymphoid Tissue (NALT) also referred to as 

Waldeyer's lymphatic ring, surrounding the naso/oropharynx. This tissue contains lymphatic 

vessels and HEVs, which are specialized post-capillary venous swellings, enable lymphocytes 

circulating in the blood to directly enter a lymph node (by crossing through the HEV). Recently, 

tissue described as NALT has been reported in fish (34, 47), yet fish do not have lymph nodes. 

Thus a distinction is made between “organized” NALT and “diffuse NALT” (47) or NALT 

versus non-NALT (for murine nasal dendritic cells (48) where teleost fish have diffuse-

NALT/non-NALT in the olfactory organs. Here we found that the OE/EN has an extensive 

blood vasculature associated with lyve1b:EGFP positive lymphatic endothelial cells resembling 

high endothelial venules (HEVs) of the lymph nodes in mammals (Fig. 5, olfactory rosette, 

upper, HEV-like). The HEV-like cells were localized to the tips of the LOE extending on the 
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external side of the EN to the base, terminating in the region where the meningeal membranes 

fuse on the extra-cranial side of the cribriform plate.  At the tips of the LOE, on the internal side, 

the BV is associated with the HEV-like cells and in this region we identified lyve1b/fli1a 

positive cells similar to those seen in the OB although not on the BV. This cell type was also 

observed lining the cribriform plate in the region of the meninges (Fig. S2). The structures 

observed raise the possibility that, in spite of lacking lymph nodes, the zebrafish OO shows 

similarities to mammalian lymph node organization thus suggesting the existence of an 

organized secondary lymphoid tissue in the OO. 

Neutrophils 

It has recently been shown that neutrophils, in addition to their role as the first line of defense in 

the innate immune response, also transport antigens and populate lymph nodes via HEVs where 

they coordinate early adaptive immune responses (22, 49, 50). Neutrophils are found in many 

tissues and these subpopulations of neutrophils perform many functions (51) such as in the lung, 

which is known to retain neutrophils as a host defense niche (52, 53). In mammals the OE is 

reported to have B lymphocytes, lactoferrin and lysozyme, in the Bowman's glands (54) and 

neutrophils in the non-sensory epithelium of the vomeronasal organ (55). In teleosts, limited 

morphological studies have shown scattered myeloid and lymphoid cells within the OE and 

lamina propria (9, 56) (57)).  Most recently, in the OO, in response to inflammation neutrophils 

infiltrate and later express neurogenesis-related genes suggesting a potential role for neutrophils 

in the ongoing neurogenesis of the OE (58). 

The neutrophils we observed in the OO were striking not only in their number but also their 

limited distribution: they were found only in the OO of the adult brain under normal conditions. 

After copper exposure there was a large increase in the number of neutrophils in the OE/EN and 

subsequently neutrophils appeared in the CNS, initially in the ON and ventral lateral OB, and 

then extending posteriorly along the ventral telencephalon although far fewer neutrophils were 
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observed in the CNS. This ventral tract from OO contains a rich network of LV (Fig. 1), and has 

previously been suggested as a route for immune cell influx through the basal forebrain in mice 

(59) and mesenchymal stem cell migration cell from the periphery to the OB  (60). Thus, the 

pattern of neutrophils observed is suggestive of neutrophil movement from the periphery along 

the ON, ventral OB, and ventral telencephalon. While it is tempting to propose that these 

neutrophils enter from the OE into the CNS, more experiments are needed to better understand 

the source of the CNS neutrophils.  

In summary, in mammals the olfactory/nasal brain lymphatic drainage system is assumed to 

function in water homeostasis and pressure regulation and the meningeal lymphatic system in 

immune responses and surveillance (18). Yet, here we have shown that the OO has an extensive 

blood lymphatic vasculature (including HEV-like structures) enveloping the OE, a large resident 

neutrophil population and, furthermore, that damage induced in the olfactory sensory epithelia is 

correlated with the appearance of neutrophils in the brain. Whether the presence of these 

neutrophils is related to the regenerative properties of the OE as the OSNs undergo constant 

replacement, represents a special population secondary lymphoid tissue capable of mounting a 

rapid immune response, or both, remains to be determined.  
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Figure 1. The adult olfactory organ have an extensive blood-lymphatic system 

(A-F). Whole mount brains of adult lyve1b:EGFP;OMP:RFP animals with OSN (red) and 

lymphatic vasculture (green). (A) The OE and OBs have extensive lymphatic vasculature (LV, 

green) but not dorsal the telencephalon (Tel). (B) Higher magnification of OO in A with 

meningeal extension (EN, arrow) wrapping around outer surface of lamella of the OE (LOE). 

Lymphatic cells are found in OO (arrowheads) and OB. (C) The LV extends centrally from the 

OO/OB along the ventral telencephalon (vTel) posteriorly to the ventral diencephalon. (D) 

Higher magnification of OO in B. LV (arrowheads) is associated with olfactory nerve (ON, red) 

and covers ventral surface of OB (green, arrows). (E) Lyve1b:EGFP positive cells in tips of LOE 

resemble High Endothelial Venules (HEVs). (F) Putative Mural lymphatic endothelial cells 

(MuLECs) wrap the OB (arrows). Representative images selected from detailed analysis of 9 

brains. DAPI (blue). A, C, = 200 µm; B, D = 100 µm; C, F = 50 µm. 
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Figure 2. Neutrophils are found only in the olfactory organ of the adult brain. 

(A) Wholemount brain of Tg(OMP:RFP);Tg(mpx:GFP) adult: neutrophils (green) are only 

present in the OO (OE/EN), telencephalon (tel), pineal (pi).  (B) OO (from A) contains a large 

population of neutrophils (green, n=487 neutrophils). OMP:RFP positive OSNs are located only 

in sensory epithelia (ss, red) not in non-sensory epithelia (ns), olfactory nerve (ON). (C) 

Neutrophils with a rounded shape, (C, nt1, arrow) with a circularity index 0.7 or greater (D, F) 

were observed in the LOE. Amoeboid neutrophils, (C, nt2, arrow) with a circularity index of 0.4-

0.6 (F), were located throughout the OE and EN. Sustentacular-like cells (D1), circularity index 

0.2 (F), lie at ointerface of ns-ss epithelia (Fig. S3). (E) Total number of neutrophils in the OO. 

