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Abstract In the catfish Heteropneustes fossilis, the

anterior kidney is a hemopoietic tissue which sur-

rounds the adrenal homologues, interrenal (IR) and

chromaffin tissues corresponding to the adrenal cor-

tical and adrenal medulla of higher mammals. The IR

tissue is arranged in cell cords around the posterior

cardinal vein (PCV) and its tributaries and secretes

corticosteroids. The chromaffin tissue is scattered

singly or in nests of one or more cells around the

epithelial lining of the PCV or blood capillaries within

the IR tissue. They are ferric ferricyanide-positive.

Leukemia-inhibitory factor (LIF)-like reactivity was

noticed in the lining of the epithelium of the IR cell

cords and around the wall of the PCV and blood

capillaries. No staining was observed in the hemopoi-

etic cells. IL-1b- and TNF-a-like immunoreactivity

was seen in certain cells in the hemopoietic tissue but

not in the IR region. Macrophages were identified with

mammalian macrophage-specific MAC387 antibodies

and are present in the hemopoietic mass but not in the

IR tissue. Pigments accumulate in the hemopoietic

mass as melano-macrophage centers (MMCs) and are

PAS-, Schmorl’s- and Perls’-positive. The pigments

contain melanin (black), hemosiderin (blue) and

lipofuscin/ceroid (oxidized lipid, yellowish tan), as

evident from the Perls’ reaction. The MMCs were

TUNEL-positive as evident from FITC fluorescence,

indicating their apoptotic nature. The MMCs showed

significant seasonal variation with their density

increasing to the peak in the postspawning phase.

Melanins were characterized spectrophotometrically

for the first time in fish anterior kidney. The predom-

inant form is pheomelanin (PM), followed by eume-

lanin (EM) and alkali-soluble melanin (ASM).

Melanins showed significant seasonal variations with

the level low in the resting phase and increasing to the

peak in the postspawning phase. Under in vitro

conditions, lipopolysaccharide (10 lg/mL) treatment

increased significantly the levels of PM and EM levels

both at 16 and at 32 h and the ASM level at 32 h. On

the other hand, the synthetic glucocorticoid dexam-

ethasone (100 nM) decreased significantly the levels

of EM, PM and ASM time-dependently. The results

indicate that the anterior kidney is an important site of

immune–endocrine interaction.
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Introduction

Unlike higher vertebrates, fishes lack bone marrow

and lymph nodes, which are the primary and sec-

ondary immune organs, respectively. The kidney,

which is divisible into an anterior pronephric head

kidney (HK) and a posterior mesonephric renal kidney

or trunk kidney, is an important lympho-myeloid or

hemopoietic organ in fishes (Sailendri and

Muthukkaruppan 1975; Ellis 1977; Fange 1986;

Meseguer et al. 1994; Press and Evensen 1999; Fijan

2002; Zapata et al. 2006; Abdel-Aziz et al. 2010a).

The HK monocytes/macrophages are important com-

ponents of fish innate immune system and have a

major phagocytic role in trapping the pathogens,

foreign particles and substances in the blood and in the

clearance of the debris and effete cells (Secombes and

Fletcher 1992; Seljelid and Eskeland 1993; Fishelson

2006; Kemenade et al. 2009). Moreover, the macro-

phages release pro-inflammatory cytokines responsi-

ble for the initiation of host’s immune responses.

In the HK and other lympho-myeloid organs (trunk

kidney, spleen, thymus, peripheral part of liver, etc.),

macrophages are pigmented (melano-macrophages)

and distributed singly or in clusters (except in

salmonids), forming melano-macrophage centers

(MMCs; Agius 1985; Herraez and Zapata 1991;

Meseguer et al. 1994; Press and Evensen 1999;

Matsche and Grizzle 1999; Wolke 1992; Agius and

Roberts 2003; Vigliano et al. 2006; Jordanova et al.

2008, 2012; Balamurugan et al. 2012). The MMCs

undergo changes related to breeding status (Jordanova

et al. 2008; 2012; Kumar and Joy 2015). The

pigmented macrophages are capable of synthesizing

melanins, like melanocytes and the melanins absorb

and neutralize various toxins like free radicals and

cations (Zuasti et al. 1989; Vigliano et al. 2006;

Ribeiro et al. 2011). The MMCs are differentially

stained with Perls’ solution and contains pigments

such as melanin, hemosiderin and lipofuscin/ceroid

(oxidized lipid). Melanin stains black, hemosiderin

stains blue and lipofuscin/ceroid gives a yellowish tan

(Besseau and Faliex 1994; Meseguer et al. 1994;

Blazer 2002; Lei et al. 2012; Diaz-Satizabal and

Magor 2015). The nature of the pigments varies with

the organ, species and functional state, water quality,

stressor, etc. Melanins can be classified broadly into

two major groups: eumelanin and pheomelanin (Ito

et al. 2000). Eumelanin is composed of brown to black

pigment, whereas pheomelanin is yellow to red in

color. Melanin is considered as derived from exoge-

nous source or may be generated within the phagocy-

tosed cell (Franco-Belussi et al. 2013). There are

different views regarding the origin of the MMCs such

as necrosis, autophagy and apoptosis (Hughes and

Gorospe 1991; Tilly et al. 1991; Guthrie et al. 1995;

Janz and Kraak 1997; Wood and Van Der Kraak 2001;

Santos et al. 2008; Ucuncu and Cakici 2009).

