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In teleost fishes the neurochemicals involved in sensing and responding to hypoxia are 

unresolved.  Serotonergic branchial neuroepithelial cells (NECs) are putative O2 chemoreceptors 

believed to be homologous to the neural crest (NC) derived APUD (amine‐precursor uptake and 

decarboxylation) pulmonary NECs and carotid body type‐1 glomus cells.  Branchial NECs contain 

serotonin (5‐HT), thought to be central to the induction of the hypoxic cardioventilatory 

reflexes.  However, application of 5‐HT in vivo does not elicit cardioventilatory reflexes similar 

to those elicited by hypoxia.  But previous in vitro neural recordings from glossopharyngeal (IX) 

afferents innervating O2 chemoreceptors in the trout gill show the same discharge response to 

hypoxic conditions as does that of acetylcholine (ACh) application.  This evidence strongly 

supports the cholinergic hypothesis of chemoreceptor impulse origin rather than a 

serotonergic‐induced impulse origin model.  We therefore hypothesized that NECs contain ACh 

among other neurochemicals in cells belonging to the APUD series.  Although serotonergic 

branchial NECs did not colocalize with ACh using immunohistochemical methods, several 

populations of ACh and/or tyrosine hydroxylase (TH) (catecholaminergic) positive, dopamine 

(DA) negative, cells were found throughout the second gill arch of the channel catfish Ictalurus 

punctatus.  In addition, the NC derivation marker zn‐12 labelled the HNK‐1‐like epitope (Human 

natural killer) expressed by lamellar pillar cells’ collagen column‐associated pillar cell adhesion 

molecules (CC‐PCAMs), evidence confirming their hypothesized NC origin. 
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CHAPTER 1 

INTRODUCTION 

1.1 The Three Main Epithelia of the Teleost Gill 

The teleost gill is the main site for the exchange of gases between the blood and the 

water, absorption or secretion of ions, acid-base regulation, and the excretion of nitrogenous 

waste and toxins (Evans et al., 2005; Hughes, 1984; Saadatfar & Shahsavani, 2011).  The teleost 

has four pairs of gills divided evenly between two opercular cavities of the pharynx.  Each gill is 

called a holobranch and consists of paired hemibranchs (Roberts & Ellis, 2012).  The gill consists 

of three main epithelia: the arch, filament, and lamellar (Hughes, 1984) (Fig. 1.1).  The base of 

the gill is a thick osseous structure known as the gill arch, gill bar, or branchial arch (BA), the 

former being a term often used to refer to the entire gill.  The arches are rostral to the 

filaments, run vertically, and contain the afferent and efferent branchial arteries (aBA and eBA, 

respectively) that supply the filaments via the afferent and efferent filament arteries (aFA and 

eFA, respectively) (Olson, 2002).  The filaments, or primary lamellae, begin at the posterior 

edge of the arch and project outwards in a lateral caudal direction.  During embryonic 

development, the epithelium of the filaments evaginates and folds into the secondary lamellae 

perpendicular to the filament, the site at which the absorption of oxygen from the water and 

the exchange of other gases and nitrogenous waste occur (Hughes, 1984). 

Most of the epidermis of the adult teleost is a stratified squamous epithelium.  In the gill 

this epithelium is a mucoid epithelium (ME), with the outer surface consisting of a single layer 

of squamous or cuboidal epithelial pavement cells (PVCs) covered by a thin film of mucus 

secreted by mucous cells, or goblet cells, just beneath the PVCs (Roberts & Ellis, 2012).   
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Fig. 2.1.  Diagram of teleost gill (holobranch) with two separate rows of filaments (hemibranchs) showing three 
primary epithelia.  Numerous secondary lamellae project out perpendicular from both sides of the filaments, which 
are attached to the proximal base of the gill arch.  Arrows indicate the direction of water flow (Hughes & 
Grimstone, 1965). 

This outer film of mucus helps form a protective barrier against invasion by pathogens 

(Saadatfar & Shahsavani, 2011).  In the filaments, the goblet cells are either columnar or 

cuboidal and can be very numerous depending on the species.  Their mucin granules either 

stain a very light pink by staining with Gill’s Formulation Hematoxylin or the mucin doesn’t stain 

at all (Harris’ Formulation) and are clear.  Along with the goblet cells there are large chloride 

cells (CCs), also referred to as mitochondrial-rich cells (MRCs) or simply ionocytes, located 

mainly at the base of the lamellae and interlamellar space (ILS) but are also found sparsely 

dispersed along the length of the lamellar epithelium (Hiori & McCormick, 2012; Saadatfar & 

Shahsavani, 2011; Wilson & Laurent, 2002).  Upon haematoxylin and eosin (H&E) staining, their 

cytoplasm is a dark pink as they have a greater affinity for eosin Y than most of the other cells 

(Wilson & Laurent, 2002).  In salt water fish these cells work to pump Na+ and Cl- ions out of the 
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blood plasma into the water.  In freshwater species they work in reverse, absorbing these ions 

from the water to compensate for their passive loss through the lamellar epithelium (Hiori & 

McCormick, 2012).  Below this second layer of cells are an intermediate layer of precursor cells 

and then a basal layer of undifferentiated stem cells, or stock cells, that rest on the basal lamina 

(bl) (Boyd et al., 1980; Wilson & Laurent, 2002; Laurent & Dunel, 1980).  In contrast to this 3-6 

cell layer thick filament epithelium (FE), or primary epithelium, the lamellar epithelium 

(secondary epithelium) has only 1-2 cell layers, usually consisting of a single outer layer of 

squamous PVCs, and undifferentiated stem cells underneath which rest on the basement 

membrane (Boyd et al., 1980; Laurent & Dunel, 1980).  There is also a thin layer made by pillar 

cell (PC) projections called flanges (Olson, 2002). 

 

1.2 Teleost Gill Innervation 

In teleosts, there are eleven pairs of cranial nerves.   The facial (VII), glossopharyngeal 

(IX), and vagal (X) cranial nerves make up the cranial pathway while the spinal pathway consists 

of post-ganglionic fibers from a stellate ganglion of the sympathetic chain ganglia (SCG) (Jonz & 

Zaccone, 2009).  Fibers of both pathways converge to form the branchial nerve (BN), branches 

of which innervate the gill structures.  Gill arches 2-4 are innervated by  the vagal nerve and the 

spinal pathway, while the first gill arch (3rd branchial arch) is innervated by cranial nerves IX and 

X and the spinal pathway, and the pseudobranch by cranial nerves VII, IX, and X and the spinal 

pathway.  The spinal nerve trunk runs caudally through the cervical and branchial plexuses and 

converges with fibers of the spinal pathway which enter the trunk through rami 

communicantes (Purves et al., 2008), all to form the BN.  In zebrafish, the branchial nerves run 
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down the length of each arch along their posterior edge giving rise to nerve bundles (NBs) 

which branch off from the BN to innervate the efferent side of the filaments running in a lateral 

caudal direction adjacent to the eFA.  Along the length of the filament the bundle branches off 

sending out smaller nerve fibers (NFs) that wrap around and innervate the efferent filament 

arterial wall as well as fibers projecting out into and forming a nerve plexus to innervate each 

lamellae (Jonz & Nurse, 2003).  This pattern has been observed in many species of teleosts in 

addition to zebrafish.  However, the innervation of the lamellae appears to be species-specific 

as it has not been confirmed in the tropical fishes traira (Hoplias malabaricus) and trairão 

(Hoplias lacerdae) (Coolidge et al., 2008).  In addition to the extrinsic innervation via nerves 

with cell bodies lying outside the gills (i.e. autonomic pathway), the intrinsic innervation of the 

filament  is formed by fibers of bipolar chain neurons (ChNs) and two populations of multipolar 

neurons termed superficial proximal neurons (SPNs) and deep proximal neurons (DPNs) (Jonz & 

Nurse, 2003). 

The first and second gill arches of water and air-breathing fish are believed to be 

evolutionarily homologous to the carotid and aortic arches (or bodies) of mammals, 

respectively, and are locations of peripheral arterial chemoreceptors (Burleson, 2009; Romer, 

1962; Zachar & Jonz, 2012).   

 

1.3 The Chemoreceptor Unit 

In organisms, the process of sensing chemicals is called chemoreception and occurs in 

specialized chemoreceptors.  In this model, the “chemoreceptor unit” consists of a group of 

cells which depolarize in sequence in response to the presence or absence of a chemical.  
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Chemicals vary from food molecules for taste reception to oxygen for O2-chemoreception.  The 

respiratory-related chemicals monitored via chemoreception in vertebrates include O2, CO2, 

and H+ ions (Iturriaga & Alcayaga, 2004).  In mammals the primary peripheral loci of O2-

chemoreception is a gland called the carotid body (CB) located at the bifurcation of the internal 

and external carotid arteries.  It is innervated by the glossopharyngeal (IX) cranial nerve as a 

branch termed the carotid sinus nerve (CSN).  The presumed “chemoreceptor unit” of the CB 

consists of large O2-sensing type-I glomus cells surrounded by type-2 sustentacular cells along 

with afferent and efferent nerve endings (Eyzaguirre & Abudara, 1999).  In response to hypoxia 

glomus cells depolarize, resulting in the release of one or more neurochemicals / 

neurohormones specific to that cell.  If the neurochemical then acts on a neighboring glomus 

cell to cause its depolarization and subsequent release of neurochemical(s) it is called a 

neuromodulator, whereas a glomus cell last in series acting and releasing neurochemical(s) on 

afferent sensory nerve fibers is simply referred to as a neurotransmitter (NT).  Signal 

transduction is initiated by the effects of hypoxia on the first glomus cell in series and 

transmission of the signal is carried away towards the central nervous system (CNS) by 

discharge of the innervating afferent sensory nerve fiber(s). 