The non-sensory (ns) tissues (respiratory epithelia + NE, blue) have more neutrophils than 

sensory epithelia (ss, red), n=3 adult fish, 6 OE. (F) Frequency distribution of nt1 and nt2 cells 

(n= 53 neutrophils). (G) Maximal projection of whole mount Tg(mpx:GFP) adult OE: 

Neutrophils (green); autofluorescence (gray). (H) Neutrophils (from G) were color-coded based 

on (H) Z-stack depth. Total depth= 550µm. Scale bars A, B = 200 µm; C = 60 µm; D, D1=20 

µm; G, H =100 µm. 
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Figure 3. Exposure to copper is correlated with incerased neutrophils in the peripheral and 

central nervous system. 

(A-C) Ventral views of whole mount adult brains from Tg(mpx:GFP). (A, A’). Control with 

neutrophils found only in OO (arrowhead; A’). (B) After four-hour exposure to copper, there is 

an increase in the number of neutrophils in the OO (B, arrowhead, B’, B”). Neutrophils were 

observed in the ventral OB, along the ventricle (V) and in the ventral telencephalon (B, arrows). 

(C) One day post treatment neutrophils are still present in OO (C’), OB (arrows) and ventral 

telencephalon. (D) Neutrophils appear over time in an anterior to posterior spatial pattern in the 

CNS. OO is not plotted because number (average ~1,500) is out of range (see E). (E) Copper 

exposure was correlated with increased neutrophils in OE and ventral CNS. For all experiments 

at least 6 brains were examined. Preparations were selected for imaging based on whether they 

were intact and the signal to noise of the labeling. Scale bars: A-C; A’-C’= 100 µm. 
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Figure 4. Damage induces changes in cell división of OSN and neutrophil precursors in the 

adult olfactory organ. 

(A-C) BrdU labeled cells (white), neutrophils (green) in whole mount OO of adult fish. (A) Prior 

to copper exposure BrdU labeling and scattered neutrophils were observed in the medial raphe 

(mr), sensory (ss), and non-sensory (ns) epithelia. (B) After four hours of exposure to copper 

intense BrdU labeling was observed in the mr. (C) One day post recovery neutrophils lined the 

lamellae and intense BrdU labeling was observed in ss and LOE-EN. (D) Section of 

Tg(fli1a:EGFP) adult OE showing extensions of blood vasculature (green) within the OE. (E) 

Significant increases in neutrophil number were observed after 4 hour copper exposure (red) in 

both the ns and ss epithelia when compared to control (grey). At one dpt (green) only the ss 

remained significantly greater than controls. (F) Damage induced changes in BrdU positive cells 

have were significant in the ss epithelia but not the ns at 4 hour copper exposure (red) and one 

dpt (green). (G) There was a small but significant increase in mpx:GFP positive cells double 

labeled for BrdU scored in the OE. (E-F, n=3 adult OE from different fish; Two-way ANOVA, 

Tukey multiple comparison test, p < 0.05). (*P , 0.05, **P , 0.01, ***P , 0.001). (H) Four hours 

of copper exposure (orange) and one day post-treatment (green) resulted in an increase in 

rounded neutrophils (nt1; circularity index 0.7 or greater see Fig. 1) and amoeboid neutrophils 

(nt2; circularity index 0.4-0.6) when compared to controls that had few rounded neutrophils. 

Scale bars: (A-C)= 50 µm. D = 100 µm.  

 

 

 

 

 

 



[Escriba	texto]	 	 [Escriba	texto]	99	

 

 

 

 

 

 

 

 

 

 

 



[Escriba	texto]	 	 [Escriba	texto]	100	

Figure 5. The olfactory organ is a neural-immune interface. 

Schematic of olfactory organ (olfactory rosette) of adult zebrafish. The BV-LV and neutrophils 

are shown in different halves of the olfactory rosette for clarity. Upper half of olfactory rosette is 

proposed connections of Blood-Vasculature (BV) with LV via HEV-like cells that may also 

contact the meningeal immune system via vasculature associated with the EN. Lower half of 

olfactory rosette depicts resident neutrophils found only in the OE.  

  



[Escriba	texto]	 	 [Escriba	texto]	101	

 

 

 

 

 

 

 

 

 

 

 

 



[Escriba	texto]	 	 [Escriba	texto]	102	

Figure S1. The adult olfactory organs (OO) have extensive and interconnected Blood (BV) 

and Lymphatic Vasculature (LV). 

 (A, B) Whole mount fli1a:EGFP;lyve1b:DsRed adult OO connected to OB with BV 

(fli1a:EGFP, green) and LV (lyve1b:DsRed, red). Dorsal (A) and ventral (B) views; DAPI 

(blue). (C) BV (red) and LV (green) density is greater (SE, P-value <0.05, unpaired t-test) in 

olfactory system (OS = OE and OB) than telencephalon (Tel), n = 3 adult brains. One-way 

ANOVA, Tukey multiple comparison test, P < 0.05. Representative images selected from 

detailed analysis of least 6 brains. (D) Transmitted light image of fixed whole mount OO. Boxed 

area represent where LOE connect with EN. (E) At the distal tips of each lamellae (asterisks) the 

LV (red) meet the BV (green) (E, boxed area). (F) In this region cells express both 

lyve1b:DsRed and fli1a:EGFP (arrows). Scale Bars: A, B = 200 µm; D, E = 100 µm, F = 25 µm. 
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Figure S2. Blood vasculature extends through cribriform plate with muLEC-like 

lymphatic cells. 

(A-E). Sections from Tg(lyve1b:DsRed;fli1a:EGFP) adult brains. (A) In dorsal sections the OB 

is separated from the OE by the cribriform plate (CP). The OB has extensive BV (green) 

extending into the lamellae of the OE and muLEC-like cells (red) on the surface of the OB 

(arrow). (B) The ON passes through the CP accompanied by extensive BV (green). muLEC-like 

cells are on the medial surface (red, arrow) of the OB. (C) The muLEC-like cells (red, arrow) 

line the most ventral aspect of the ON. (D) muLEC-like cells line the basal OE (red, arrows) in 

the most ventral region of the OO. (E) muLEC-like cells on the BV extending across the CP and 

many are positive for both lyvel1:DsRed and fli1a:EGFP (arrows). (F) Diagram depicting 

olfactory organ with sensory (ss) and non-sensory (ns) epithelia that have extensive BV (green). 