The HK encloses the adrenal homologue in teleosts.

The adrenal homologue is located around the main

postcardinal vein (PCV) and its tributaries and consists

of interrenal (IR) and chromaffin tissues (Nandi 1962;

Lofts and Bern 1972; Butler 1973; Chester et al. 1986;

Abelli et al. 1996; Milano et al. 1997; Crivellato et al.

2006; Abdel-Aziz et al. 2010b). The IR tissue secretes

corticosteroids, while the chromaffin tissue synthe-

sizes catecholamines (Lofts and Bern 1972; Chester

et al. 1986; Fabbri et al. 1998; Montpetit and Perry

2002).

The anatomical coexistence of the immune and

endocrine components in the HK permits interactions

between the two important communication systems,

the immune system and the hypothalamus–pituitary–

adrenal (HPA) axis (stress axis; Engelsma et al. 2002;

Holland et al. 2002; Metz et al. 2006, Castellana et al.

2008; Kemenade et al. 2009, 2011). Mono-

cytes/macrophages together with other lymphocytes

produce cytokines like interleukin-1b (IL-1b) and

tumor necrosis factor (TNF-a), which are pro-inflam-

matory cytokines (Tesch et al. 1997; Holland et al.

2002; Tkachenko et al. 2011). Though several studies

are available on fish macrophage isolation, activation

and functions in vitro (Sorensen et al. 1997; Braun-

Nesje et al. 1982; Zou et al. 2000; Pelegrin et al. 2004;

Sarmento et al. 2004; Datta et al. 2009; Kemenade

et al. 2011), few studies have attempted the cellular

localization in the HK (Romano et al. 1998; Mulero

et al. 2008). Although the production of corticos-

teroids by the adrenal is primarily regulated by the

HPA axis, several cytokines influence their produc-

tion, which are available locally or come from outside

sources, either by infiltrating macrophages or by the

tissue itself (Tkachenko et al. 2011). Though IL-1b
and TNF-a are mostly produced at the site of

inflammation or tissue injuries, these are also pro-

duced in the steroid-producing adrenocortical cells

and macrophages, suggesting a possible role in the

activation of the HPA axis (Gonzalez-Hernandez et al.
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1995). In human adrenal cortex, steroidogenesis is

regulated by leukemia-inhibitory factor (LIF) and its

receptor (LIF-R), inducing cortisol secretion and

decreasing androgen release (Bamberger et al. 2000;

Woods et al. 2008). LIF is a pleiotropic cytokine

belonging to the IL-6 family that includes LIF, IL-6

and IL-11 and shares a common gp130 receptor

subunit with IL-6.

Though the adrenal homologue of the catfish

Heteropneustes fossilis, an air breathing freshwater

species, was described previously (Joy 1984), there are

no reports on the cellular details of the hemopoietic

tissue. An understanding of the immune cells in the

head kidney is important to study potential interaction

between the endocrine and immune tissues. Keeping

the above in mind, we have described the morpho-

histology of the HK using histological and histochem-

ical methods. Further, using heterologous antibodies,

we describe MAC387, LIF, IL-1b and TNF-a-like
immunoreactivities in the hemopoietic tissue. The

MMCs were identified by histochemical procedures,

and the seasonality in the MMC was determined.

Apoptotic nature of the MMCs was demonstrated by

TUNEL assay. The HK melanins were characterized

biochemically, and assays were used to quantify

melanins for the first time in fish kidney. Effects of

lipopolysaccharide (immune response) and dexam-

ethasone (endocrine response) on melanin contents

were determined under in vitro conditions. Based on

the results, the potential interaction(s) between the

adrenal homologues and hemopoietic tissue was

discussed.

Materials and methods

Chemical and reagents

Antibodies of LIF (M-179): sc-20087, IL-1b (C-20):

sc-1250 and TNF-a (52B83): sc-52746 were pur-

chased from Santa Cruz Biotechnology Inc, Europe.

Mouse monoclonal antibody to macrophage

(MAC387) was purchased from Abcam, Inc, USA.

Vectastain ABC kit for immunohistochemistry was

purchased from Burligame, CA, USA. TUNEL assay

kit was purchased from BioVision, Milpitas, USA.

Sepia melanin, lipopolysaccharide (Escherichia coli,

0127:B8), dexamethasone and (3-aminoproyl)tri-

ethoxysilane were purchased from Sigma-Aldrich,

New Delhi, India. Leibovitz L-15 medium and

syringe-driven filter (nylon hydrophilic membrane,

pore size 0.45 lm, 30 mm diameter) were purchased

from HiMedia Laboratories Pvt. Ltd (Mumbai, India).