 

1.4 Central and Peripheral Chemoreceptors 

Chemoreceptors can be located either centrally or peripherally.  In mammals, central 

chemoreceptors located in the medulla of the brain stem primarily sense levels of CO2/H+.   In 

mammals, peripheral chemoreceptors are located at various loci including the glomus cells of 

the CB and aortic trunk and the pulmonary neuroepithelial cells (NECs) grouped together to 
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form neuroepithelial bodies (NEBs) in the lungs and sensitive to the partial pressure of oxygen 

(PO2) of inhaled air (Fu et al., 2003).  Chemoreceptors can be sensitive to hypoxia, hypercapnia, 

and high levels of H+ ions (acidity) in the internal and/or external environment.  The glomus 

cells of the mammalian CB are sensitive to all three as well as low blood glucose levels 

(Prabhakar, 2000).  The amphibian carotid labyrinth (CL) contains putative O2-chemoreceptive 

glomus cells similar to the mammalian chemoreceptor glomus cells of the CB.  The amphibian 

CL is thought to be evolutionarily homologous to and a more primitive form of the CB 

(Kusakabe, 2002).  In teleosts peripheral O2- chemoreception has been localized to the gills but 

the specific O2-chemoreceptive cells central to cardioventilatory control have yet to be 

definitively established (Burleson & Milsom, 1993; Burleson & Milsom, 1995; Zachar & Jonz, 

2012).  Special serotonin (5-HT) containing cells in the gill called branchial NECs are putative O2 

chemoreceptors (Jonz & Nurse, 2008) and have similarities to pulmonary NECs.  However, 

evidence supporting the hypothesis that branchial NECs and 5-HT play roles central to the 

modulation of cardioventilatory reflex responses is lacking (Porteus et al., 2013; Burleson & 

Milsom, 1995; Shakarchi et al., 2013).  The various types of responses to hypoxia are highly 

variable from species to species but in fish generally include bradycardia, increase in systemic 

blood pressure, and increased gill ventilation (Burleson, 2009; Sundin and Nilsson, 2002). 

 

1.5 Branchial Neuroepithelial Cells and O2-Chemoreception 

In mammals the primary peripheral location of O2-chemoreception is the glomus cell of 

the CB (Ichikawa, 2002; Prabhakar, 2000).  In teleosts, the site of O2-chemoreception has been 

localized to one or more gill arches depending on the species, but the precise O2-
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chemoreceptive cells have yet to be definitively established (Burleson, 2009; Burleson & 

Milsom, 1993; Zachar & Jonz, 2012).  Branchial NECs are putative O2 chemoreceptor cells of the 

fish gill and have been described in every species of fish examined to date (Bailly et al., 1992; 

Jonz & Nurse, 2003).  There are several types of branchial NECs which have been characterized 

but most of which fall into one of two categories: small lamellar NECs and large filament NECs. 

In zebrafish the lamellar NECs located on respiratory lamellae are small (4-5µm diameter), 

numerous (70-80 per filament), in direct contact with the external environment, and usually 

located on proximal lamellae.  The filament NECs are larger (8-9µm diameter), arranged parallel 

to the longitudinal axis of the filament, and are mainly localized to the distal tip of the filament 

(Jonz & Nurse, 2003).  Serotonergic filament NECs have been observed on the leading edge of 

the efferent filament epithelium in all species of fish examined and extend apical processes 

towards the outer layer of the filament epithelium where they may occasionally contact the 

external medium (Bailly et al., 1992).  Thus it would appear that both types are located at sites 

that are in direct contact with water and therefore present a possible role in detecting levels of 

oxygen in the water.  

NECs have similar morphological profiles and some of the data suggests that they are 

morphologically similar to the CB glomus cells.  Glomus cells have been shown to be 

neuroendocrine, synthesizing and secreting a large variety of neurochemicals, and evidence 

suggests that all NECs synthesize 5-HT (Pearse et al., 1973; Porteus et al., 2013).  The CB type-1 

cells are APUD (amine and amine-precursor uptake and decarboxylation) cells derived from the 

neural crest (NC) and label with NC derivation markers including neuron-specific enolase (NSE), 

HNK-1 (human natural killer), and Leu7 (Pearse et al., 1973; Kondo et al., 1982; Kameda, 2002; 
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Kameda et al., 1994).  Additionally, using genetic recombinant and cell culture techniques CB 

type-1 cells were shown in vitro to derive from type-2 sustentacular cells isolated from the rat 

and mouse CB (Pardal et al., 2007).  By contrast serotonergic branchial NECs do not label with 

HNK-1 or zn-12, an Ab directed against an HNK-1 epitope (Trevarrow et al., 1990; DSHB).  By 

definition, NECs are of the APUD cell series, diffuse cells that derive from the NC, synthesize a 

number of neurochemicals such as catecholamines, 5-HT, enkephalin, and substance P (SP), and 

contain large, dense cytoplasmic vesicles (Pearse et al., 1969; Cutz, 1982). 

Branchial NECs have been found that are immunoreactive (IR) for SV2 (synaptic vesicle 

protein) and negative for 5-HT, suggesting that NECs contain other neurochemicals other than 

5-HT (Jonz & Nurse, 2003).  Patch-clamp recordings have revealed that, like hypoxia-induced 

depolarization of glomus cells, hypoxia (PO2=25mmHg) induces depolarization of branchial NECs 

(Jonz & Nurse, 2004).  Upon depolarization glomus cells secrete their neurochemical contents 

into the extracellular space and into the synaptic clefts of synapses made with other elements 

of the CB chemoreceptive unit previously described.  However, there is only indirect evidence 

that NECs secrete their 5-HT contents in a similar manner upon depolarization induced by 

hypoxia.  From an experiment by Dunel-Erb et al. (1982) it was shown that exposure to chronic 

hypoxia resulted in an increase (by possible proliferation) of NECs that were devoid of their 

synaptic vesicle contents, suggestive of the release of their 5-HT granules.  Recent experiments 

have also revealed the presence of a group of O2-sensitive background voltage-independent K+ 

channels in the membranes of glomus, neuroepithelial, and most other O2-sensitive cells.  

These outward “leak” K+ channels are inhibited by hypoxia (Jonz & Nurse, 2004) and therefore 
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cause the membrane potential to tend towards a positive charge (i.e. depolarization) as K+ 

positive ions are unable to leave the cell. 

 

1.6 Histochemistry of the Teleost Gill 

Most teleosts which have been studied thus far have been found to contain bundles of 

nerve fibers running along the efferent side of the filament that branch off to form a plexus of 

nerve fibers innervating the wall of the eFA and each lamella, the former of which have been 

shown to wrap around and innervate NECs and MCRs (Jonz & Nurse, 2008).  The nerve bundle 

adjacent the eFA and label positive for nitric oxide (Porteus et al., 2012) as well as 5-HT and the 

neural marker zn-12 (Jonz & Nurse, 2003; Porteus et al., 2013).  Through extrinsic and intrinsic 

sources of innervation, the nerve fibers of gill filaments have been found to contain 

catecholamines, acetylcholine, neuropeptides, and serotonin (Donald, 1987; Porteus et al., 

2012; Zaccone et al., 2006; Bailly et al., 1992; Jonz & Nurse, 2003).  The bipolar ChNs are 

arranged linearly adjacent to the eFA along its entire length and form varicosities along chain 

neuron fibers suggestive of synaptic connections made between ChNs and other structures 

(Jonz & Nurse, 2008).  ChNs have been found to be serotonergic, cholinergic (in a few species), 

and label with the neural markers SV2 and zn-12 (Jonz & Nurse, 2003; Porteus et al., 2012; 

Porteus et al, 2013) 

NECs are known to stain primarily for 5-HT.  However pulmonary NECs contain several 

NTs and as branchial NECs have been characterized using a marker for a conserved synaptic 

vesicle protein found in neural and endocrine cells (Adriaensen et al., 2003; Jonz & Nurse, 

2003), it is hypothesized that there are one or more additional populations of NECs synthesizing 
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and containing a neurochemical other than 5-HT (Porteus et al., 2013).  In the CB glomus cells, 

5-HT only acts as a neuromodulator while dopamine (DA) is thought to be mainly an excitatory 

NT in the CB (Iturriaga & Alcayaga, 2004; Shakarchi et al., 2013).  As acetylcholine (ACh) is a 

primary NT involved in the mechanism of transduction of CB and pulmonary NEC 

chemoreceptors referred to as the “cholinergic hypothesis of chemoreceptor impulse origin,” 

homologues with these cells and branchial NECs suggests that ACh may be primary in the 

transduction of branchial chemoreceptors as well. (Eyzaguirre & Abudara, 1999; Iturriaga & 

Alcayaga, 2004; Fu et al., 2003).  Along with electrophysiological and pharmacological data on 

the action of ACh on the first gill arch, these and other data suggest that a population of 

chemoreceptive cells IR for ACh may be present in the gills of fish (Burleson & Milsom, 1995; 

Sundin & Nilsson, 1997).  The search for these ACh-containing cells of the gill filament is still on-

going and recent evidence for ACh immunoreactive cells in the teleost gill comes from the work 

of Shakarchi et al. (2013). 

 

1.7 Research Objectives and Hypotheses  

The major objective of this research is to identify and characterize additional putative 

O2-chemoreceptive cells and structures of the teleost gill in a fish model that has not been 

previously examined using immunohistochemistry (IHC).   The approach will be to use IHC to 

distinguish between cells containing neurochemicals involved in O2-chemoreception and those 

that do not contain the necessary neurochemicals, thereby allowing identification and 

characterization of putative O2-chemoreceptive cells and/or structures.  Furthermore in this 

process of identifying possible chemosensory cells I will be additionally forming a general 
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neurochemical profile of the catfish gill epithelia using immunohistochemical techniques which 

will allow us to obtain a better understanding of those neurochemicals involved in the 

cardioventilatory reflex responses to hypoxia.  Both the teleost gill and the amphibian CL are 

prime models for studying oxygen chemoreception as their respiration mechanisms are driven 

by oxygen chemoreceptors.  Mammals on the other hand are driven primarily by hypercapnia 

(CO2/H+ chemoreception) rather than hypoxia (O2-chemoreception), via a group of CO2/H+ 

chemoreceptors located centrally in the medulla.  By recording from nerves sensitive to O2-

chemoreception, Burleson and Milsom (1995) showed that injection of ACh caused these 

nerves to discharge strongly and of all neurochemicals tested, ACh most closely resembled the 

discharge response to hypoxia (Burleson & Milsom, 1995).  In fact ACh resulted in the strongest 

discharge response of all the neurochemicals tested.  I therefore hypothesize that there will be 

a large population of ACh positive cells in the gill filament of the channel catfish.  

 

Objective 1 

Identify and characterize all cells and structures IR for ACh in the gill filament of the 

channel catfish. 