The lamella of the OE contain HEV-like LV (red) that do not extend across the cribriform plate 

(CP). muLEC-like cells (orange) line the BV and extend from the olfactory bulb across the CP to 

the basal OE. Scale bars: A-D = 100 µm, E = 50 µm.  
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Figure S3. Sustentacullar cells in the olfactory epithelium are associated with markers for 

neutrophils.  

Cryosections of adult olfactory epithelia. (A) low magnification of adult olfactory rosette (OE) 

from Tg(six4b:mCh) line showing sustentacular cells (SCs, red) that are distributed within the 

lamellae of the OE where some areas have denser clusters (boxed area). (B) lamellae of OE with 

Six4b:mCh positive SCs (red) and anti-HuC positive neurons (green).(C) mpx:GFP positive 

cells (green, arrow) lie in clusters adjacent to OSN (red) and are similar to SCs (SC-like, see B, 

red). Scale bars: A = 100 µm; B, C = 25 µm 
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Figure S4. Copper exposure induces rapid incerase in neutrophils in the OO. 

(A-D) Control. (A) OSNs (red) populate the sensory epithelia of the OE. (B) neutrophils extend 

up the lamellae and are found in the EN (arrow). (C) DAPI labeling. (D) Merge of A-C. (E-H) 

OO from copper exposed animals. (E) Reduced OMP:RFP exxpression as neurons die. (F) 

increased neutrophils in sensory epithelia (ss), non-sensory epithelia (ns) and EN (arrow). (G) 

DAPI. (H) Merge of E-G. Scale bar = 100 µm 
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Introduction 

Epithelial barriers protect against injury and infection. After damage, the coordination of cells 

and their secreted chemical cues allow for proper tissue restoration. The role of early 

chemotactic signals on immune cell recruitment is still not well understood despite the 

identification of transcriptional growth factors and chemokine cascades during tissue 

inflammation. Immediately after damage, the initial ‘detection phase’ in wound healing is 

orchestrated within minutes, with no new protein synthesis required. Initially, intrinsic Damage-

associated Molecular Patterns (DAMPs, Venereau et al., 2015; De Oliveira et al., 2016) are 

leaked from lysing cells to generate the spatial transmission of biochemical signals (calcium, 

H2O2, ATP, or eicosanoids; Yoo et al., 2012; Razzell et al., 2013; Gadani et al., 2015; 

Niethammer, 2016; Rådmark et al., 2014; Penuela et al., 2013; Enyedi et al., 2013) to then 

trigger leukocyte recruitment and epithelial closure (as the earliest protective cellular responses). 

Later, (hours to days), amplification and resolution of the inflammatory response is coordinated 

by chemokine-, cytokine-, and growth factor-signaling cascades to produce protein synthesis, 

cell proliferation, and regeneration (Enyedi and Niethammer, 2015). 

Calcium is not only the earliest regulator of inflammatory responses, but it is indispensable in 

the control of almost all physiological processes; its concentration and positional information are 

interpreted to produce, for example, either a controlled neurotransmitter liberation or an 

inflammatory response.  In both Drosophila (Razzell et al., 2013) and zebrafish (Yoo et al., 

2012), epithelial damage triggers rapid cytoplasmic Ca2+ signals extending outward from the 

point of wounding that are necessary for H2O2 production and to amplify the inflammation 

response. 

Previous studies have shown that the exposure to non-lethal copper concentrations causes cell 

death and regeneration of ciliated olfactory sensory neurons (OSNs)(Ma et al., 2018). 

Subsequently, we have shown that damage induces recruitment of circulating neutrophils and 
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macrophages to the developing olfactory organs (OOs) of the zebrafish (Palominos and 

Whitlock, 2021). However, the initial damage signals from injured neurons after copper 

exposure and how they communicate to local and non-local immune cells remains unknown. The 

earliest phases of molecular inflammation includes the release of chemical signals such as 

calcium and Adenosine triphosphate (ATP), which then coordinate neutrophil arrival and 

inflammation resolution (Enyedi et al., 2013; Enyedi and Niethammer, 2015; Gadani et al., 

2015). Cytosolic Ca2+ has also been shown to regulate leukocyte arrest and subsequent migration 

through release of calcium from internal stores and synergic external influx via Ca2+-release 

activated channels (Niggli, 2003; Dixit and Simon, 2012). L-type calcium channels (LTCC) are 

voltage-gated channels particularly highly expressed in the olfactory sensory system of human 

(Solis-Chagoyan et al., 2016), mice (Berger and Bartsch, 2014; Darcy and Isaacson, 2009); rat 

(Jerome et al., 2012), and fish (Yoshida et al., 2009). In addition to calcium signaling, pannexin 

hemichannels have been identified as key mediators of ATP release during inflammation 

(Crespo Yanguas et al., 2016). Pannexin1 (Panx1) is abundantly expressed across different brain 

regions but enriched in the peripheral and central components of the olfactory (Ray et al., 2005; 

Kurtenbach et al., 2014) and visual (retina & lens; Ray et al., 2005; Vogt et al., 2005; Penuela et 

al., 2013; Dvoriantchikova et al., 2006) systems.  

 Here we hypothesized that damage-induced calcium transients in OSNs trigger the migration of 

neutrophils to the OOs and that these transients will affect post-synaptic interneurons in the OBs 

(mitral, Tufted) (Fuller et al., 2006; Friedrich, 2012; Kermen et al., 2012), therefore suggesting 

that any damage to the peripherally-located sensory neurons may cause secondary damage to the 

central nervous system if inflammation is not rapidly resolved. We used a genetically encoded 

calcium indicator to characterize damage-induced calcium transients in the developing OSNs. In 

wholemount in vivo preparations we showed that calcium transients are correlated with targeted 

migration of neutrophils to the OOs during copper-induced damage, as described previously 
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(Palominos and Whitlock, 2021). Blocking Panx1 hemichannels and LTCCs channels resulted in 

short term and long-term effects on neutrophil recruitment in response to damage. Therefore, our 

results suggest that neuronal calcium signaling is continuously needed for immune cell 

migration.  

Materials and Methods 

Animals: Zebrafish were maintained in a re-circulating system (Aquatic Habitats Inc, Apopka, 

FL) at 28º C on a light-dark cycle of 14 and 10 hours, respectively. All fish were maintained in 

the Whitlock Fish Facility at the Universidad de Valparaiso. All protocols and procedures 

employed were reviewed and approved by the Institutional Committee of Bioethics for Research 

with Experimental Animals, Universidad de Valparaiso (#BA084-2016). Embryos were obtained 

from natural spawnings under laboratory conditions and raised at 28.5º C in Embryo medium as 

previously described (Westerfield, 2007), and staging was done according to Kimmel et al., 

1995. We carried out experiments in 3 and 5 dpf larvae of the following transgenic lines: 

Tg(HuC:GCamP3) (Panier et al., 2013); Tg(mpx:mCherry) (Varas et al., 2010); and 

Tg(lysC:DsRED2) (Hall et al., 2007). 