Leishman’s stain and potassium ferrocyanide were

purchased from Qualigens fine chemicals, Navi

Mumbai. Xylene, H2O2, sodium hydroxide pellets,

sodium acetate and ethanol were purchased from

Merck Specialities Private Limited, Worli, Mumbai,

India. Hydroiodic acid was purchased from Spec-

tochem Private Limited, Mumbai. 3,3-Diaminoben-

zidine tetrahydrochloride and tris-hydrochloride were

purchased from Himedia. Sodium chloride was pur-

chased from Ranchem (RFCL Limited, New Delhi,

India). Potassium ferricyanide was purchased from

Galxo Laboratories Limited India, Mumbai.

Animal

The experiments were conducted as per the guidelines

of the Animal Ethics Committee of Banaras Hindu

University. Care was taken to prevent cruelty of any

kind. Adult female Heteropneustes fossilis (30–40 g)

were collected from a local fish market in resting

(December–January), preparatory (February–April),

prespawning (May–June), spawning (June–July) and

postspawning (September–November) phases of the

annual reproductive cycle. They were maintained in

the laboratory for 48 h under normal photoperiod and

temperature (resting phase—10.5 L:13.5 D; prepara-

tory phase—12.5 L:11.5 D; prespawning phase—13

L:11 D; spawning phase—13 L:11 D; postspawning—

12.5 L:11.5 D and ambient temperature 22.5 ± 2 �C)
to overcome stress due to transportation and fed daily

with egg white and boiled liver ad libitum.

Morpho-histology of kidney

The fish were weighed and length measured. They

were killed by decapitation without disturbing the

head kidney. The viscera containing digestive tract,

ovary, spleen, heart and fat body were carefully

removed to expose the kidney. The transparent

peritoneal membrane covering the posterior kidney

was removed. The anterior, posterior and lateral

kidneys were cleared from the adjoining tissue.

Photographs of the ventral view of the fish body

cavity were taken by a digital Sony camera DSC-

HX10V with 18.2 megapixels. The kidneys were
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removed and fixed in Bouin’s fluid for 24 h and

processed for paraffin embedding. Serial transverse

and horizontal sections were cut at 6 lm and stained

with Ehrlich’s hematoxylin–eosin and Mallory’s

trichrome stain.

Cell suspension

A single cell suspension of the anterior kidney was

made by pressing the anterior kidney against toothed

cleaned forceps or by vigorous pipetting in phosphate-

buffer saline (PBS, pH 7.4). The cell suspension was

fixed in 4 % paraformaldehyde in PBS (pH 7.4) buffer

for 20 min at room temperature. A smear of single cell

suspension was made on clean slides. Slides were

allowed to dry in an incubator at 40 �C overnight. The

smear was stained with Leishman’s stain for 10 min,

rinsed in distilled water and mounted. The stained

smear was examined under a Leica DM 2000 micro-

scope, and images were taken with a Leica digital

camera DFC 295 with 3 megapixel.

Identification of chromaffin cells

The anterior, posterior and lateral kidneys were

removed and fixed in Orth’s fluid for 4 h and

embedded in paraffin. Serial sections were taken at

6 lm. The sections were deparaffinized and hydrated

using different downgrades of ethanol. The hydrated

sections were immersed for 10–15 min in freshly

prepared ferric ferricyanide reagent for Schmorl’s

reaction. Thirty milliliters of 1 % ferric chloride and

10 mL of freshly prepared 1 % potassium ferro-

cyanide were mixed to form the ferric ferricyanide

solution (Bancroft and Gamble 2008). The sections

were dehydrated in ethanol, cleared in xylene and

mounted in DPX. Photographs were taken, as

described above.

Identification of melano-macrophage centers

The kidneys were fixed in Bouin’s fluid for 24 h and

embedded in paraffin. Serial sections were taken at

6 lm, deparaffinized and hydrated. The sections were

used for Ehrlich’s hematoxylin–eosin, PAS or Perls’

staining (Bancroft and Gamble 2008). Perls’ solution

was prepared by mixing 2 % potassium ferrocyanide

and 2 % HCl in equal ratio. For Perls’ reaction,

hydrated sections were immersed for 10–15 min in the

Perls’ solution. For PAS staining, serial hydrated

sections were oxidized with periodic acid for 10 min.

Periodic acid solution was prepared in 0.8 % periodic

acid and 0.27 % sodium acetate in 70 % ethyl alcohol.

The sections were kept in 70 % alcohol for 5 min and

treated with Schiff’s reagent for 10 min, followed by

washing in water. The sections were differentiated

with 0.5 % of sodium metabisulfite solution for 2 min

and dehydrated in different grades of ethanol and

mounted in DPX. Photoimages were taken, as

described above.