 Hypothesis 1: Cells IR for ACh will be present in the gill of the channel catfish. 

 Hypothesis 2: A population of NECs will be IR for both 5-HT and ACh.  

 

Objective 2 

Identify 5-HT immunopositive NECs and other cells in the gill of the channel catfish. 
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 Hypothesis 3: Serotonin IR filament and lamellar NECs will be present in the gill of 

the channel catfish.   

 

Objective 3 

Distinguish whether 5-HT IR NECs originate from the neural crest by staining with the NC 

derivation marker zn-12. 

 Hypothesis 4: 5-HT IR NECs derive from the NC and will stain with zn-12.  

 

Objective 4 

Identify the general innervation of the primary and secondary gill lamellae using the 

neural markers ACh, TH, and zn-12. 

 Hypothesis 5: The primary and secondary gill lamellae of the channel catfish will 

contain similar nerve innervation to that of zebrafish and goldfish.  

 

Objective 5 

Identify and characterize all cells and structures immunopositive for DA and TH in the 

gill filament of the channel catfish. 

 Hypothesis 6: A population of cells will label positive for TH and/or DA in the channel 

catfish gill. 
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CHAPTER 2 

ACETYLCHOLINE, TYROSINE HYDROXYLASE, SEROTONIN, AND CD57 IN THE GILL OF THE 

CHANNEL CATFISH ICTALURUS PUNCTATUS: CELLS AND NEUROCHEMICALS THAT MAY BE 

INVOLVED IN THE CONTROL OF CARDIOVENTILATORY REFLEXES 

2.1 Introduction 

The gills of teleosts (bony fishes) contain a number of different neurochemical-

containing cells and nerve fibers (NFs).  The gill epithelium and vasculature are extensively 

innervated by mixed parasympathetic (cranial pathway) nerve fibers supplied from branches of 

the glossopharyngeal (IX) and vagal (X) cranial nerves with afferents that synapse with neurons 

of the nucleus tractus solitarius (NTS) in the medulla (Jonz & Zaccone, 2009; Burleson & 

Milsom, 1993; Porteus et al., 2013).  It is also innervated by motor sympathetic (spinal pathway) 

nerve fibers originating from a stellate ganglion of the sympathetic chain ganglia (SCG).  These 

two pathways comprise the autonomic innervation of the gill and converge into the branchial 

nerve(s) (BN).  The gills also contain intrinsic innervation with nerve cell bodies originating from 

within (Jonz & Nurse, 2003).  In teleosts, while some of the innervation supplied through the BN 

consists of secondary monoamine-containing nerve fibers, several of which include adrenergic 

and serotonergic, as well as choline-containing and nitrergic fibers (Donald, 1987; Bailly et al., 

1992; Porteus et al., 2012), much of the innervation to the gills is peptidergic (Zaccone et al., 

2006). 

The serotonergic branchial neuroepithelial cells (NECs) have been described in one or 

more gill arches of every species of fish examined to date and direct and indirect evidence 

suggests that these cells are putative peripheral O2 chemoreceptors, similar to the pulmonary 
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NECs of the mammalian neuroepithelial body (NEB) as well as carotid body (CB) type-1 (glomus) 

O2 chemoreceptors (Zachar & Jonz, 2012; Van Lommel et al., 1998; Zaccone et al., 2012).  NECs 

and glomus cells also share a common neurochemical / neurotransmitter (NT) content  of 5-

hydroxytryptamine (5-HT; serotonin) as well as a similar mechanism of depolarization 

accomplished through inhibition of outward current background K+-channels (KB) in response to 

hypoxia (Jonz & Nurse, 2003; Fu et al., 2002; Nurse, 2005; Jonz et al., 2004; Sundin & Nilsson, 

2002).  Branchial NECs are hypothesized to originate from the neural crest (NC) and are thought 

to belong to a group of neuroendocrine amine and amine-precursor uptake and 

decarboxylation (APUD) cells (Porteus et al., 2013) like that of pulmonary neuroendocrine 

epithelial cells (NEECs) (aka pulmonary NECs) and glomus type-1 cells (Pearse, 1969; Bunn et al., 

1985; Kameda et al., 1994; Kondo et al., 1982). 

In a recent immunocytochemical (IHC) study, O2-chemoreceptive cells resembling 

branchial NECs isolated in primary culture from the first gill arch of channel catfish (Ictalurus 

punctatus) were found to stain with neutral red and label positive for neuron-specific enolase 

(NSE), tyrosine hydroxylase (TH), and 5-HT (Burleson et al., 2006).  As the cells were 

immunoreactive (IR) for NSE, a marker for NC derivation, this evidence seems to confirm the 

branchial NEC NC origin hypothesis.  Likening these cells to pulmonary NECs even further is 

their staining with neutral red and to glomus cells by their immunoreactivity for TH.  

Additionally, the cells contained outward current background K+-channels that were inhibited 

during hypoxia, suggesting an O2-chemoreceptive role (Burleson et al., 2006). 

The neurochemical content of the teleost fish gill has yet to be extensively researched 

using in vitro immunohistochemical techniques.  Jonz & Nurse (2003) has long been the gold 
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standard for IHC work in the teleost gill but their work in characterizing the gill’s neurochemical 

contents and distribution has fallen short and is limited to 5-HT and synaptic vesicle protein 2 

(SV2), a highly conserved protein present in neuroendocrine and cells of the APUD series.  They 

are using the correct markers for a NEC, yet have not colabelled for possible neurochemical 

content of the five NEC populations they identified in the zebrafish (Jonz & Nurse, 2003).  As 

glomus type-1 cells contain many different neurochemicals such as catecholamines (e.g. 

dopamine (DA), norepinephrine (NE)), acetylcholine (ACh), 5-HT, enkephalin, substance P (SP), 

many peptides, and contain large, dense cytoplasmic vesicles (Porteus et al., 2013; Pearse et al., 

1969; Cutz et al., 1982), it is expected that if branchial NECs are true neuroendocrine cells of 

the APUD series that they would contain these neurochemicals too.  Moreover, because ACh is 

a NT hypothesized to be involved primarily in the mechanism of transduction of CB and 

pulmonary NEC chemoreceptors, called in short the “cholinergic hypothesis,” homologues of 

neuroendocrine cells with branchial NECs suggests that ACh may be primary in the transduction 

of branchial chemoreceptors as well. (Eyzaguirre & Abudara, 1999; Iturriaga & Alcayaga, 2004; 

Fu et al., 2003).  In addition, electrophysiological and pharmacological data on the action of ACh 

and 5-HT on the first gill arch supports the cholinergic hypothesis of chemoreceptor impulse 

origin, suggesting that a population of chemoreceptive cells IR for ACh may be present in the 

gills of fish (Burleson & Milsom, 1995; Sundin & Nilsson, 1997). 
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2.2 Materials and Methods 

2.2.1 Animal Care 

Adult channel catfish (Ictalurus punctatus) were obtained from the Dundee State Fish 

Hatchery of the Texas Parks and Wildlife (Dundee Fish Hatchery, Electra, TX) and kept indoors 

at 23° C in 380 liter aerated tanks with gravel filtration and filled with dechlorinated Denton 

municipal city tap water.  The catfish were fed a diet of commercial fish food.  Fish were 

maintained on an 8 hour light/dark cycle.  All animal procedures were approved by and in 

accordance with the University of North Texas Institutional Animal Care Use Committee (IACUC; 

#0411).  This research project was funded in part by NIH Grant HL 076205-01 (MLB). 

 

2.2.2 Tissue Preparation 

Four channel catfish weighing between 180-305g were sacrificed by exsanguination 

under tricaine (MS-222) anesthesia.   Each animal was placed in dechlorinated tap water for 5-

10 minutes with MS-222 diluted to a concentration of 1:10,000.  The catfish were cannulated 

through the bulbous arteriosus and the dorsal aorta cut to deplete blood volume.  Catfish were 

then perfused with heparinized (1.2mg heparin/mL) (Sigma-Aldrich, St. Louis, MO, Cat. No. 

H3149), ice cold Cortland’s saline containing (in mM): NaCl, 141; KCl, 3.5; MgSO4, 1; NaH2PO4, 3; 

NaHCO3, 4.5; CaCl2, 1).  Next the catfish were slowly perfused with either 4% or 10% 

formaldehyde (4% or 10% Formalin) in Cortland’s saline until the gills and brain turned clear.  

The cranial nerves were detached from the brain and the brain then allowed to bathe in fresh 

10% Formalin while still in the cranial cavity for 10 min to allow for good fixation. 
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Gill arches 1-2 and brain of the catfish were removed and fixed by immersion in 4% 

formaldehyde in Cortland’s saline overnight at 4° C.  The following day, the tissues were rinsed 

twice with tris-buffered saline (TBS) containing: Trizma® HCl 40mM, Trizma® base 11mM, NaCl 

150mM; buffered to pH 7.6 with 1 M HCl (Sigma) or 1 M NaOH (Sigma, Cat. No. S318).  

Reagents for the TBS included: Trizma® hydrochloride (Sigma, Cat. No. T3253); Trizma® base 

(Sigma, Cat. No. T1503); NaCl (Sigma, Cat. No. S1679).  The tissues were then cryoprotected by 

immersion in two changes of 30% sucrose in distilled water for 2-3 days at 4° C.  After four days 

tissues were rinsed twice with TBS and dried by blotting with a fine paper towel or Kimwipe™.  

Tissues were then placed on foil, covered with Tissue-Tek® Optimal-cutting temperature (OCT) 

compound (Sakura Finetek, Torrance, CA, Cat. No. 27050), quickly doused with finely powdered 

dry ice, and immediately stored in a -80° C freezer.  Blocks were sectioned longitudinally or 

transversely to the gill filament at 20, 30, and 50µm using a cryostat (Leica Microsystems, 

Germany, Model: CM 1950) at -26° C.  Brains were sectioned on a cryostat at 8-12µm at -26° C. 

Sections were mounted on Premiere® charged microscope slides (Microscope Depot, Tracy, CA, 

Cat. No. S-01910) and left in room air overnight to dry.  They were then placed in a tightly 

sealed slide box and stored at -80° C for 2 weeks allowing the sections to freeze dry (dehydrate) 

and strongly adhere to the slides.  After 2 weeks they were transferred and stored at -20° C 

until ready for use. 

