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The sense of smell is generated by electrical currents that are influenced by the concentration of ions in olfactory sensory neurons and mucus.
In contrast to the extensive morphological and molecular characterization of sensory neurons, there has been little description of the cells that
control ion concentrations in the zebrafish olfactory system. Here, we report the molecular and ultrastructural characterization of zebrafish ol-
factory ionocytes. Transcriptome analysis suggests that the zebrafish olfactory epithelium contains at least three different ionocyte types, which
resemble Na*/K*-ATPase-rich (NaR), H*-ATPase-rich (HR), and Na*/CI- cotransporter (NCC) cells, responsible for calcium, pH, and chloride regula-
tion, respectively, in the zebrafish skin. In the olfactory epithelium, NaR-like and HR-like ionocytes are usually adjacent to one another, whereas
NCC-like cells are usually solitary. The distinct subtypes are differentially distributed: NaR-like/HR-like cell pairs are found broadly within the ol-
factory epithelium, whereas NCC-like cells reside within the peripheral non-sensory multiciliated cell zone. Comparison of gene expression and
serial-section electron microscopy analysis indicates that the NaR-like cells wrap around the HR-like cells and are connected to them by shallow
tight junctions. The development of olfactory ionocyte subtypes is also differentially regulated, as pharmacological Notch inhibition leads to a loss
of NaR-like and HR-like cells, but does not affect NCC-like ionocyte number. These results provide a molecular and anatomical characterization of
olfactory ionocytes in a stenohaline freshwater teleost. The paired ionocytes suggest that both transcellular and paracellular transport regulate
jon concentrations in the olfactory epithelium, while the solitary ionocytes may enable independent regulation of ciliary beating.
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Introduction

Olfaction is mediated by a combination of ion currents—an in-
ux of calcium followed by an ef ux of chloride—that is trig -
gered by the binding of an odorant to its receptor on olfactory
sensory neurons (OSNSs) Kleene 1993 Reuter et al. 1998).
The high concentration of chloride in the dendritic knobs
and cilia of mammalian OSNs is achieved by uptake via the
NKCCL1 (Slc12a2) co-transporter, which requires external se
dium (Kaneko et al. 2004; Reisert et al. 2005. Despite the rela
tive robustness of transduction that is offered by the chloride
current (Reisert and Reingruber 2019, olfactory sensitivity

is in uenced by external ion concentrations (Selvaraj et al.
2012). The zebra sh, a freshwater sh that can be found in

the wild in water with a moderate range of salinity (Spence
et al. 2006), has provided fundamental insights into olfac

tory processing Eriedrich et al. 2004; Niessing and Friedrich
2010). The morphological and molecular features of OSNs
of this animal—for example, the location and transduction

machinery of ciliated and microvillous neurons—are well de

scribed Hansen and Zeiske 1993 1998; Saraiva et al. 2015.

However, it is unclear how ion composition in the zebra sh

olfactory epithelium is regulated.
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Fig. 6. Notch signaling is required for paired ionocyte survival, but does not affect NCC-like ionocyte number. (A) Schematic of experimental design.
(B) Number of NaR- and HR-like ionocyte pairs in DMSO controls and treated with the Notch inhibitor LY411575. Mann-Whitney test (P < 0.0001). (C)
Number of NCC-like ionocytes in DMSO controls and treated with the Notch inhibitor LY411575. Mann-Whitney test (P = 0.811). (D E ) Representative
maximum intensity projection confocal images of HCR RNA-FISH for trpv6 (yellow) and foxi3b (cyan) with DAPI stain (gray) in DMSO-treated (D D )
and LY411575-treated (E E ) olfactory pits. N = 14 olfactory pits per condition. Scale bars: 20 pm.

densely packed with mitochondria in close association with  ionocyte at the cell apex with a thin layer of cytoplasm,
an extensive intracellular tubular network (Fig. 7C,D). forming a crescent in transverse sectionHig. 7A-E"). At
The HR-like ionocytes within the OSN zone were closely  their apices, the two cells were connected with a continuous
associated with a second cell along most of their apicobasal shallow (0.1 to 0.2 um) tight junction (zonula occludens), and
length (Fig. 7). This second cell wrapped around the HR-like  to surrounding cells with deep (0.5 to 1 um) tight junctions
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Fig. 8. Ultrastructure and 3D reconstruction of NCC-like olfactory ionocytes in the non-sensory multiciliated cell zone of the zebrafish olfactory pit.