Immunohistochemistry

The head kidneys were excised and fixed in Bouin’s

fluid without acetic acid and processed for paraffin

embedding. Sections were taken at 6 lm and were

mounted on gelatin-coated slides. The sections were

deparaffinized and hydrated using different down-

grades of ethanol and then washed in phosphate-buffer

saline (PBS) buffer (pH 7.4) for 15 min. Immunohis-

tochemistry was performed according to the Vectas-

tain ABC kit with some modifications, as mentioned

below. The hydrated sections were immersed in 0.3 %

H2O2 in PBS (pH 7.4) for 30 min at room temperature

to remove endogenous peroxidase activity, for elim-

ination of non-specific binding. This step was done in a

dark humid chamber. The sections were rinsed with

PBS three times and then blocked with blocking serum

at room temperature for 1 h. The sections were washed

with PBS three times and incubated with primary

antibodies: MAC387 (1:50), LIF (1:200), IL-b (1:100)

or TNF-a (1:50) at 4 �C overnight in a closed humid

chamber. After the sections were rinsed in PBS three

times, biotinylated HRP conjugated-secondary anti-

body was applied to the sections for 1 h at room

temperature, followed by washing with PBS three

times. The sections were incubated with streptavidin–

biotin horseradish peroxidase complex for 30 min at

room temperature. The sections were washed with

PBS and treated with diaminobenzidine (DAB) sub-

strate solution. When sufficient color intensity was

developed, the sections were washed and dehydrated

with various grades of alcohol. The sections were

cleared in xylene and then mounted with DPX. The

sections were examined under a Leica DM 2000

microscope, and images were taken.

As control, the immunostaining was done without

the primary antibody or in sections over-heated.
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TUNEL assay

The head kidneys were fixed in 4 % paraformaldehyde

(PFA) for 24 h and embedded in paraffin. Serial

sections were taken at 6 lm and affixed on silane-

coated slides. TUNEL assay was performed according

to the Apo-BrdU DNA fragmentation assay kit

(BioVision, Milpitas, USA) with minor modifications.

Deparaffinized sections were hydrated in downgrades

of ethanol. The hydrated sections were immersed in

0.85 % NaCl for 5 min at room temperature and

washed with PBS (pH 7.4) for 5 min at room

temperature. The sections were again fixed in 4 %

PFA for 15 min at room temperature. The slides were

washed in the PBS buffer two times for 5 min at room

temperature and allowed to drain out completely the

buffer. The sections were incubated with 100 lL of

freshly prepared 20 lg/mL proteinase K solution

(prepared in 100 mM tris–HCl, pH 8.0) for 5 min at

room temperature. The slides were immersed in the

PBS buffer for 5 min and again incubated with 4 %

PFA for 5 min at room temperature. The sections were

washed in the PBS buffer for 5 min. Excess fluid was

gently removed, and the sections were incubated two

times with 100 lL of the buffer and covered by a

coverslip for homogenous spread of the solution over

the sections for 5 min. The coverslip was removed

carefully, and the sections were incubated with 50 lL
of the DNA labelling solution, covered and incubated

for 60 min in a 37 �C humidified chamber in dark.

After the incubation, the coverslip was removed

carefully and the slides were washed with the PBS

buffer two times for 5 min in a Coplin jar. The sections

were blot-dried around the edges with tissue paper.

Ant–BrdU-FITC complex was diluted in the rinse

buffer (1 part of FITC antibody and 20 part of rinse

buffer), and the sections were incubated with 100 lL
of the antibody solution after covering. The slides

were incubated in a dark humidified incubator for

30 min at room temperature. The coverslip was

removed carefully, 100 lL of propidium iodide (PI)

solution was added over the sections and covered, and

the sections were incubated for 30 min in the dark in a

humidified incubator. The coverslip was carefully

removed and the sections were washed in triple-

distilled water for 5 min (two times). The sections

were mounted in glycerol and kept at -20 �C
overnight and observed under a Carl Zeiss LSM 780

confocal microscope (ISLS, BHU), and images were

taken. The images were analyzed by Zen 2012 SP1

(black edition, 64 bits) software that controlled the

scanning module, laser module and image acquisition

process.

Experiments

Seasonal variations in MMC

In different reproductive phases, the acclimated fish

(n = 5 per phase) were killed by decapitation and

anterior kidneys were sampled, fixed in Bouin’s

fixative for 24 h and embedded in paraffin. Serial

sections of the whole kidney were taken at 6.0 lm, end

to end. A total of eight slides were made from each

tissue and numbered from the start to the end section of

the anterior kidneys. Each slide contained 24–28

sections arranged in two rows in the serial order. The

sections were stained with the Schiff’s reagent, as

described above. MMCs were PAS-positive (pink

color). Themacrophage aggregates were counted in all

sections of all the eight slides. An outline diagram of

each section was made on a paper, and a dot was

marked on the diagram for each MMC that was

counted so that an accurate counting was ensured.

Care was taken to avoid repetition in the counting of

the MMCs. The procedure was repeated for different

reproductive phases.