 

2.2.3 Immunohistochemistry 

A hydrophobic barrier was circumscribed around the sections on each slide using an 

ImmEdge Pen (Vector Laboratories, Burlingame, CA, Cat. No. H-4000).  Once the barrier dried, 
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sections were rehydrated by performing two 10 min TBS washes.  Sections were then blocked 

and permeabilized for 30 min in blocking solution 1 (BS1) containing 3% normal donkey serum 

(NDS) (Abcam®, Cambridge, MA, Cat. No. ab7475) and 0.3% Triton-X 100 (Sigma, Cat. No. T9284) 

in TBS.  Next, primary antibodies (Abs) (Table 2.1) diluted in BS1 were added separately or in 

combination to the slides and allowed to incubate overnight in humidified chamber at room 

temperature.  The next day three 10 min TBS washes were performed.  A second 30 min 

blocking step was then performed by adding blocking solution 2 (BS2) containing 3% NDS and 

0.1% Triton-X 100 in TBS.  Secondary Abs (Table 2.1) diluted in BS2 were added to the slides and 

allowed to incubate for 1hr in humidified chamber in darkness at room temperature.  Three 10 

min TBS washes were then performed in darkness.  DAPI (4',6-Diamidino-2-Phenylindole, 

Dilactate) (Life Technologies™, Grand Island, NY, Cat. No. D3571) was added at a concentration 

of 1:3500 (see Table 2.1) to label the chromatin for 5 min immediately followed by a 10 min on-

slide TBS wash and then immersion in 100mL of ice cold TBS for 10min, all performed in 

darkness.  Slides were then removed, coverslipped with Vectashield® Mounting Medium 

(Vector, Cat. No. H-1400), and sealed with fingernail polish, Permount, or cytoseal XYL.  The 

slides were then directly imaged and/or analyzed under epifluorescence and then stored at 4° C 

for confocal imaging. 
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Table 2.1. 
Details of primary and secondary antibodies and counterstains used for immunohistochemistry.   

Antisera Antigen Host Manufacturer Dilution Cat. No. 

Primary 
     5-HT serotonin goat Abcam 1:600 ab66047 

ACh acetylcholine rabbit GenWayBio 1:250 18-783-77124 
ACh acetylcholine mouse Abcam 1:1000 ab37010 
DA dopamine mouse Abcam 1:300 Ab1001 
TH tyrosine hydroxylase rabbit Abcam 1:1000 ab6211 
zn-12 HNK-1-like epitope mouse DSHB2 1:750 n/a 

      Secondary 
     Alexa Fluor® 488 rabbit IgG donkey Life Technologies3 1:500 A-21206 

Alexa Fluor® 568 goat IgG donkey Life Technologies3 1:500 A-11057 
Alexa Fluor® 568 mouse IgG donkey Life Technologies3 1:500 A-10037 
Alexa Fluor® 568 rabbit IgG donkey Life Technologies3 1:500 A-10042 
DyLight® 488 mouse IgG donkey Abcam 1:500 ab96875 

      Counterstain 
     DAPI1 DNA, nuclear n/a Life Technologies3 1:3500 D3571 

      1 4',6-Diamidino-2-Phenylindole, Dilactate; DAPI diluted to 3mg per mL dH2O 
    2 Developmental Studies Hybridoma Bank, University of Iowa 

    3 Life Technologies™, Molecular Probes®, Invitrogen™ 
     

2.2.4 Microscopy 

Slide-mounted tissues were removed from storage at 4°C and viewed under 

epifluorescence using an Axioskop 2 mot plus microscope (Zeiss, Germany) for initial analysis.   

Stains were first viewed under epifluorescence and then imaged under epifluorescence and via 

confocal microscopy.  Image acquisition under epifluorescence was performed using a Zeiss 

AxioCamHR b/w camera (412-311) and AxioVision Rel. 4.7.1 software to capture images which 

were processed and adjusted using ImageJ (MacBiophotonics, Version. 1.46).  After initial 

viewing and imaging under epifluorescence, a select few slides were then taken to one of two 

confocal microscopes for high quality imaging.  The two scopes included the Zeiss 710 Laser 

Scanning Microscope (LSM710) and the Zeiss 200M Spinning Disc Inverted Optical Microscope.  

All resulting photographs were then processed and adjusted using ImageJ. 
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Table 2.2. 
Antibody labeling specificity. 

 Antisera Antigen Specificity 

   
Primary 

  5-HT serotonin serotonergic, neural; glomus cells, branchial NECs 

ACh acetylcholine cholinergic, neural; neurons, glomus type-1 cells 

DA dopamine dopaminergic, neural, glomus type-1 cells 

TH tyrosine hydroxylase catecholaminergic; axons, glomus type-1 cells 

zn-12 HNK-1-like epitope neural crest derivation; most neurons, nerves 

    neuroendocrine cells, glomus cells I/II 

    
 

 

2.3 Results 

2.3.1 Branchial NECs and Serotonin Expression in Fish Gills 

 Branchial serotonergic NECs were found in abundance in the mucoid epithelium (ME) of 

the efferent side of the filament.  They were also found to a lesser degree in the layers deep to 

the outer mucoid epithelial covering, particularly in the distal filament tips and the leading edge 

of the efferent filament where they were found resting on the basal lamina (bl).  NECs were 

seen flanking the mucous cells in the epithelium (Fig. 2.1A-C).  Contrary to expectations, no 

population of serotonergic NEC colocalized with ACh (Fig. 2.1A-C).  The two main types of 

serotonergic branchial NECs previously described (Jonz & Nurse, 2003; Porteus et al., 2013) in 

Chapter 1, filament NECs (F-NECs) and lamellar NECs (L-NECs), were found localized to their 

respective regions of the primary and secondary epithelia.  The L-NECs found were smaller than 

the F-NECs, serotonergic, spherical, and located in the lateral edges and distal tips of the 

lamellae (Fig. 2.1B, D).  The F-NECs described here for the channel catfish were serotonergic, 
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larger than the L-NECs with an irregular sometimes oval shape, located in the deep layers of the 

FE (Fig. 2.1E).  F-NECs were particularly large and found in the central area of the filament with 

long cytoplasmic processes projecting out from each cell (Fig. 2.1E and inset, arrows).  The 

neural marker zn-12 labeled nerve endings at the base of the gill arch as well as nerve fibers 

(NFs) running up the center of the filament (Fig. 2.1D, arrow). 

 

Fig. 2.1. Neuroepithelial cells (NECs) of the gill filament (f) stained for in longitudinal 20µm sections.  (A) 
Acetylcholine (ACh, green) expression at the superficial efferent filament margin with the outer mucoid epithelium 
(ME) visible on the lateral edges and tip of section.  Mucous cells (MCs) present as dark round to oval holes in the 
epithelium.  (B) Serotonin (5-HT, red) expression at superficial efferent margin of filament epithelium (FE).  Smaller 
serotonergic NECs show up as red dots densely populating the ME.   (C) Merge of A and B shown together with 
DAPI (nuclei, blue).  (D) Triple immunolabeling with neural marker zn-12 (green) antibody (Ab), Ab to 5-HT (red), 
and DAPI (blue) in longitudinal section at the base of the filament.  Small serotonergic lamellar NECs (red) are 
present on the lamellae (l).  zn-12-labeled nerve fiber segments (green) can also be seen at the very base of the gill 
arch as well as nerve fibers running up the long axis of the center of the filament (arrow).  (E) Section labeled for 5-
HT (red) and ACh (green).  Larger serotonergic filament NECs (F-NECs, red) can be seen localized to the mid region 
of the filament.  The F-NECs have typical cytoplasmic processes with one that is particularly long (arrow).  Notice 
the immunoreactivity for ACh on the superficial membranes of the mucous cells lining the outer FE (i.e. the ME).  
At higher magnification, F-NEC cytoplasmic processes (arrows) are more clearly visible (inset).   Acetylcholine 
(ACh), filament (f), lamellae (l), serotonin (5-HT).  Scale bars: (A-C)=50µm, (D and E), (inset in E)=20µm. 
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These nerve fibers at the base of the gill arch are most likely from the extrinsic 

innervation as they did not stain with 5-HT and are likely cholinergic or catecholaminergic. Note 

on the outer edge of the surrounding mucoid epithelium of the filament, there is a superficial IR 

for ACh (Fig. 2.1E).  Some of this immunofluorescence may be attributed to interactions with 

the tissue and the secondary Alexa Fluor donkey α-rabbit (see discussion).  

Near the efferent filament arterial (eFA) side of the filament and ME (seen around outer 

edge), F-NECs are found gathered in the central tip of the section and L-NECs are seen lining the 

outer ME (Fig. 2.2A).  zn-12-IR nerve fibers are seen just adjacent to and forming a plexus 

beneath the basal lamina (Fig. 2.2B, inset).  Further observation of nearby longitudinal section 

shows one side of the filament with efferent lamellar arterioles (eLA) visible (Fig. 2.2B).  Large F-

NECs are seen resting on the basal lamina (bl) with varicose NFs highly innervating the 

subepithelium underneath.  Another longitudinal section of the filament shows only F-NECs in 

the eFA epithelium (Fig. 2.2D). 

Several cell layers deep in the ME there is a higher concentration of L-NECs as well as 

general immunoreactivity for ACh (Fig. 2.3A, D).  ACh positive cells flank mucous cells (MCs) and 

columnar cells of the superficial epithelium (Fig. 2.3A, E, arrowheads).  The MCs and columnar 

cells show up as dark oval to spherical areas on the outer edges of the filament tip.  There 

appears to be an F-NEC-like cell in the tip of the section which stains mainly for 5-HT, but also 

ACh, giving it a red-orange appearance (Fig. 2.3C).  There also seems to be either cytoplasmic 

processes coming off of the cell or perhaps nerve fibers providing innervation to the cell (Fig. 