Calcium imaging: Experimental procedure was done as described in Palominos and Whitlock 

(2021). Briefly, larvae were anesthetized (2% Tricaine, Sigma) and mounted in a cut tip plastic 

Pasteur pipette in 2% low temperature agarose (Sigma) in embryo medium. Larvae were imaged 

in frontal view using an Attofluor Chamber (Thermo Fisher Scientific) filled with embryo 

medium, and the agarose covering the olfactory system was removed. The temperature was 

maintained at 26º C, and images were acquired using a Spinning disc confocal microscope 

(Olympus) with a 20X 0.95 NA water immersion LUMPlanFL/IR objective.  

Images were acquired in a single Z-stack, every 400 ms. For the simultaneously imaging of 

calcium and neutrophil recruitment, images were collected with 5 µm/optical sections in a total 
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depth of 25 µm depth. All data analysis was carried out using FIJI (National Institute of Health, 

Bethesda, Maryland, USA; Schindelin et al., 2012) calculating the mean fluorescence in each 

ROI (whether the OO or OB) and normalized by the basal fluorescence (F0) 

Copper and odorant exposure: 

One ml of a stock solution of 1 mM taurocholic acid (TA; Taurocholyc acid, sodium salt 

hydrate, 97%, Sigma-Aldrich) was prepared and stored at 4º C. Baseline calcium dynamics were 

recorded for thirty minutes in Tg(HuC:GCamP3) animals in filtered embryo medium (EM) with 

2% Tricaine. The EM/2% Tricaine solution was later replaced by EM and followed  by 10 µM 

TA + 2% Tricaine.To record calcium responses during copper exposure the TA solution was 

replaced by filtered EM followed by  10 µM CuSO4 + 2% Tricaine (Palominos and Whitlock, 

2021). 

LTCC and Pannexin blockade during copper-induced damage: 

The number of neutrophils in the OOs during copper exposure was counted as described in 

Palominos and Whitlock (2021) and quantified in individual larvae using a modified ChIn assay 

(d’Alençon et al., 2010). The L-Type Calcium Channel (LTCC) blocker, Furnidipine (kindly 

provided by Dr. Ana María Cárdenas, Universidad de Valparaíso), was diluted to 1 µM (from a 

0.6 mM stock solution stored at -20º C) in 1% DMSO in embryo medium, as described for 

another LTCC blocker in zebrafish (Yoshida et al., 2009). Probenecid (water-soluble, 

Invitrogen), used as a Pannexin-1 (Silverman et al., 2008; Zhang et al., 2019) inhibitor, was 

diluted from to 2.5 µM working solution (from a 250 mM stock solution stored at -20º C)  in 

embryo medium. The number of neutrophils in left and right olfactory organs was quantified 

every hour for 6 hours. 

Statistics: Data are presented as means ± standard deviations. Statistical analysis were done 

using Prism 9 (Graphpad), and are indicated in each figure legend. Unpaired Student’s t-tests 

were performed unless otherwise indicated. P values are indicated as follows: *: P < 0.05, **: P 
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< 0.01, ***: P < 0.001, ****: P < 0.0001.  
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Results 

Copper exposure triggers rapid and long-lasting calcium responses in olfactory neurons 

Previously, we have demonstrated that neutrophils patrol the OOs during normal zebrafish 

development, but that when exposed to damaging concentrations of copper, neutrophils and 

macrophages migrate to the OOs (Palominos and Whitlock, 2021). In order to visualize the 

calcium response in living animals we used the genetically encoded calcium indicator 

Tg(HuC:GCaMP3). The HuC promoter drives pan-neuronal expression of GCaMP3 thus 

allowing for in vivo recording of calcium dynamics in neurons from both peripheral and central 

components of the olfactory sensory system. To quantify neuronal responses under normal 

physiological and damage-induced conditions, we quantified calcium responses to 10 µM TA (a 

potent social odor; Vitebsky et al., 2005) and 10 µM CuSO4 (an OSN damaging agent, 

Palominos and Whitlock, 2021) in 3 day post-fertilization (dpf) fish. In the absence of added 

odorants there is little background activity (Fig. 1A). Exposure to TA transiently increases F/F0 

signal in the OOs (Fig 1 A”) and the OBs (Fig. 1, A', B left; Supplementary Video 1). In 

comparison with individual OSNs (Fig 1 A’ arrowheads, C) the signal is amplified in the CNS 

by the convergence of the OSN axons on the post-synaptic sites in the OB (Fig 1 A’, arrows, C) 
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with a time decay constant of 0.56 and 0.78 minutes for the OOs and OBs, respectively (Fig. 1, 

D, black, red).  

In contrast to physiological response to odors represented by TA, the first 20 minutes of 

exposure to copper induced three consecutive calcium waves (>0.5 minutes, each) in both 

peripheral OOs and central OBs (Fig. 1, A", A'", B right; Supplementary Video 2), with a time 

decay of 5.31 and 4.37 minutes for the OOs and OBs (Fig. 1, D, gray, dark red), respectively 

(almost nine times slower than the response to TA). At 2 minutes post-administration, copper 

induced large responses in individual OSNs (Figure 1A’’’) relative to TA (Figure 1A’). In 

contrast very large increases in Ca2+ were observed in the OBs (Figure 1A’’’ arrowheads) 

suggesting that the calcium reponses observed in the OBs may reflect mechanisms independent 

of the OSNs damage-induced signaling.  The mean change of GCaMP fluorescence after 20 

minutes of exposure was consistently higher in the OBs than in the OOs, for both TA and copper 

treatments (Fig. 1, C). In contrast to TA, copper exposure triggered a distinct large-amplitude 

response in OOs (Fig. 1, C, black versus gray).  