In vitro experiments with dexamethasone

and lipopolysaccharide

Leibovitz L-15 medium was supplemented with 10 %

fetal bovine serum and 100 lg/mL streptomycin. The

medium was filtered in a sterilized syringe-driven

filter having a nylon hydrophilic membrane of pore

size 0.45 lm and 30 mm diameter. Fish were dis-

sected, and anterior kidneys were collected in PBS (pH

7.4). The head kidney (20 mg; n = 5) in duplicate was

incubated in the L-15 medium for 24 h for condition-

ing in a CO2 incubator at 20 �C. For experiments,

1 mg of dexamethasone (a synthetic glucocorticoid)

was dissolved in 50 lL of ethanol, then diluted in

propylene glycol to make up 1 mL solution and further

diluted to make 100 nM working solution. After 24-h

conditioning, 100 nM of dexamethasone was added to

the medium containing the head kidney. The control

groups were incubated in plain medium or the medium

containing ethanol plus propylene glycol. After the
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incubation, the anterior kidneys were collected at 8

and 16 h and processed for melanin assays. Similarly,

1 mg of lipopolysaccharide (LPS) was dissolved in

PBS (pH 7.4) and anterior kidneys were incubated for

8, 16 and 32 h with 10 lg/mL LPS. A longer LPS

exposure was given since LPS is generally less

sensitive in fish (Pelegrin et al. 2004). Control groups

were incubated in plain medium in a CO2 incubator at

20 �C. After the incubation, the anterior kidneys were
collected and processed for melanin assays.

Assay of eumelanin, pheomelanin and alkali-soluble

melanin

Melanins were measured by the spectrophotometric

methods of Ozeki et al. (1995) and Fan et al. (2010), as

described earlier (Kumar and Joy 2015). Sepia

melanin was used as the standard for analysis of

eumelanin (EM), pheomelanin (PM) and alkali-sol-

uble melanin (ASM). A suspension of sepia melanin in

water was prepared at a concentration of 1 mg/mL by

sonicating for 5 min to make a homogenous

suspension.

Sample preparation

In each phase, anterior kidneys were collected and 4–6

fish HK were pooled to make samples (n = 5).

Twenty milligrams of tissue was taken for melanin

estimation. The samples were sonicated on ice in

500 lL of PBS at pH 7.4. The homogenate was

centrifuged at 5000 rpm for 5 min at 4 �C. Super-
natant was used for the assay of melanins.

Assay of eumelanin (EM)

Fifty microliters of supernatant was hydrolyzed in

450 lL of hot 30 % hydroiodic acid (HI). After the HI

hydrolysis, melanin was solubilized in hot 100 lL of

1 M NaOH and 15 lL of 1.5 % H2O2. The mixture

was cleared by centrifugation at 10,000 rpm for 5 min

at 4 �C, and the supernatant was analyzed for

absorbance at 350 nm (A350) in a microplate reader

(EPOCH, BioTek Instruments Inc, USA).

Assay of pheomelanin (PM)

One hundred microliters of supernatant was solubi-

lized in 400 lL PBS buffer (pH 10.5) for 10 min and

mixed for 10 min at room temperature. The mixture

was centrifuged at 10,000 rpm for 10 min at 4 �C, and
supernatant was collected. An equal volume of

chloroform was added to the supernatant and mixed

by vortexing. Pale yellow colored aqueous phase

supernatant was collected in fresh tubes by centrifu-

gation at 4000 rpm for 10 min at 4 �C to remove all

impurities. The process was repeated again to remove

all the trace impurities by centrifuging at 10,000 rpm

for 10 min at 4 �C, and the supernatant containing

pheomelanins was analyzed for absorbance at 400 nm

(A400) in the microplate reader.

Assay of alkali-soluble melanin (ASM)

This method is very similar to the assay of pheome-

lanin. Fifty microliters of supernatant was dissolved in

8 M urea/1 M NaOH solution which was prepared by

dissolving 8 M urea in 1 M NaOH. Pale brown

colored aqueous phase was analyzed for absorbance

at 400 nm (A400) in the microplate reader.

Calculation

Standard curves were prepared for EM, PM and ASM

by taking different concentrations of sepia melanin

and processed as the tissue samples. The standard

curves were linear over the concentrations used. The

minimum detection limit was 2 lg. Using the standard
graphs, concentrations of melanins were measured in

the samples and expressed in lg/mg tissue weight.

Statistical analysis

The data were expressed as mean ± SEM and were

analyzed by one-way analysis of variance (ANOVA),

followed by Newman–Keuls test (p\ 0.05) for mul-

tiple group comparisons.