2.3C).  In the center of the filament cut tip there is a high immunoreactivity for ACh (Fig. 2.3D, 

arrow; F).  L-NECs in the outer ME are seen at higher magnification (Fig. 2.3B). 
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Fig. 2.2. Filament (f) neuroepithelial cells (NECs) and indications of NEC innervation.  Triple immunohistochemical 
labelling of longitudinal gill section with antibody to serotonin (5-HT, red), neural marker zn-12 (green), and nuclei 
(nuclei, blue).  (A) Medial efferent filament margin with most superficial mucoid epithelium (ME) present on the 
edges.  Micrograph shows zn-12 immunoreactive (IR) nerve fibers directly adjacent to serotonergic filament NECs 
(F-NECs), center filament.  Smaller NECs can be seen populating the superficial ME seen at the edge of the filament 
margin.  (B, C) F-NECs resting on the basal lamina (bl) are seen along the length of and deep in the filament 
epithelium (FE).  The area just beneath the bl is highly innervated with zn-12 IR nerve fibers forming a nerve bundle 
(NB).  The efferent lamellar arterioles (eLAs) are seen as dark areas in the tissue just deep to the lamellae (l).  Inset 
shows dark gap between NECs and innervation represented as unstained bl.   (D) 5-HT-IR F-NECs are seen along 
the length of the filament in the primary epithelium.  Basal lamina (bl), efferent lamellar arteriole (eLA), filament 
(f), filament epithelium (FE), filament NECs (F-NECs), lamellae (l), nerve bundle (NB). 
 
 

2.3.2 Acetylcholine Expression in Gill 

 Two populations of ACh cells were identified in the catfish gill.  One was quite small (4-

8µm) and found several cell layers deep in the ME and on lamellae.  The other was large and 

consisted of two subpopulations of cells with one being smaller (15-23µm) than the other (32-

35µm).  A subpopulation of the small ACh-IR cells found in the filament ME (Fig. 2.4A) 

colabelled with an HNK-1-like NC derivation marker zn-12 (Fig. 2.4B, C).  The distal tip of the  
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Fig. 2.3.  Acetylcholine (ACh) positive cells flank mucous cells.  (A-F) Small ACh (green) positive cells (arrowheads) 
and serotonin (5-HT, red) positive neuroepithelial cells (NECs) (B) are seen flanking mucous cells (MCs) of the outer 
mucoid epithelium seen on the outer margins of the filament cut tip, with strong staining for ACh present 
throughout filament section (A, E).  A serotonergic orange F-NEC-like cell with processes is seen in the center 
filament cut tip (C).  Groups of filament NEC-like ACh positive cells (arrow) are found localized in the center (D and 
F).  Acetylcholine (ACh), mucous cell (MC), serotonin (5-HT). 
 

 
Fig. 2.4.  Small acetylcholine (ACh, green) (A) positive cells that label with the neural crest marker zn-12 (red) (B) 
are found populating the superficial mucoid epithelium (ME) of the filament margin in this short cut end filament 
tip.  C shows merge of A and B in combination with DAPI (nuclei, blue).  Points of ACh and zn-12 colocalization 
show up as yellow areas.  These areas turn out to be cells with center nuclei (arrowheads) when blown up in size 
and are seen flanking mucous cells (asterisks) (inset).  The small circular size of the mucous cells cut longitudinally 
as opposed to in cross-section indicates that this is several cell layers deep into the ME. 
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filament had an intense IR for ACh (Fig. 2.5A).  Very large spherical ACh-IR areas (33µm average 

diameter) dominated the distal tip (Fig.2.5B).  However smaller but still quite large ACh-IR 

spherical areas (20µm average diameter) were more present along the lengths of the lamellae 

found mid-filament (Fig. 2.5D).  Upon double immunolabeling with Abs to ACh and 5-HT (Fig. 

2.5D-F) it is apparent that much of the ACh-IR areas colocalize with 5-HT, although the 5-HT 

signal was considerably weak as seen in Figure. 2.5E. 

 

 
 
Fig. 2.5. Distribution of acetylcholine (ACh) immunoreactivity (IR) at distal filament (f) tip (A and B), medial region 
of filament (C), and colocalization of ACh-IR and serotonin (5-HT) IR at mid region of filament in catfish gill (D-F).  
(A) ACh (black) IR at distal tip of filament.  (B) Increased magnification of boxed area in A.  Large spherical ACh-
immunoreactive areas dominate in the filament epithelium at the interlamellar spaces (ILSs, arrows) and the more 
proximal regions of lamellae (l) that are located at distal tip of filament.  (C) Medium-sized ACh (black) 
immunoreactive spherical areas are present in the epithelia of lamellae and ILS (arrow).  (D, E) ACh (green) IR 
shown in D and 5-HT (red) IR shown in E along length of lamellae.  5-HT IR was low as seen in E.  (F) Merge of D and 
E reveals colocalization of 5-HT and ACh IR (yellow-green) present along the lamellae.  Acetylcholine (ACh), 
filament (f), interlamellar spaces (ILSs), lamellae (l), serotonin (5-HT).  Scale bars: (A)=100µm and (B-F)=50µm. 
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 Triple immunolabeling of a 20µm section of the gill with an Ab to ACh, neural marker zn-

12, and DAPI (Fig. 2.6A-G) has revealed the near absence of zn-12-IR (Fig. 2.6B) in this particular 

stain with a wide spread distribution of ACh-IR (Fig. 2.6A, D), particularly in the ILSs (Fig. 2.6F, 

arrow).  ACh-IR areas are present on the tips of lamellae (Fig. 2.6F, arrowheads). 

The monoclonal antibody zn-12 (zebrafish-derived neuron-specific surface antigen) 

recognizes a carbohydrate epitope nearly identical to a highly conserved carbohydrate epitope 

referred to as CD57, immunoreactive for HNK-1, and expressed as epitopes on cellular adhesion 

molecules (CAMs).  zn-12 therefore recognizes an “HNK-1-like epitope.”  HNK-1 is expressed by 

cells that have originated from the neural crest and zn-12 is therefore a NC marker.   Merging of 

the channels as shown in Figure 2.6H did not reveal any significant colocalization with zn-12-IR. 

In a 50µm longitudinal catfish gill section, lamellae become oriented as if the gill were 

cut in cross-section (Fig. 2.7A-C).  Many small 8µm diameter ACh positive cells with center 

nuclei were found in the lamellar epithelium (Fig. 2.7A, arrowheads) as well as several medium-

sized (15µm diameter) spherical to somewhat irregularly shaped ACh-IR areas without a center 

nucleus (Fig 2.7A, arrows).  A nerve bundle (NB) is most likely present in the center of the 

filament (Fig. 2.7A, B) and appears to be cholinergic as evidenced by weak labeling with ACh Ab 

(Fig. 2.7B, top left panel), although zn-12 failed to label most of the fibers.  In contrast to the 

stain shown in the previous figure, here zn-12 has labeled the HNK-1-like epitope expressed by 

the lamellar pillar cells (PCs) at the ends of plasma membrane CAMs involved in autocellular 

adhesion.  This is very significant, was the same for all other stains, and supports recent 

evidence from genetic recombinant experiments showing that PCs are derived from the NC 

(Mongera et al., 2013).  As seen in earlier images, ACh IR is high in the ILRs/ILSs (Fig. 2.7B, top 
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left panel).  From Figure 2.7B it would appear that the reason for this is the presence of high 

numbers of small ACh positive cells. 

 

 
Fig. 2.6. Distribution of acetylcholine (ACh, green) and neural marker zn-12 (red) immunoreactivity in primary and 
secondary epithelia of gill.  (A) ACh immunoreactivity in epithelia of filament (f) and lamellae (l).  (B) zn-12 
immunoreactivity along length of filament.  Immunoreactivity is very low and nearly absent with a very slight 
amount present in the superficial epithelium of the interlamellar spaces (ILSs).  (C) Merge of A and B combined 
with DAPI (nuclei, blue) showing zn-12 and ACh immunoreactivities colocalized (green-yellow) in the ILSs.  Blood 
vessel (arrow) is present at base of filament.  (D) Gill arch section shown at low magnification with a high amount 
of Ach immunoreactivity present in most areas of the gill epithelium.  (E) Triple label of gill arch section showing 
immunoreactivities to ACh and zn-12 combined with DAPI.  Areas of ACh and zn-12 immunoreactivity 
colocalization are green-yellow.  (F) ACh (white) immunoreactivity in section of filament from F blown up in size.  
Small ACh-immunoreactive cells are present on lamellae (arrowheads) and ACh immunoreactivity is particularly 
pronounced in the superficial epithelium of the ILSs (arrow).  (G) ACh (green) expression shown in G combined 
with zn-12 (red) and DAPI (blue) in section of filament.  Acetylcholine (ACh), filament (f), interlamellar spaces (ILSs), 
lamellae (l).   Scale bars: (A-E)=200µm; (F and G)=100µm.   
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Fig. 2.7.  Acetylcholine (ACh) containing cells in the second gill arch epithelium of catfish.  Triple immunolabeling 
for  ACh (green), neural and neural crest derivation marker zn-12 (red), and DAPI (nuclei, blue) in the primary 
filament (f) and secondary lamellae (l) in 50µm longitudinal section.  (A-C) zn-12-immunoreactive (IR) collagen 
column-associated pillar cell adhesion molecules (CC-PCAMs, red) are seen densely populating lamellae.   As most 
of the lamellae in A-C are oriented as seen in cross-section of filament, the CC-PCAMs are seen as small round 
circles in images shown, with a rosette pattern at higher magnification.  (A) Two populations of ACh-IR cells based 
on size, an abundance of small (arrowhead, 8µm) and several medium-sized (arrow, 15µm) spherical ACh-IR cells 
are shown scattered throughout the lamellar epithelium. Only the smaller-sized ACh positive cells present with 
center nuclei.  zn-12 also slightly labeled a very large nerve bundle (NB) running along the long axis and taking up 
most of the center of the filament.  (B) Intense ACh-immunoreactivity of interlamellar regions (ILRs) presenting 
numerous small ACh positive cells 4 or more cells deep into the filament epithelium (FE) and also found scattered 
throughout lamellae.  Segments of zn-12-IR nerve fibers (long arrows, red) are seen innervating a lamella.  A NB in 
the center of the filament (short arrows) was also partially labeled with zn-12.  Arrowheads are lined adjacent to a 
single chain of zn-12-IR pillar cells (CC-PCAMs) spanning the width of the pillar capillary compartment of the 
lamellar vascular channel, oriented as seen in longitudinal section, seen starting deep in the primary epithelium 
before extending out into the lamella.  As in A, here there is also nearly a complete absence of zn-12 and ACh 
colocalization present in the gill epithelium, particularly the ILRs.  There may be some colocalization with the zn-12 
positive NB, making it cholinergic, as it appears to be labeled with ACh antibody.  (C) Lamellae in A taken at higher 
magnification.  Additional small ACh-IR cells as well as irregular ACh staining patterns have become visible with 
higher magnification.  Acetylcholine (ACh), filament (f), interlamellar region (ILR), lamellae (l), nerve bundle (NB). 
Scale bars: (A and B)=100µm, (C)=50µm.   
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The PC collagen columns are located extracellularly around the center nucleus as a 

circular or rosette pattern of 4-9 columns.  They extend perpendicularly across the lamellar 

capillary channel and then arch slightly across towards the ends of the channel.  This structure 

and pattern of the pillar cell collagen columns spanning the vascular channel can be seen when 

oriented in longitudinal section (Fig. 2.7B, arrowheads).  Another instance where a nerve 

bundle only expressed HNK-1 in a few locations can be seen and evidenced by zn-12 only 

partially labeling the nerve bundle in Figure 2.7B, arrows.  At higher magnification, the small 

ACh cells (Fig. 2.7C, arrowheads) and medium-sized irregularly shaped ACh area (Fig. 2.7C, 

arrow) can be seen more clearly. 