In order to analyze the coordination of peripheral and central calcium responses we calculated 

the Pearson correlation coefficient (r) between OOs and OBs during TA and copper-induced 

damage. We found that calcium transients between OOs and OBs were perfectly negatively 

correlated during odor exposure (Fig. 1, E, rTA=-0.977, see Fig. 1B, taurocholic acid). In 

contrast, damage-induced calcium responses showed no correlation between the OBs and OOs 

(Fig. 1, ErCu=0.181, see Fig. 1B, copper) suggesting that, as expected, the non-physiological 

responses triggered by copper exposure are distinct from those triggered by odors.   

A central and peripheral delayed calcium wave correlates with neutrophil infiltration to the 

olfactory organs 

Previously, we have shown that copper exposure triggers a rapid increase in neutrophil numbers 

in the developing OOs as early as 1-hour post copper exposure (Palominos and Whitlock, 2021). 
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In order to better understand the role of calcium in the response to OSN damage we next 

correlated calcium dynamics with neutrophil migration during copper exposure.   To visualize in 

vivo the long-term effect of calcium dynamics on neutrophil migration, we used 5 dpf 

Tg(HuC:GCaMP3);Tg(mpx:mCherry) larvae (Supplementary Video 3) and collected serial 

images of 5 z-stacks every 30 seconds for 1.5 hours (Figure 2). Before copper exposure there 

were few neutrophils in the OO (Fig. 2 A, red, B, green) and Ca2+ levels in the OO and OB were 

steady (Figure 2 B, black, red). In response to 30 minutes of copper exposure neutrophils moved 

into the OO (Figure 2 A’). In the presence of copper (A’, A’’, A’’’), OSNs with persistent 

increases in Ca2+ were continuously contacted by migrating neutrophils (Fig. 2, A’, A’’, A’’’, 

purple, arrows ; Supplementary Video 3). Degeneration of OSNs was observed (Fig, 2, A’’, 

arrowhead) with apparent loss of OSN dendrites (Fig. 2, A’’, white arrowhead). The increase of 

the neutrophils in the OO after copper correlated with the observed damage-induced 

Ca2+increases in the OO (Fig 2B black) and OB (Fig 2 B red). 

We then tested the long-term temporal correlation between calcium waves in the OOs and OBs 

with the number of neutrophils recruited to the OOs. During copper exposure, we found a higher 

positive correlation between long lasting copper-induced calcium waves in the OOs and OBs 

(Fig. 2, C, rOO/OB=0.814, 90 minutes recording) than we did between OB/OO during the first 

20 minutes after damage (Fig. 1, E). This suggest that during damage Ca2+-associated dynamics 

are synchronous between the peripheral and the central components of the olfactory sensory 

system, in contrast to the uncorrelated OO/OB waves observed after 20 minutes post damage 

(Fig. 1, B’’, E).  

We further quantified the correlation between the number of neutrophils and the calcium 

changes observed in the OO 90 minutes after copper exposure. We found a positive correlation 

between the numbers of neutrophils in the OO with the changes in OSN fluorescence 90 minutes 
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post damage (Fig. 2, C, dark gray) thus supporting the role of damage induced calcium transients 

in neutrophil migration.  

L-type calcium channel blockade inhibits neutrophil migration to damaged olfactory organs 

To test the potential role of calcium increases in neutrophil migration to the olfactory sensory 

system, we blocked L-type calcium channels (which mediate inward Ca2+ currents and trigger 

calcium release from the sarcoplasmic reticulum) using Furnidipine. Using 5 dpf 

Tg(HuC:GCaMP3);Tg(mpx:mCherry) larvae exposed to 10 mM Furnidipine, the number of  

neutrophils were scored every hour for the 4 hours of copper exposure, and 2 hours after its 

removal (Fig 2, D). Furnidipine completely inhibited neutrophil migration to the olfactory organ 

during and post copper exposure (Fig. 2, D, red).  

To further test the potential role of calcium in neutrophil migration we used Probenecid, an 

inhibitor of Pannexin 1 (PANX1) channel that blocks the activation of the extracellular ATP 

release-induced purinergic pathway and inflammatory response (Silverman et al., 2008; Zhang et 

al., 2019). At concentrations of 1 mM  (Fig 2, D light blue) and 10 mM (Fig 2, D dark blue) 

Probenecid inhibited neutrophil migration only during the first two hours of copper exposure, 

(Fig. 2, D, light blue, blue). These results suggest that the entry of Ca2+ through LTCC in 

olfactory neurons may be needed to initiate and maintain neutrophil migration. Furthermore, it 

suggests that the ATP-induced purigenic response in neutrophils is a short response that can be 

overcome by sustained calcium signaling. 
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Discussion 

Exposure to copper during early development leads to death of ciliated OSN, (Lazzari et al., 

2017; Ma et al., 2018), a continuously renewing cell population in vertebrates, as well as 

immune cell migration to the OOs (Palominos and Whitlock, 2021). Here we characterized 

damage-induced calcium transients in the developing olfactory sensory system using a 

neuronally-expressed genetically encoded calcium indicator (HuC:GCaMP3) and found that the 

copper-induced early and late Ca2+ responses accompanying cell death in the developing 

olfactory sensory epithelia are needed for neutrophil recruitment. Furthermore the blockage of 

L-type calcium channels (LTCCs) and Pannexin1 hemichannels eliminated or reduced 

neutrophil migration in the olfactory sensory system. Our results suggest that continuous 

calcium signaling in the OSNs is needed for immune cell migration and that the release of ATP 

by Pannexin1 channels is necessary only during the initial hours post-injury, but not for later 

damage amplification and resolution.  

First minutes after damage 

We have demonstrated that during the first minutes after copper exposure non-transient and 

long-lasting calcium waves occur in both the peripheral OOs and the central OBs (Fig. 1).  

The observation that the OBs showed a rapid and very large calcium response suggests that 

additional non-HuC+ cell types may transmit damage signals centrally. Previous unpublished 

work from our (Whitlock) laboratory suggests the presence of cells that express oligodendrocyte 

marker Olig2+ in the OOs. Recent studies suggest the oligodendrocytes not only act as support 

cells but also have multiple roles in the brain such as metabolic exchangers with neurons and are 

a cellular interface with blood vessels (Dansu et al., 2020). Furthermore, our recent findings 

characterizing the extensive blood and lymphatic vasculature surrounding the olfactory epithelia 

and extending into the CNS (Palominos et al 2021, submitted) coupled with recent studies 

suggesting the BBI (Blood Brain Interface) allows for molecular cross talk between the nervous 
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and vascular systems (Segarra et al., 2019; Lenz et al 2020) support the idea that other types of 

cells in the OO may signal damage to the OB faster than do the OSNs.  