Results

Morphology of the kidney

In the catfish, the kidney is divided into two major

divisions, the anterior head kidney (HK) and posterior

trunk kidney (TK), separated by a bony transverse

septum (TS). The HK is a paired triangular mass,
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lodged at the angle of the T-shaped TS (Fig. 1a). The

TK is an elongated paired mass, approximated

together to form a single structure, extending through-

out the peritoneal cavity dorsally. From the anterior

end of the TK arises a pair of extension laterally,

which forms the lateral kidney (LK). The three

divisions of the kidney have distinct anatomical

features. The HK is a hemopoietic mass enclosing

the adrenal homologue (Fig. 1b) around the

postcardinal vein (PCV) that runs through it. There

are no renal tubules per se. The LK is composed of

hemopoietic tissue and fewer renal tubules (Fig. 1c).

In the hemopoietic tissue, aggregations of pigments

(MMCs) can be seen (Fig. 1c). The TK consists of a

large number of renal tubules and is the functional

kidney (mesonephros). The renal tubules are embed-

ded within the hemopoietic tissue that is beset with the

MMCs (Fig. 1d).

Fig. 1 a A ventral view of the body cavity of female catfish H.

fossilis showing anterior head kidney, bony transverse septum,

lateral kidney and the posterior trunk kidney. b A section of the

anterior kidney showing postcardinal vein (PCV), interrenal

tissue (IR) and hemopoietic tissue (HT). c A section of the

lateral kidney showing lymphoidal mass, melano-macrophage

centers (MMCs) and renal tubules. d A section of the posterior

kidney showing MMCs and renal tubules. HK head kidney, P1

first proximal segment of the renal tubules. Ehrlich’s hema-

toxylin–eosin staining
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Structure of the head kidney

The HK consists of hemopoietic, interrenal and

chromaffin tissues (Fig. 2a, b). The IR tissue is

surrounded by the hemopoietic tissue (HT), as shown

in Figs. 1b and 2a. The IR tissue is formed of cell cords

around the PCV and its branches (Fig. 2a). The PCV is

filled with blood cells usually round or oval with

prominent spherical nuclei having homogenous eosi-

nophilic cytoplasm. Bordering the PCV and within the

IR are nests of chromaffin cells (Fig. 2b). They are

present singly or in nests and have round, oval or

elongated contour (Fig. 2b). These cells are chromo-

phobic in hematoxylin–eosin preparations (Fig. 2a).

The chromaffin cells were distinguished from the

other cell mass with the ferric ferricyanide reagent,

which produced a dark Prussian blue color (Fig. 2b).

The hemopoietic tissue that surrounds the IR tissue

contains a large number of erythrocytes and leuko-

cytes. These cells are not arranged in a specific pattern

but are present throughout the hemopoietic tissue.

Blood sinuses can be seen extensively in the

hematopoietic tissue.

Melano-macrophage centers (MMCs)

TheMMCs were seen within the hemopoietic tissue as

discrete groups of cells and stained differentially. In

the hematoxylin–eosin staining, the MMCs appeared

as yellow brown pigment masses (Fig. 2c). The

Fig. 2 Anterior kidney of female catfishH. fossilis stained with

Ehrlich’s hematoxylin–eosin (a, c) showing the arrangement of

the interrenal tissue (IR) and chromaffin cells (CC, arrows). The

MMCs (yellow brown colored groups of cells) are present in the

hemopoietic tissue (HT). b The head kidney stained with ferric

ferricyanide showing CC (arrows) around the PCV and small

blood capillaries. d Stained with ferric ferricyanide showing the

MMCs in the hemopoietic tissue. Note the presence of many

scattered dark stained melano-macrophages (arrows). e,
f Stained with Perls’ solution and PAS, respectively, showing

the MMCs in the HT. (Color figure online)

1294 Fish Physiol Biochem (2016) 42:1287–1306

123



MMCs could be easily distinguished in Perls’ solution

(Fig. 2e) having blue or greenish blue color or by PAS

staining as pink magenta aggregates within the

hemopoietic tissue. In the ferric ferricyanide reaction,

the MMCs gave a Prussian blue color, similar to the

chromaffin cells. Isolated pigmented macrophages

were also seen close to the MMCs or away from them

(Fig. 2d). An examination of the serial sections

showed that these cells seem to be directed (migrating)

toward the MMCs (Fig. 2d). The MMCs were small or

large, and the larger macrophage aggregates were

ovoid or irregular in shape.

Cellular composition of the hemopoietic tissue

A single cell suspension of the HK revealed different

types of hemopoietic cell population after Leishman’s

staining (Fig. 3). The cell types include macrophages,

granulocytes, erythrocytes, neutrophils and basophils.

Localization of macrophages

There was no staining in the control sections (Fig. 4a)

when MAC387 primary antibody was omitted or the

sections were over-heated prior to immunostaining.

The immunostaining with the MAC387 resulted in

staining of cells scattered in the hemopoietic tissue

(Fig. 4b). The cells are evenly distributed in the HK

and are spindle, round or irregular in morphology.

Some cells have kidney-shaped nucleus. Apparently,

the MMCs did not stain for the antibody. There was no

immunostaining in the IR tissue or chromaffin tissue.