The staining patterns of this anti-ACh Ab are of three main types.  Type I is a crescent 

shaped IR area (Fig. 2.8A, D, arrows).  Type II has a patchy appearance (Fig. 2.8B), and Type III is 

a small spherical cell averaging 8µm in diameter (Fig. 2.8C, F).  Labeling of the gill raker for ACh 

has revealed a certain population of ACh-IR areas which are similar to Type II cells in Figure 2.7B 

but with a more solid appearance and are less patchy.  The circular green areas found in the gill 

raker (Fig. 2.9A) are seen several hundred microns in from the lateral edge as well as similar 

type of staining pattern of a certain type of cell lining the outer raker epithelium, most likely 

mucous cells (Fig. 2.9A).  Based on zn-12 labeling this reveals either a nerve-like bundle and 

innervated cells on the lateral edge of the raker or perhaps populations of zn-12-IR cells as they 

do not appear to be nerve fibers or neurons (Fig. 2.9B, C).  Triple immunolabeling of the gill 

shows pattern of ACh (Fig. 2.9D) in gill filament similar to Figure 2.5C-F but with greater 

contrast and appearance of side view of zn-12-IR pillar cell collagen columns (Fig. 2.9E, F). 
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Fig. 2.8.  Z-stack compression of a lamella showing triple immunolabeling with antibody (Ab) to acetylcholine (ACh, 
green), neural and neural crest derivation marker zn-12 (red), and DAPI (nuclei, blue).  (A) Top half of slices from 
50µm section.  Three types of ACh immunoreactive (IR) areas are shown, all found on the lamella, mainly the 
lateral edge.  Type I is a crescent shaped area (arrow) and is without a center nucleus.  (B) Type II is a medium sized 
ACh-IR thin circular area around 15µm in diameter composed of small patches and localized spots of labelling and 
is without a center nucleus.  (C) Type III ACh-IR area is a small oval to spherical cell 8µm in average diameter that is 
moderately labeled with the Ab to ACh and has a center nucleus.  (D) Same area of lamella in A with bottom slices 
compressed.  A different focal plane reveals additional crescent shaped type I ACh-IR areas as well as an irregularly 
shaped area (arrowhead) not classified as a main type.  (E) The collagen column-associated pillar cell adhesion 
molecules (CC-PCAMs) labeled by zn-12 (red) to their HNK-1-like epitope appear as a rosette pattern of 4-9 dots (or 
pairs of dots) with some crescent shapes visible (arrow).  The crest is where the plasma membrane has infolded on 
the extracellular collagen column and has zipped up tight via their cellular adhesion molecules (CAMs).  Also note 
the pillar cell’s polymorphic nucleus.  (F) Type III ACh-IR 8µm diametered cell.  Notice slightly oval shape.  Scale 
bars: (A)=20 µm, (B)=5µm, (C, E, F) =3µm, and (D)=10 µm. 

 

Fig. 2.9. Triple immunolabeling with antibody to acetylcholine (ACh, green), neural and neural crest marker zn-12 
(red), and DAPI (nuclei, blue) in gill raker (A-C) and filament (D-F) shown in longitudinal section.  Notice innervation 
of gill raker in B shown through zn-12 labelling.  Scale bars= 100µm 
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2.3.3 zn-12 Immunoreactivity and Pillar Cell Collagen Columns 

A cross-section through the gill filament reveals the patterns of innervation throughout 

a single gill filament and lamellae.  As described in earlier studies (Jonz & Nurse, 2008) the eFA 

is surrounded by a vastly complex and extensive neural network as well as nerve fibers 

extending out deep into the filament from the eFA edge (Fig. 2.10A).  zn-12-IR nerve fibers can 

be seen running in cross-section through the lamellae just adjacent the filament (Fig. 2.10D).   

 

 
Fig. 2.10.  Z-stack compressions showing immunolabeling with neural marker zn-12 (green or white), antibody to 
acetylcholine (ACh, red), and DAPI (nuclei, blue) in cross-section of single gill filament (f) and lamellae (l).  (A,B) zn-
12 immunoreactivity (IR) shown in A and ACh-IR in B.  (C) Merge of A and B shown combined with DAPI.  Notice 
high zn-12-IR around the efferent filament artery (eFA).  (D) Cross-section of gill arch at low magnification showing 
filament row of hemibranch labeled for all three markers.  (E) Efferent side of filament with high zn-12 IR (white) 
deep to the eFA showing a nerve bundle containing the main extrinsic nerve fiber supply as well as intrinsic chain 
neurons (arrow).  (F) Image E merged with DAPI channel.  (G) Shows zn-12 (white) IR nerve fibers containing fibers 
that have crossed over from the extrinsic nerve fibers deep to the eFA as well as superficial proximal neurons of 
the intrinsic innervation (arrow) and innervation of eFA by single nerve fiber (arrowhead).  (H) Image G shown 
together with DAPI.  Acetylcholine (ACh), efferent filament artery (eFA), filament (f), lamellae (l).   Scale bars: (A-
C)=100µm, (D)=200µm, (E-H)=50µm.   
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Nerve fibers from both the intrinsic and extrinsic innervation are present in those deep 

to the eFA (Fig. 2.10E, arrow) and superficial to the eFA (Fig. 2.10G, arrow).  A single nerve fiber 

is seen innervating the eFA (Fig. 2.10G, arrowhead).  The neural innervation of the center 

filament adjacent the eFA as well as lamellar PCs can be seen labelled with the HNK-1/zn-12 Ab 

(Fig. 2.11 A-C).  Upon close examination the CC-PCAMs (or PCAMs) can be seen to label strongly 

with zn-12 (Fig. 2.12A, left panel) and the PCs contain polymorphic nuclei in the center of the 

cell (Fig. 2.12A, middle panel and merge).  The CD57-zipped junction of the infolded PC plasma 

membrane inclosing the collagen columns is seen as a short length line that often makes arches 

(Fig. 2.12B, left panel).  Under high magnification of the PCAMs in gill longitudinal section, the 

collagen columns can be seen spanning the vascular channel (VC) (Fig. 2.13A-D). 

 

 

Fig. 2.11.  (A-C) Innervation of gill arch shown by neural and neural crest marker zn-12 (red) immunoreactive (IR) 
nerve fibers in center of filaments with DAPI (nuclei, blue) counterstain.  B has quite a large and intense zn-12-IR 
nerve bundle.  Pillar cell collagen columns (CC-PCAMs) are seen as dots in lamellae, particularly in C.  
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Fig. 2.12.  Collagen column-associated pillar cell adhesion molecules (CC-PCAMs) are seen labeled with neural crest 
marker zn-12 (red) and nucleus labeled with DAPI (blue).  Note the polymorphic nuclei. 
 

Fig. 2.13. Longitudinal sections of lamellae labelled with neural crest marker zn-12 (white) reveal intracellular pillar 
cell (PC) collagen column-associated pillar cell adhesion molecules (CC-PCAMs) bound autocellularly to adjoining 
PC plasma membrane, seen here spanning the width of the lamellar vascular channel (VC).  Micrographs show 
single PCs with membranes autocellularly zipped around collagen columns that are seen as white vertical lines.  In 
A, a single row of PCs line VCs and it can be seen where the nucleus (n) of the PC resides.  In B, a very large PC with 
long collagen columns span the beginning of the VC within the primary filament and is seen as two vertical white 
lines running parallel to each other in the far left of the image.  Nucleus (n), vascular channel (VC). 
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2.3.4 Labeling for Tyrosine Hydroxylase in Gill 

 In gill arch 2 filaments, an Ab to TH was used in combination with an Ab to DA.  Although 

DA expression was found to be nearly absent from the entire second gill arch, many TH-IR 

structures were labeled in the filaments (Fig. 2.14) and lamellae (Fig. 2.15) of the gill.   The 

absence of IR for DA can clearly be seen (Fig. 2.15, middle panel), indicating the 

catecholaminergic cell-like structures are more likely to contain NE or EPI as they do not contain 

DA, the first catecholamine in the enzymatic pathway to EPI. 

 

Fig. 2.14. Triple immunolabeling of gill arch 2 with antibodies to tyrosine hydroxylase (TH, green), dopamine (DA, 
red), and with DAPI (nuclei, blue).  Scale bars= 200µm 
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Fig. 2.15.  Catecholaminergic cells of the secondary lamellae.  Triple immunolabeling of the gill lamellae with 
antibodies to tyrosine hydroxylase (TH, green) (left) and dopamine (DA, red) (middle), and a DAPI (nuclei, blue) 
counterstain (merge).  Scale bar= 20µm 

 
 
 
2.4 Discussion 

The aim of this study was to establish and compare the distribution of 5-HT, ACh, and 

catecholamines in the second gill arch of the channel catfish Ictalurus punctatus.  The main 

result was the discovery of two populations of previously unreported ACh immunoreactive 

cells, one of which colocalized with 5-HT.  However, putative oxygen chemoreceptive 

serotonergic branchial NECs were found not to colocalize with ACh.  Catecholaminergic cells 

found to be immunoreactive for TH had a similar morphology and distribution to ACh 

immunoreactivity.  In addition, the NC derivation marker zn-12 labelled the HNK-1-like epitope 

expressed by pillar cell adhesion molecules, evidence confirming their hypothesized NC origin. 