(A C) Scanning electron micrographs of an ift88 zebrafish mutant embryo at 4 dpf. (A) Whole head showing location of the two olfactory pits (op). (B)
Enlargement of the left-hand olfactory pit, boxed in A. The rounded apical surfaces of four ionocytes (presumed NCC-like) are highlighted in magenta
(arrowheads). The peripheral zone of non-sensory multiciliated cells (mcc) is highlighted in green. (All olfactory cilia are missing in the ift88" mutant,
allowing visualization of the apical surface of cells in the pit.) (C) Enlargement of the boxed region in B. An ionocyte (magenta) sits in the MCC zone,

in contact with a skin cell with microridges (mr, top right). The rods of two or three olfactory rod cells are also visible (orc, bottom left; see also Fig.
3lin (Cheung et al. 2021)). (D M) Ultrastructure and 3D reconstruction of ionocytes in the non-sensory multiciliated zone of the olfactory pit in a
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wild-type zebrafish larva at 7 dpf. (D) 3D reconstruction of a presumed NCC-like ionocyte, showing the microvillous apical surface. (E) Location of the
ionocyte in D (magenta; arrowhead) at the lateral edge of the left olfactory pit. Coronal section; anterior to the top. (FG) Selected sections through the
ionocyte shown in D, highlighted in magenta. The ionocyte makes contact with at least four other cell types: apically, with a skin cell on one side and a
multiciliated cell on the other; basolaterally, with multiciliated cells, a basal cell, and another ionocyte. The microvillous apical surface is rounded in one
area (F, arrowhead) but also forms a pit-like structure (G, arrowhead) in the same cell. (H) Enlargement of the boxed region in F (top left), highlighting
tight junctional contact (white arrowhead) and interdigitation (blue arrowhead) between the ionocyte and a neighboring skin cell. (I) Enlargement of

the boxed region in F (bottom right), showing that pores where the tubular reticulum meets the plasma membrane are covered by a thin electron-
dense structure (blue arrowheads). (J) Two examples of more elongated ionocytes highlighted in yellow and blue, with their apices sitting between
multiciliated cells. (K) Enlargement of the boxed region in J, showing the mitochondria-rich cytoplasm, Golgi apparatus and extensive tubular reticulum.
(L) Section through the base of the yellow cell in J, showing the tubular reticulum. (M) An end-foot (arrowhead) of the blue ionocyte in J makes

direct contact with the basal lamina (pink). Abbreviations: bc, basal cell; BL, basal lamina (pink); ¢, cilia of multiciliated cell; cz, cortical zone (free of
mitochondria; bracketed in H); Gb, Golgi body; io, presumed NCC-like ionocyte; m, mitochondrion; mcc, multiciliated cell; mr, microridges on skin cell; n,
cell nucleus; op, olfactory pit; orc, olfactory rod cell (apical rods visible); skc, skin cell; tr, tubular reticulum. Scale bars: A, 100 pm; B, 10 pm; C, 5 um; D,
2 um (appliesto F G); J; 2 upm; L, T pm; M, 1 um.

Fig. 9. Summary of ndings. (A) Gene expression in three different classes of olfactory ionocytes. (B) Schematic diagram showing the approximate
number and distribution of ionocytes in the zebrafish larval olfactory pit (viewed from the front; not to scale).

olfactory epithelium, involving region-speci c roles for dif - al. 1997; Hiroi et al. 2005 ; Cozzi et al. 2015; Inokuchi et
ferent ionocyte types. al. 2017), and in stenohaline freshwater teleosts Hwang
1988a). Pairs were also seen in the skin of the euryhaline me
Pairing of NaR-like and HR-like ionocytes may daka, when reared in freshwater Hsu et al. 2014). In these
extend functionality cases, however, one member of the pair was termed an ac

NaR-like and HR-like ionocytes are consistently found as  cessory cell. Although accessory cells have some features of
pairs in the olfactory epithelium. The cells are connected to  ionocytes—they are mitochondria-rich, for example—they
each other by specialized tight junctions and are dependent have been considered to be immature or dormantHootman

on Notch signaling for survival, as can be seen by the loss and Philpott 1980) or specic to seawater sh (Sardet et al.
of preexisting paired ionocytes following treatment with 1979). The data here, and in the neuromast Peloggia et al.
LY411575 at 4 dpf. The existence of ionocytes in pairs or ~ 2021), indicate that both members of a pair in the freshwater
complexes is well established, for example, in the gills and zebra sh are bona de ionocytes.

skin of stenohaline saltwater sh (Hootman and Philpott The conservation of architecture across evolutionarily di
1980; Pisam and Rambourg 1993, euryhaline sh adapted verse sh species suggests a functional advantage in using
to seawater Sardet et al. 1979 Karnaky 1986; Shiraishi et  pairs. One consequence of ionocyte pairing is the creation of
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Fig. 10. lonocyte types and their proposed function in the zebrafish larval olfactory epithelium. (A) Schematic diagram to show the arrangement of
HR- and NaR-like ionocyte pairs and NCC-like ionocytes in the zebrafish larval olfactory epithelium. The NCC-like cells have variable morphologies,
some with a rounded microvillous apical surface. The diagram illustrates approximate cell shapes (not to scale). (B) Model for the contribution of
olfactory ionocytes to ionic homeostasis in the zebrafish olfactory epithelium. This is a tentative proposal, based on mRNA expression data (see

Figs. 1-4 and Supplementary Tables) and comparison to ionocytes in other tissues (see text for citations). The number and subcellular location of the
relevant proteins in olfactory ionocytes have not yet been validated. Protein names in bold blue text are based on validated mMRNA expression patterns
in this study. Color coding as in panel A. The dotted line indicates the proposed paracellular pathway, via a shallow tight junction, between the HR-like
and NaR-like olfactory ionocyte pair. This provides a route for recycling chloride ions, generated by sensory transduction in OSNs, within the OSN
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