Localization of IL-1b and TNF-a

IL-1b-like (Fig. 4d) and TNF-a-like (Fig. 4f)

immunoreactivity was found in the cells in the

hemopoietic tissue. The IL-1b-like staining was

noticed in heterogenous populations like monocytes,

macrophages and even granulocytes. They are round,

oval or irregular in shape. The TNF-a-like cells are

largely irregular, spindle or oval-shaped. The staining

was not seen in the IR tissue. The control sections did

not show any cell staining (Fig. 4c, e).

Localization of LIF-reactive elements

There was no staining in the control reaction (Fig. 5a).

The LIF-like immunoreactivity was noticed on the cell

cords in the IR tissue region (Fig. 5b, c). The

Fig. 3 A smear of the single cell suspension of anterior head kidney stained with Leishman’s stain showing erythrocytes, macrophages,

neutrophils, granulocytes, monocytes and basophils
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immunoreactivity was found in the connective tissue,

lining the IR cell cords, which is clearly shown in the

Mallory staining (Fig. 5d). The IR cells per se were

not immunoreactive. The hemopoietic tissue cells did

not show any positive immunoreactivity (Fig. 5a, b).

Strong LIF-like immunoreactivity was found in the

wall of the PCV (Fig. 5e) in the IR tissue, comparable

with the Mallory staining (Fig. 5f), and blood vessels

in the HT (Fig. 5b).

TUNEL assay

The nuclei were counterstained with propidium

iodide, which gave a red fluorescence (Fig. 6a, d, g).

The MMCs in the hemopoietic tissue were TUNEL-

positive, giving a green to yellow FITC florescence.

The MMCs were seen in aggregates (Fig. 6b, e) or

scattered (Fig. 6h) in the hemopoietic mass. The

interrenal (IR) cells were not TUNEL-positive

(Fig. 6b, c). When merged, the TUNEL immunoreac-

tivity was observed in the nuclei of the cells of the

MMCs (Fig. 5c, f, i).

Seasonal changes in MMCs

The MMCs showed a significant seasonal variation

(Fig. 7; p\ 0.001, one-way ANOVA; F = 32.61).

The MMCs were less in number in the resting and

preparatory phases and increased, through the pres-

pawning and spawning phases, to the peak in the

postspawning phase. The MMC density did not

change significantly between the resting and prepara-

tory phases and between the prespawning and spawn-

ing phases. The MMC density in the prespawning and

Fig. 4 MAC387-like (b), IL-1b-like (d) and TNF-a-like (f) immunoreactivity in the HT cells using the respective primary antibodies.

a, c, e The respective controls
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spawning phases was significantly higher than that of

the resting and preparatory phases. In the postspawn-

ing phase, the MMC count increased significantly

higher than all other phases (p\ 0.05, Newman–

Keuls test).

Seasonal changes in melanins

In the head kidney, different forms of melanins were

identified by the spectrophotometric assay (Fig. 8).

The major form of melanin is pheomelanins (PM),

followed by eumelanins (EM) and total alkali-soluble

melanins (ASM). The melanins showed significant

seasonal variations (p\ 0.001, one-way ANOVA;

F = 32.25 for EM, F = 21.324 for PM, and

F = 9.072 for ASM). The concentration of EM was

low in the resting phase and increased through

preparatory, prespawning and spawning phases to

give the peak level in the postspawning phase. The EM

levels are not significantly different in the resting,

preparatory and prespawning phases. The levels in the

spawning and postspawning phases are significantly

different and are also different from other phases

(p\ 0.05, Newman–Keuls test). The pheomelanin

concentration was low in the resting phase and

increased steadily to the peak value in the postspawn-

ing phase. The levels in the resting, preparatory and

prespawning phases are not significantly different.

The spawning and postspawning levels are signifi-

cantly different with each other and also from the

Fig. 5 LIF-like immunoreactivity in the head kidney. a The

control staining. b LIF-like immunoreactivity within the IR

region. The LIF-like activity was seen around the epithelial

lining of the IR cell cords (c). d A Mallory-stained comparable

section showing the IR cell cords. An intense

immunolocalization was also seen around the epithelial lining

of the PCV (e) and blood capillaries in the HT (b). f A

comparable section stained with Mallory’s triple staining

showing the wall of the PCV. IL-1b interleukin-1b, TNF-a
tumor necrosis factor a, LIF leukemia-inhibitory factor
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levels in other phases. The concentration of ASM was

low in the resting phase and increased in the succes-

sive phases. The levels in the preparatory, prespawn-

ing and spawning phases are not significantly

different. The ASM level showed the peak increase

in the postspawning phase, which is significantly

different from all other values.

In vitro effects of LPS and dexamethasone

on melanins

The incubation of the HK with 10 lg/mL of LPS

increased significantly the concentrations of EM and

PM (Fig. 9; p\ 0.001, one-way ANOVA; p\ 0.05,

Newman–Keuls test) at both 16 and 32 h. The ASM

level showed a significant increase only at 32 h.