 

2.4.1 Branchial NECs and Innervation 

 It has been argued that much of the data supports the hypothesis that serotonergic 

branchial NECs are O2 chemoreceptors (Jonz & Nurse, 2003; Jonz & Nurse, 2005).  However, this 
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data rests on the conclusion that branchial NECs release 5-HT into the synapse(s) of innervating 

afferent nerve fiber(s) in response to hypoxia.  However, the data from previous studies 

presented by Dunel-Erb et al. (1982) are data based on rabbit pulmonary NECs rather than fish 

branchial NECs, which may not apply to fish gills.  Evidence for the innervation of branchial 

NECs exists and suggests a paracrine role in which the innervating efferent nerve stimulates the 

NEC to release 5-HT into the eFA to cause its constriction favoring an arteriovenous blood flow 

and increased absorption of oxygen from the external environment (Dunel-Erb et al., 1982; 

Bailly et al., 1992; Jonz and Nurse, 2003; Sundin et al., 1995). 

Many different types of NECs have been characterized.  This study focused on those 

NECs that are characterized solely on their positive labelling for 5-HT.  The innervation of 

serotonergic branchial NECs has been well documented via EM work (Bailly et al., 1992; Dunel-

Erb et al., 1982) however, the neurochemical content of NECs has been somewhat poorly 

described.  The two main markers for NECs are 5-HT and synaptic vesicle protein 2 (SV2) (Jonz & 

Nurse, 2003), a highly conserved protein from the APUD series of neurosecretory cells.  There 

are currently only two studies that, in addition to staining for these two markers, labelled for 

other neurochemicals, including ACh and catecholamines (Porteus et al., 2012; Porteus et al., 

2013).   

 

2.4.2 Significance and Distribution of ACh Immunoreactivity 

Acetylcholine is a putative oxygen-sensitive neurotransmitter in fish gills and pulmonary 

NECs (Burleson et al., 1995; Fu et al., 2003).  Therefore, establishing its distribution and 

association with particular cell types is informative for assessing potential chemoreceptive 
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tissue and species-level differences.  The cell types of greatest interest with respect to their 

association with ACh are the serotonergic branchial NECs.  If they are putative O2 

chemoreceptors it was hypothesized that they would be immunoreactive for both ACh and 5-

HT.  Porteus et al. (2013) were the first group to present evidence that branchial NECs are not 

cholinergic.  The present study has confirmed their findings.  The finding does not fit with the 

hypothesis that branchial NECs are O2 chemoreceptors as there is strong evidence suggesting 

ACh to be the primary neurotransmitter associated with O2 chemoreceptors in fish (Sundin et 

al., 2003; Sundin, 1995; Sundin et al., 1995; Sundin and Nilsson, 1997; Burleson & Milsom, 

1993; Burleson & Milsom, 1995).  Although much of this evidence comes from neural 

recordings taken from O2-sensitive glossopharyngeal afferents innervating the first gill arch of 

trout (Oncorhynchus mykiss) (Burleson & Milsom, 1993; Burleson & Milsom, 1995), the hypoxic 

cardioventilatory reflex response mechanism is conserved across most species of fish.  Because 

trout are evolutionarily close to many other teleosts (Milsom & Burleson, 2007), the same 

cholinergic mechanism found in trout may be also found in channel catfish. 

In addition to the neural studies, injections of 5-HT in intact fish do not elicit 

cardioventilatory reflexes similar to the reflexes elicited by hypoxia (Sundin et al., 1995; Fritsche 

et al., 1992; Sundin, 1995).  In light of this and other important findings (Sundin et al., 2003), a 

significant amount of data supports the role for ACh in the modulation of cardioventilatory 

reflex responses rather than the hypothesis that 5-HT is the primary NT mediating hypoxic 

reflexes.  This is further evidence suggesting serotonergic branchial NECs are not O2 

chemoreceptors but rather serve a paracrine role in the regulation of blood flow in the gill by 

releasing 5-HT into the eFA upon efferent stimulation to act on cells up to a distance of over 

37 
 



several hundred microns (Dunel-Erb et al., 1982; Bailly et al., 1992; Sundin & Nilsson, 1997; 

Pelster & Schwerte, 2012).  NECs have been found to contain dense-cored vesicles (DCVs).  

However, there is no direct evidence confirming these DCVs contain 5-HT or the hypothesis that 

serotonergic branchial NECs release 5-HT during hypoxia (Shakarchi et al., 2013). 

This study establishes the presence of structures and two cell populations 

immunoreactive for ACh in the outer layers of the primary and secondary epithelia of the 

channel catfish.  Although all ACh-IR structures were likely cellular, only two types of structures 

could be identified as being cellular.  Additionally, cells with a mean diameter of 8µm were 

categorized as one population and the necessity for further cell differentiation within this 

category exists.  For example, a few cells located within the outer ME of the leading edge 

(efferent edge) flanked mucous cells and measured 4-6µm and 7-9µm (8µm average diameter).  

This sub-population was characterized using two different Abs to ACh: one raised in rabbit 

(GenWayBio) and another raised in mouse (Abcam, Table 1).  Although they were not used 

together in a colocalization study they appear to have labelled the same population of cells.  

Additionally, cells measuring 8µm average diameter were found in much greater abundance 

throughout the outer layers of the filament epithelium, particularly the ILSs where they were 

found densely populated in some areas, as much as 3-4 cell layers deep in primary epithelium in 

the ILSs.  Using an Ab to mammalian vesicular acetylcholine transporter (VAChT) as a 

cholinergic marker, Porteus et al. (2012) were the first to document cholinergic ILSs in the 

bowfin Amia calva.  Although they simply identified the area as immunoreactive to the Ab and 

were unable to identify any cell populations, this initial finding helps consolidate this study’s 

consistent finding that the ILSs are highly cholinergic being populated by the small ACh-IR 8µm 
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cells as well as larger cuboidal near-columnar cells with the morphology and distribution of 

mucous cells and CCs.     

The characterization of all the ACh-IR 8µm cells revealed a nearly identical and simple 

cellular morphology which included their spherical to somewhat oval shape with a large nucleus 

in the center, taking up most of the cell’s volume.  Recent EM work on the gill epithelium has 

revealed what have been identified as support cells (SCs) which flank MCs of the outer ME.  As 

these cells have a very similar morphology to that of the first two 8µm ACh-IR cells discussed 

and both were found to flank MCs, the 8µm diameter cells reported in this study may very likely 

be identical to the SCs found in the gill of the Nile tilapia (Oreochromis niloticus) (Monteiro et 

al., 2010). 

 No other study using fish has used an Ab directed against the ACh molecule itself, 

instead of an ACh-associated mammalian protein (e.g. receptor, VAChT, AChE).  However, as 

ACh is a molecule too small to induce a humoral response in the host, the two Abs reported in 

this study were engineered using an immunogen consisting of ACh conjugated to a carrier 

protein, one being glutaric acid and choline, the other keyhole limpet hemocyanin (KLH).  This 

means that although it is possible for the Abs to bind free ACh in the cell, the Abs are specific 

for ACh bound to other structures such as a receptor. 

Because the structures IR to the ACh Ab (GenWayBio) were found in such abundance, 

this begs the question of whether or not these are actually ACh positive areas.  I believe they 

are ACh positive areas for the following reasons.  First, the intensity of the IR was consistent 

from area to area and there was an even distribution throughout the second gill arch of the 

different cellular populations and each of these localized to a specific region.  Second, although 
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there was some cross-reactivity between the tissue and the secondary Ab to ACh, the negative 

controls performed in which the primary Ab to ACh was omitted shows only a very minimal 

amount of cross-reactivity.  Subtracting this background fluorescence from the total 

fluorescence emitted takes away very little from the total fluorescence of the signal, suggesting 

that most of the signal is a result of specific binding of the rabbit anti-ACh primary Ab.  Third, 

there was one population of cells that were found to most likely label with two separate Abs to 

ACh.  Taken together this suggests the staining to be true positive.  There is one possible 

explanation for the extent of IR cells and that is by the false-positive staining of MCs or CCs.  

Most of the structures IR to the ACh Ab were later found to be cells with morphology not unlike 

that of mucous cells and chloride cells.  It is known that the mucous cells of the ME have many 

different types of proteins present in their mucin granules.  This information led to the 

hypothesis that impurity of the Ab could be a reason for the serum to be binding.  More 

importantly, the mucin granules have an inherent negative charge to them which might act as 

an adherence to the primary and secondary Abs, although negative controls show little 

background for staining with mucous cells.  The reason for this came from the realization that 

the rabbit α-ACh Ab was labelling the cytoplasm in the far periphery of these types of ACh-IR 

cells, and if they are MCs, then the mucin granules located in most of the cell is not labeled. 

 As previously mentioned there are two populations of ACh-IR structures with two sub-

types each that are known currently to be cells, as they are the only ones that appear to have a 

nucleus present.  One population discussed being the spherical 8µm cells, the other being the 

larger columnar to cuboidal cells with the same morphology and distribution as MCs and CCs.  A 

sub-type of the small 8µm cells, but less frequent in distribution and in total numbers, colabel 
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with the NC derivation marker zn-12 in the ME.  As neuroendocrine cells (i.e. NECs) are APUD 

NC derived cells, these are arguably the most plausible selection to be possibly involved in O2-

chemoreception, and although this study found no evidence for their innervation, the main tool 

used to gather this was zn-12.  zn-12/HNK-1 is only expressed by a small fraction of nerve fibers 

and processes of the peripheral nervous system (PNS) as noted by Porteus et al. (2013) and is 

therefore not a very consistent marker for innervation.  Also, as most of the fibers innervating 

the gill are peptidergic, it’s unlikely that any of the neural markers used in this study would 

label fibers if present, as none were specific for peptides. 

Although there have been many other species of fish examined, most of the research 

focusing on cardiovascular reflexes, oxygen chemoreception, and histochemical microscopal 

studies of the gill has been restricted to three main animal models, the zebrafish (Danio rerio), 

goldfish (Carassius auratus), and the trout (Oncorhynchus mykiss).   This study along with 

Burleson et al. (2001, 2002, and 2006), Sundin & Nilsson (1997), Sundin et al., 2003, and the 

vascular corrosion cast by Olson (2002) has expanded our understanding of the anatomy 

related to cardiovascular reflexes and gill histochemistry across species. 