At 3 dpf, the axon terminations of the olfactory sensory neurons segregate into three branches in 

the developing olfactory bulb: the medial, central, and lateral (Dynes and Ngai, 1998; Vitebsky 

et al., 2005). During TA exposure we primary observed the activation of the medial glomeruli 

(Fig. 1., A’) most likely reflecting axon termination of the sensory neurons activated by TA. In 

contrast, copper exposure appeared to trigger calcium increases in all axon branches (Fig 1., A’’, 

arrowheads), most likely reflecting the sustained calcium response of the ciliated OSN. 

Furthermore, after twenty minutes, calcium remained elevated only in neurons located in the 

central and medial glomeruli (Fig. 1., A'"). It is known that in adult zebrafish the lateral and 

central regions of the OB respond positively to aminoacids and nucleotides, whereas the medial 

subregion responds to bile acids (Friedrich and Korshing, 1998; Vitebsky et al., 2005; Yoshihara 

2008; Koide et al., 2009). Thus, the activation of interneurons in the OBs suggests that the 

earliest neural responses to damage in the CNS are chemotopically unspecific and constitute a 

non-specific activation of Ca2+ pathways in OSN rather than a receptor-induced sensory 

response.  

Ca2+ signaling and immune response to copper-induced damage  

Calcium is a universal yet versatile regulator of many vital physiological processes, however 

changes in Ca2+ homeostatic concentrations can lead to cell stress, damage and death 

(Zhivotovsky and Orrenius, 2011). Immediatly after damage calcium controls the subsequent 

generation of chemical signals such as ROS, ATP, eicosanoids and chemokines (Razzell et al., 

2013; Yoo et al., 2012; Niethammer, 2016). Our results are consistent with studies showing that 

calcium ions play a vital role in cell death pathways (Ludhiadch et al., 2021).  

LTCCs are widely distributed, being found in skeletal, smooth and heart muscle as well as in 

OMP+ human olfactory sensory neurons (Solis-Chagoyan et al., 2016). In our studies the 
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blockade of LTCCs completely abolished neutrophil recruitment during and after damage, 

suggesting that neutrophil chemotaxis is dependent on the OSN influx of calcium. In addition to 

muscle and neural tissues, LTCCs are expressed in myeloid and lymphoid immune cells (Suzuki 

et al., 2010; Davenport et al., 2015; Fenninger et al., 2019; Ramirez-Moreno et al., 2020). Thus, 

the  use of LTCCs blocker might also directly affect targeted neutrophil migration (Suzuki et al., 

2010; De Oliveira et al., 2016). Ca2+ changes triggered by TA and copper were inhibited during 

Furnidipine treatment in the OOs thus showing that LTCC blockade affected both the sensory 

neurons as well as the migration of neutrophils.  Further studies are needed to determine whether 

the effects of LTCCs blockers are at the level of the OSN, neutrophils or both. 

In addition to calcium, we also blocked ATP released via activation of the Pannexin1 channel. 

This pathway leads to the release of interleukin-1β as one of earliest  “find-me” signals secreted 

by dying cells (Chekeni et al., 2010; Chen et al., 2014; Shestopalov and Slepak, 2014; Crespo 

Yanguas et al., 2016; Niethammer, 2016) but had shown to be dispensable for olfactory signal 

transduction and odor perception (Kurtenbach et al., 2014). Here we showed that blocking 

Pannexin1 is associated with delayed initiation of  neutrophil migration during the first hour post 

copper exposure, but subsequently the neutrophil migration returns to normal levels. Because 

Panx1 is expressed in OSN (Kurtenbach et al., 2014), vascular endothelium (Lohman et al., 

2015), and leukocytes  (Junger, 2011), we cannot discern whether the delayed migration of 

immune cells is caused by the response of neurons, immune cells or of other cell types.  Here we 

have demonstrated that non-physiological increases in intracellular Ca2+ levels in OSNs are 

sufficient to coordinate early and sustained neutrophil migration to the OOs. Further studies are 

needed to determine the contributions of LTCCs and Pannexin hemichannels to the initial 

damage–response as well as on later healing and regeneration phases.   
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APPENDIX 

Differential responses of the left and right sides of the olfactory sensory system 

Left-right (L/R) asymmetry is a phenomenon involved in the patterning, development, and 

morphogenesis of tissues and body plans of vegetal and animal species of different sizes and 

scales. From the three main body axes (antero-posterior, A/P; dorso-ventral, D/V; and L/R), the 

L/R axis establishes functional correlates with olfactory discrimination in worms, fish, and 

mammals (Alqadah et al., 2016; Dreosti et al., 2014, Cohen et al., 2015). To identify damage-

induced asymmetries in calcium signaling between the left and right olfactory sensory epithelia 

and their downstream target in the OBs we quantified calcium dynamics of left and right OO and 

OB of 5 dpf HuC:GCaMP3 larvae exposed to copper over three-time scales: short (5 min), 

median (15 min) and long-term (2 hrs) responses.  

Copper: As described in Chapter Three, copper exposure induces calcium increases that are non-

transient in both the OO and the OB (Fig. 1, B’-B"; Fig. 2, B; Fig. 3, A-A"). No significant 

differences were found between left and right OO or OB in control and copper-exposed animals 

after 5 minutes (Fig. 3, B, 5 min, control, grey, copper, red). However, copper-induced calcium 

transients showed asymmetries between L/R OO at 15 minutes post exposure (Fig. 3, C, copper, 

red, asterisk) that were not observable at 2 hours post exposure (Fig. 3, D, 2 hrs, copper, red).  

Taurocholic Acid: We found that the response of the left and right OO to TA differed in 

amplitude only after 5 min post-TA exposure (Fig. 3, B, 5 min, TA, green, asterisk), and  we 

observed that TA-induced differences between left and right OO were transient, as they were not 

maintained past 15 minutes (Fig. 3, C, 5 min, TA, green).  

In both short-term TA (Fig. 3, B, green, OO left= 1.13 ± 0.021 F/F0; OO right= 1.08 ± 0.021 

F/F0) and mid-term Copper (Fig. 3, C, red, OO left= 1.40 ± 0.114 F/F0; OO right= 1.30 ± 0.084 

F/F0) responses, the left OO had a higher mean amplitude than the right OO. These data suggest 
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that the response to either odorant or damaging agent (such as TA and copper, respectively) is 

lateralized, showing a higher response in the left OO.  