 

2.4.3 zn-12-IR and zn-12-IR-Associated Collagen Columns 

zn-12 recognizes a human natural killer 1 (HNK-1)-like carbohydrate epitope 

homologous to the glycolipid L2 and cluster of differentiation (CD) 57 (CD57) (Trevarrow et al., 

1990).  HNK-1 is expressed by many different types of cells, including melanocytes (pigment 

cells), some lymphocytes, neurons of the CNS and many of the PNS, and several glial cells 

including Schwann cells and satellite glia (zn-12 product data sheet, DSHB; Tucker et al., 1984; 
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Kameda et al., 1994; Kondo et al., 1982).  The HNK-1 epitope is expressed by the neural cell 

adhesion molecules (NCAMs; also known as CD56) L1, a glycolipid, and NCAM-1, as well as the 

glycoprotein J1, and the myelin-associated glycoprotein (MAG) (Künemund et al., 1988).  zn-12 

/ HNK-1 is for the most part a neural marker and cells that have originated from the 

neuroectoderm during gastrulation, subsequently transitioning into the neural crest, are  

capable of its expression (Porteus et al., 2013; Tucker et al., 1984; Baker, 2008).  Therefore, 

although HNK-1 is expressed in mature neurons of the central nervous system (CNS), it also is 

considered a tool used to mark cells of NC origin like peripheral neurons and 

endocrine/neuroendocrine cells such as CB glomus type-I cells, lymphocytes, Schwann cells, 

satellite glial cells, adipocytes, smooth muscle cells particularly ones located in the vasculature, 

and craniofacial cartilage and bone (Tucker et al., 1984; Kameda et al., 1984; Baker, 2008).  The 

expression of CD57 was demonstrated first on natural killer (NK) cell, lymphocytes of the 

humoral system of NC origin.  This is where the name HNK-1 comes from. 

The pillar cell (PC) collagen columns are located in the extracellular matrix (ECM) and 

are surrounded by ECM proteins including PC-type laminin.  The collagen columns bind to this 

laminin which is present on the membrane of the PC flanges which line the inner endothelial 

channel.  The columns therefore extend perpendicularly across the lamellar channel and then 

begin to arch slightly across the top and bottom as they follow the laminin of the PC flanges.  

EM work has shown that pillar cell plasma membrane infoldings surround the collagen columns 

and are held together via autocellular membrane-membrane adhesion (Hughes & Grimstone, 

1965; Kudo et al., 2007).  The HNK-1 epitope is expressed on NCAMs and other cellular 

adhesion molecules (CAMs) that are specific to cellular adhesion.  Cells derived from neural 
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tissue of the embryo, particularly from the neural crest tissue, are capable of expressing the 

HNK-1 (CD57) and NCAM (CD56) epitopes.  Therefore, the labelling of collagen column-

associated pillar cell adhesion molecules (CC-PCAMs or PCAMs) by zn-12 is direct evidence that 

branchial pillar cells are derived from the NC. 

 

2.4.4 Catecholamine Content in Gills 

 The catecholamine content of the second gill arch in channel catfish was accessed by 

staining for tyrosine hydroxylase, the enzyme required to synthesize catecholamines.  Like ACh, 

TH-IR was found in abundance throughout many areas of the filament.  The areas that labelled 

with the Ab to TH appeared to be the same areas that labeled with the ACh Ab.  Because both 

Abs were produced by using the same host species (rabbit), this begs the question of whether 

there is some cross-reactivity occurring with the serum of the host species for Ab production 

and the proteins present in the gill tissue.  This is an untested hypothesis and requires further 

investigation.  The serum from the host of the secondary Abs could be responsible for this as 

well.  However, a negative control test for this was performed and there was no appreciable 

background nor any positive staining observed when the primary Ab was omitted.  Because 

both of the Abs to ACh and TH were both raised in rabbit and the necessary Fab fragments 

needed for a colocalization study were not available, it is still inconclusive if the same cells and 

structures that stain for ACh also stain for TH, our findings would seem to indicate this 

hypothesis to be partially correct, as the staining is similar but not identical.  If they are in part, 

this would implicate a cell that labels with ACh and TH, and a cell that contains TH is usually 

expected to contain DA.  However, a stain for DA was performed and there was a complete 
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absence of DA in TH-IR areas.  Although this seems unlikely this situation is possible if the cell is 

one that produces NE or EPI as an end product instead of DA which is further back in the 

enzymatic breakdown series of the amino acid l-tyrosine.  If NE or EPI is being produced, most 

of the DA that gets synthesized from L-DOPA is immediately converted to NE by dopamine β-

hydroxylase (DBH).  Another possibility for this discrepancy is that the mouse α-DA Ab did not 

perform correctly.  A stain to see if 5-HT colocalized with the TH-IR areas was performed and 

there was no noticeable IR for 5-HT in these areas (data not shown). 

 

2.5 Controls 

Table 2.3. 
Details of the primary and secondary antibodies and counterstains used for immunohistochemistry in the labs of Dr. 
Michael S Hedrick and Dr. Mark L Burleson during Spring 2012 to December 2013 at the University of North Texas, 
Denton. 

  

Antisera Antigen Host Manufacturer Dilution Cat. No. 

Primary 
     3A10 neurofilament-associated antigen mouse DSHB2 1:500 n/a 

5-HT serotonin goat Abcam 1:600 ab66047 
ACh acetylcholine rabbit GenWayBio 1:250 18-783-77124 
ACh acetylcholine mouse Abcam 1:1000 ab37010 
DA dopamine mouse Abcam 1:300 ab1001 
DA dopamine rat Abcam 1:400 ab1234 
NSE neuron-specific enolase, cytoplasm chicken Abcam 1:400 ab14312-50 
TH tyrosine hydroxylase rabbit Abcam 1:1000 ab6211 
zn-12 HNK-1-like epitope, surface; neuronal mouse DSHB2 1:750 n/a 

      Secondary 
     Alexa Fluor® 488 rabbit IgG donkey Life Technologies3 1:500 A-21206 

Alexa Fluor® 568 goat IgG donkey Life Technologies3 1:500 A-11057 
Alexa Fluor® 568 mouse IgG donkey Life Technologies3 1:500 A-10037 
Alexa Fluor® 568 rabbit IgG donkey Life Technologies3 1:500 A-10042 
Alexa Fluor® 488 F(ab')2 mouse IgG rabbit Life Technologies3 1:250 A-21204 
DyLight® 488 mouse IgG donkey Abcam 1:500 ab96875 
DyLight® 650 goat IgG rabbit Abcam 1:500 ab7487 
TXR4 chicken IgG donkey Jackson Laboratories 1:100 703-075-155 

      Counterstain 
     NeuroTrace® 500/525 Green Nissl substance; neurons, cytoplasm n/a Life Technologies3 1:250 N-21480 

DAPI1 DNA, nuclear n/a Life Technologies3 1:3500 D3571 
      1 4',6-Diamidino-2-Phenylindole, Dilactate; DAPI diluted to 3mg per mL dH2O 

    2 Developmental Studies Hybridoma Bank, University of Iowa 
    3 Life Technologies™, Molecular Probes®, Invitrogen™ 
    4  Texas Red 
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Fig. 2.16.  Absence of colocalization of branchial serotonergic neuroepithelial cells (NECs) with 
neural crest marker zn-12.   Triple immunolabeling of efferent edge of filament.  (A) Neural 
crest marker zn-12 (green) reveals nerve bundle running down center of filament.  (B) Serotonin 
(5-HT, red) labels NECs on outer superficial edge of filament as well as some immunoreactivity 
in center of filament section.  (C) Merge of A and B shown together with DAPI (nuclei, blue). 
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Fig. 2.17.  Z-stack compressions showing triple immunolabeling for acetylcholine (ACh, red), 
neural marker zn-12 (green), and DAPI (nuclei, blue).  Scale bars=100µm; Acetylcholine (ACh), 
afferent filament artery (aFA), cartilaginous rod (CR), filament (f), interlamellar region (ILR), 
lamella (l). 
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Fig. 2.18.  Positive control for rabbit α-acetylcholine (ACh, green) antibody used to stain catfish 
cortex (8µm).  ACh (Alexa Fluor 488, green), DAPI (nuclei, blue).  Notice how DAPI follows the 
processes, which are full with nuclei. 
 

 

 

 

Fig. 2.19.  Positive control for rabbit α-acetylcholine (ACh, green) antibody used to stain catfish 
cortex (8µm) showing large cholinergic neuron cell body and processes.  ACh (Alexa Fluor 488, 
green), DAPI (nuclei, blue). 
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Fig. 2.20.  Positive control for goat α-serotonin (5-HT, red) antibody (Abcam) used to stain 
catfish medulla (8µm) showing large serotonergic varicosities.  5-HT (Alexa Fluor 568, red), DAPI 
(nuclei, blue). 
 

 

 

 

Fig. 2.21.  Positive control for 1- rabbit α-tyrosine hydroxylase (TH, green) antibody and neuron-
specific enolase (NSE, red) used to stain channel catfish hindbrain (8µm) showing 
catecholaminergic pathways.  TH (Alexa 488 green), NSE (TXR, red) DAPI (nuclei, blue). 
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Fig. 2.22.  Positive control for 2- rabbit α-tyrosine hydroxylase (TH, green) antibody used to 
stain channel catfish midbrain (A) and midbrain cortex (brain) (B) showing catecholaminergic 
pathways.  TH (Alexa 488 green), DAPI (nuclei, blue). 8µm 

 

Fig. 2.23.  Positive control for mouse α-dopamine (DA, red) (Abcam) in hindbrain of catfish 
Ictalurus punctatus, 8µm. Dopamine (Alexa Fluor 568, red), DAPI (nuclei, blue). 
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Fig. 2.24.  Positive control for 1-mouse α-zn-12 (red) channel catfish medulla, 8µm. zn-12 (Alexa 
Fluor 568, red) (DSHB), DAPI (nuclei, blue). 
 
 

 
 
Fig. 2.25.  Positive control for 2-mouse α-zn-12 (red) channel catfish medulla, 8µm.  zn-12 
(Alexa 568 red) (DSHB), DAPI (nuclei, blue).  Notice the intensity to which the HNK-1 epitope is 
expressed by the catfish central nervous system. 
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