We also explored the correlation between L/R OO and OB's responses to TA and copper during 

5 minutes, 15 minutes, and 2 hour exposures. In control conditions, we observed a more 

significant correlation between the left OO and OB than between the right OO and OB (Fig. 3, 

B', control, underlined, r OO/OB left= 0.56, r OO/OB right= -0.25), suggesting that basal 

signaling of the olfactory sensory system is lateralized to the left (with a higher average response 

over the right side). However, 5 minute exposure to odorant/copper, the correlation of L/R in 

response to TA and copper changed drastically. In the short-term, the correlation of the OO/OB 

responses on the left side decreased while it is doubled on the right side. Copper exposure did 

not induce significant changes with 5 minutes of exposure, but  with 15 minutes exposure 

responses showed significant changes in the correlation index in both left and right OO/OB in 

comparison with the control (Fig. 3, C', copper, r OO/OB left= -0.74, r OO/OB right= -0.09). 

Thus, after 15 minutes exposure, copper induced laterally coordinated calcium waves between 

the peripheral and central olfactory sensory system. However, these damage-induced calcium 

waves were not coordinated in the long-term.  
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Figures & Figure Legends 
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Figure 1. Exposure to non-lethal copper concentrations triggers early but long-lasting 

calcium responses in OSNs. 

(A-A’’’) Frontal view of Tg(HuC:GCaMP3) 3 dpf larva response to 10 µM taurocholic acid and 

copper exposure. Fluorescence changes are coded in thermal scale. OOs are labeled with black 

circles, and OBs with red circles, respectively. Cu exposure induced a fast, strong calcium 

response in the OBs (A’’, arrowheads). After 20 minutes, calcium accumulated in OSNs, which 

became increasingly round (A’’’, arrows). Imaging was initiated at time 0 min. Time in A’-A’’’ 

are minutes post-TA or Cu administration. (B) F/F0 values during 20 minutes of TA (B’, left), 

and Cu (B’’, right) administration. OO responses are represented by a black (TA) or gray (Cu) 

line; OB responses by a red (TA) and dark red (Cu) line. n=3 larvae. (C) Mean changes of F/F0 

of 3 2hole recordings (20 minutes each). 1-way ANOVA, Tukey test, p < 0.005. (D) Exponential 

decay (F(x)=eλX) of the greater response to TA (red, dark red) and Cu (black, gray) was used to 

calculate the time constant (τ=1/λ) in every condition and olfactory region (organ or bulb). (E) 

Pearson correlation coefficient between OOs and OBs during TCA and Cu exposure. All scale 

bars= 100 µm. 
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Figure 2. Neutrophil entry to the olfactory epithelia correlates with a delayed calcium 

increase in the olfactory organs through L-type Ca2+ channel. 

(A-A’’’) Frontal view of an olfactory organ of a 5 dpf Tg(huc:GCaMP3); Tg(mpx:mCherry) and 

its response to copper. Imaging was initiated at time 0 min. Copper exposure started 15 minutes 

after imaging. Time in A’-A’’’ are minutes post-Cu administration. During copper exposure, 

neutrophils (purple) were constantly contacting OSNs (arrows), which lose their cilia (green, 

arrowheads) and became increasingly round (green, asterisks). All scale bars= 50 µm. (B) 

Copper induced long-term F/F0 increases in the OO (black line) and OB (red line) that 

temporally correlated with the number of neutrophils recruited to the OO (green line) in vivo. 

n=5 Tg(HuC:GCaMP3); Tg(mpx:mCherry) 5 dpf larvae. (C) Pearson correlation coefficient 

between the number of neutrophils and the OOs and OB, and between OOs and OBs. (D) 

Neutrophil numbers in both OO during Cu exposure and 2 hours post-removal when co-exposed 

with LTCC blocker furnidipine (red line) or the Pannexin1 blocker, Probenecid (light blue and 

blue lines). Control animals were exposed to copper in 1% DMSO (vehicle). n=24 

Tg(HuC:GCaMP3); Tg(mpx:mCherry) larvae, ANOVA Kruskall-Wallis test, p < 0.05. ns: no 

statistical significance. 
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Figure 3. Summary: LTCC-dependent Ca2+ increases in OSNs are necessary for neutrophil 

recruitment to the olfactory organs. 

OSNs coordinate responses to odors. Ca2+, H2O2, ATP, leukotrienes, and eicosanoids are the first 

signals that orchestrate immune cell recruitment after injury (Shestopalov and Slepak, 2014; 

Niethammer, 2016; De Oliveira et al., 2016). LTCCs and Pannexin1 are found to be expressed in 

OSNs. DUOX presence in the OSNs is hypothetical. 5-LOX (Rådmark et al.,2014) catalyze the 

synthesis of leukotrienes, inflammatory bioactive molecules that amplify local cell death signals 

(Lämmermann et al., 2013) to recruit neutrophils rapidly. The Ca2+-dependent cytosolic 

phospholipase cPLA2 regulates the synthesis of eicosanoids, early stimulators of wound 

signaling (Niethammer, 2016). Chemokines are later synthesized. After Cu, OSN showed long-

lasting cytosolic Ca2+ increases (orange), swelling, and cilia degeneration by the end of the 

treatment. LTCC-dependent calcium waves are needed for neutrophil recruitment during and 

post-Cu administration (blockade by Furnidipine). In contrast, ATP release (blockage by using 

Probenecid, a Pannexin1 channel blocker) is needed only during the first 2 hours of damage, but 

not after copper removal. Neutrophil recruitment to the OOs is first controlled of Ca2+ and ATP 

changes in the olfactory sensory organ mediated by LTCC and Pannexin1 channels. After copper 

removal, Ca2+ but not ATP is needed for sustained neutrophil migration. 
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Appendix Figure 1. Asymmetric responses of the olfactory sensory system during damage. 

(A) Representative image showing standard deviation of the response to Copper (Cu) in a 5 dpf 

HuC:GGaMP3 larvae. (A’) Calcium responses of the left (A’, blue) and right (A’’, red) OO and 

OB during taurocholic acid (TA) and copper exposure. Standard error is graphed in gray. F/F0 

mean responses to TA and copper after 5 (B), 15 (C), and 2 hrs (D) of left and right OO and OB. 

Correlation matrix between left and right OO and OB of the F/F0 mean responses to TA and 

copper at 5 (B’), 15 (C’) and 2 hrs (D’). The correlation coefficient ranges between -1.0 and 1.0. 

(A-D, B’-D’) n= 3 larvae 5 dpf HuC:GCaMP3. 2-way ANOVA, Tukey test, p < 0.005. Frames 

were taken every 410 milliseconds. For F/F0 calculation 10 cells in each OO and OB were 

selected using the standard deviation image of each recording.  
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CHAPTER 5: DISCUSSION 
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Discussion 

The ability to smell depends on olfactory sensory neurons (OSNs) that lie in the peripherally-

located olfactory epithelium (OE).  This group of continually renewing neurons extends their 

axons across the cribriform plate where they make their first synapses in the olfactory bulbs 

(OBs) (Sakano et al., 2010; Whitlock, 2005) thus creating a potential route for 

chemical/biological agents to enter the brain. In the present study we characterized the presence 

of immune cells, and lymphatic and blood vasculature cells associated with the zebrafish 

olfactory sensory system during development (Palominos and Whitlock, 2021; Chapter 2) and 

adulthood (Palominos et al., 2021, submitted, Chapter 3). Furthermore, we demonstrated that 

damage induced increases in Ca2+-triggers the migration of immune cells to the olfactory organs 

in the developing zebrafish (Chapter 4). We propose that olfactory organs, because of their 

unique anatomical structure, have the extensive immune architecture described in this study, in 

order to rapidly resolve inflammation and protect against infectious agents, thus protecting the 

central nervous system.  

The development of the lymphatic vasculature around the olfactory system begins to be visible 

after one-week post fertilization (Palominos & Whitlock, 2021; Chapter 2), in accordance with 

the migration and formation of the lateral facial, otolithic, and branchial arch lymphatic branches 

(Okuda et al., 2012; Astin et al., 2014; Semo et al., 2016) between 5-7 days post fertilization. In 

mammals, immune cell are generated from the primary lymphoid tissues (bone and thymus) and 

mature in secondary lymphoid tissues (like peripheral lymph nodes and the spleen). In addition, 

tertiary lymphoid structures, resembling lymph nodes, can be found at the sites of chronic 

inflammation (Drayton et al., 2006,; Ruddle et al., 2014). In mammals, the arborization of the 

lymphatic vasculature in lymph nodes, is extensive and composed of internal High Endothelial 

Venules (HEVs).  Although fish do not have lymph nodes, we describe HEV-like cells in the 

olfactory organs of the adult zebrafish, which may have a function similar to what has been 
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described in mammals (Girard et al., 2012; Hampton et al., 2015; Bogolowski et al., 2018; 

Hampton and Chtanova, 2019): allowing the infiltration of immune cells into the olfactory 

tissues. Furthermore, in mammals immune cells are found regionalized within lymphatic nodes, 

having different functionalities associated with their spatial location (Gray and Cyster, 2012; 

Kastenmüller et al 2012; Qi et al., 2014; Hampton and Chtanova, 2016). We propose that this 

unique situation where the OOs have resident neutrophils under normal conditions, coupled with 

the morphologies we described may reflect different region specific functions within the OOs 

(Chapter 3).  

Our studies showed a surprising correlation between damage to the olfactory organ of the adult 

zebrafish and the appearance of neutrophils in the CNS, where neutrophils appeared along the 

ventral olfactory bulbs and ventral telencephalic ventricle. These data raise the possibility that 

the olfactory organs could be a host defense niche for the brain where immune cells move into 

the CNS in response to damage. Future research will shed light on how the olfactory-associated 

network of lymphatic and blood vasculature regulates the brain response to damage and the 

movement of immune cells in the peripheral and central olfactory sensory system.  

Numerous studies have shown that vaccines as well as certain medications can be delivered 

nasally to generate systemic effects on immunity (Neutra and Kozlowski, 2005; Tacchi et al., 

2014; Sepahi et al., 2017) and hormonal regulation (Fortuna et al., 2014; Al Bakri et al., 2018). 

These treatments are effective because of the known extensive vascularization of the olfactory 

epithelia in mammals (Kumar et al., 2016) that allows physiological responses in the organism 

through continuous connections between the nasal and the systemic blood vasculature. 

Furthermore, there is increasing evidence that cross-talk between neurons and blood vessels, the 

neurovascular unit (NVU), is a powerful signaling system controlling different cellular processes 

such as differentiation, migration and connectivity of neurons and glia (Segarra et al., 2019; De 

Luca et al., 2020).  The neurovascular unit we described here (Chapter 3) linking the blood and 
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lymphatic vascular system with the OSNs and then, together, extending across the cribriform 

plate to the CNS, may orchestrate responses in both the peripheral and central nervous system to 

stimuli (odors, damage,) detected in the olfactory epithelia. 

In order to further dissect the responses of neutrophils to OSN damage, we demonstrated the 

necessity of calcium in triggering the migration of neutrophils to the site of damage. Probenecid, 

normally used in the treatment of gout (a type of inflammatory arthritis caused by the elevated 

level of uric acid in the blood), has been shown to inhibit the production of Interleukin-1β 

through Pannexin 1 (Pelegrin and Surprenant 2006; Yang et al., 2019). Blocking Pannexin 1 

hemichannels with Probenecid revealed an early effect on neutrophil recruitment to the site of 

damage, however, we don’t know if levels of Interleukin-1β were also reduced. Chronic 

exposure to L-type calcium channels blockers during development has been shown to disrupt the 

development of the olfactory sensory system in zebrafish (Yoshida et al., 2009). Here we used 

acute exposure to the L-type calcium channel blocker, Furnidipine, and demonstrated that 

immune cell migration was inhibited for the duration of the experiment. These results support 

potential use for LTCC blockers in modulating processes related to immune cell migration, such 

as scar-free regeneration in the CNS (Li et al., 2020; Dorrier et al., 2021). Furthermore, we 

found that the use of Furnidipine inhibited damage-induced calcium signals in OSN (data not 

shown). In the future, it will be interesting to investigate potential effects on intracellular 

calcium signals of migrating neutrophils. 

The research presented here demonstrates that the zebrafish olfactory sensory system can be 

used as a novel model to study the neural immune interface protecting the brain from the outside 

world taking into account the neurogenic capacities of the adult olfactory organs. In conclusion, 

our studies present new pathways for understanding the immune response with emphasis on the 
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special role of the olfactory organs in the control of peripheral and potentially central 

inflammatory responses in the nervous system 
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