Dexamethasone decreased significantly the concen-

trations of EM, PM and ASM (Fig. 10; p\ 0.001,

one-way ANOVA; p\ 0.05, Newman–Keuls test) at

both 8 and 16 h.

Discussion

In the catfish Heteropneustes fossilis, the kidney

consists of the main renal posterior kidney in the

Fig. 6 Sections of head kidney of H. fossilis stained with

propidium iodide (PI, left lane), TUNEL (middle lane) and the

two merged (right lane). Arrows show FITC-antibody

fluorescence in melano-macrophage centers (MMCs) and

scattered cells in the hemopoietic tissue (b, e, h, c, f, i). The
interrenal (IR) cells did not show any reaction (b, c)
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trunk region with paired elongate lateral lobes behind

the transverse septum and a pair of triangular head

kidney anterior to the transverse septum that contains

the adrenal homologues. In an earlier study in the

African catfish Clarias gariepinus, Vermeulen et al.

(1995) also recognized the three regions. However, the

Fig. 7 Seasonal changes in

the MMCs in the head

kidney of the catfish H.

fossilis during different

reproductive phases. Values

are mean ± SEM of 5 fish

each. Data were analyzed by

one-way ANOVA

(p\ 0.001) and Newman–

Keuls test (p\ 0.05).

Groups bearing the same

letter are not significantly

different, and those bearing

different letters are

significantly different

Fig. 8 Seasonal changes in

different types of melanins

in the head kidney of the

catfish H. fossilis during

different reproductive

phases. Values are

mean ± SEM of 5 fish each.

Data were analyzed by one-

way ANOVA (p\ 0.001)

and Newman–Keuls test

(p\ 0.05). Groups bearing

the same letter or number

are not significantly

different, and those bearing

different letters or numbers

are significantly different.

EM eumelanin, PM

pheomelanin, ASM alkali-

soluble melanin
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authors named the lateral lobe as head kidney and the

anterior paired lobes as ‘adrenal-like organ.’ In a

majority of fish, the anterior structure has been

described as the head kidney (Nandi 1962). In H.

fossilis, the anterior lobes contain the adrenal homo-

logue surrounded by the hemopoietic tissue, the lateral

Fig. 9 In vitro effects of

lipopolysaccharide (LPS) on

melanin levels in the head

kidney of the catfish H.

fossilis. Values are

mean ± SEM of 5 fish each.

Data were analyzed by one-

way ANOVA (p\ 0.001)

and Newman–Keuls test

(p\ 0.05). Groups bearing

the same letters or numbers

are not significantly

different, and those bearing

different letters or numbers

are significantly different

Fig. 10 In vitro effects of

dexamethasone on melanin

levels in the head kidney of

the catfishH. fossilis.Values

are mean ± SEM of 5 fish

each. Data were analyzed by

one-way ANOVA

(p\ 0.001) and Newman–

Keuls test (p\ 0.05).

Groups bearing the same

letters or numbers are not

significantly different, and

those bearing different

letters or numbers are

significantly different
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lobes contain fewer renal tubules and hemopoietic

tissue, and the posterior kidney contains a large

number of renal tubules embedded within the

hemopoietic tissue.

The adrenal homologues

The IR and chromaffin tissues were described in a

large number of teleosts (Nandi 1962) and the

arrangement of the tissues deviates greatly from their

mammalian counterparts (Chester et al. 1986). The IR

tissues were described in the catfish C. batrachus (Joy

and Sathyanesan 1978), H. fossilis (Joy 1984) and C.

gariepinus (Vermeulen et al. 1995). The steroid-

producing property of the IR tissue has been demon-

strated histochemically, histoenzymologically, ultra-

structurally and biochemically in the catfishes

(reference as above) and in other teleosts (Milano

et al. 1997; Civinini et al. 2001; Rocha et al. 2001;

Abdel-Aziz et al. 2010b). In the African catfish,

cortisol, 5a- and 5b-androstanedione and androstene-

dione are the abundant steroids secreted by the IR

tissue (Vermeulen et al. 1995). InH. fossilis, cortisol is

secreted by the head kidney (unpublished data).

In the catfish, the chromaffin cells occur singly or in

groups around the wall of the PCV or around the blood

vessels among the IR cell cords. The chromaffin cells

react positively to ferric ferricyanide reagent (Sch-

morl’s reaction), dichromate (adrenaline and nora-

drenaline cells), iodate (noradrenaline cells) and

ammonium silver nitrate (noradrenaline cells; Joy

and Sathyanesan 1978; Joy 1984). Two types of

chromaffin cells, noradrenaline and adrenaline cells,

were identified ultrastructurally and immunohisto-

chemically in the HK and opisthonephros in sea bass

Dicentrarchus labrax (Abelli et al. 1996); stickleback

Gasterosteus aculeatus (Gallo et al. 1993) and Salmo

gairdneri (Mastrolia et al. 1984). The chromaffin cells

synthesize, store and release catecholamines, adrena-

line and noradrenaline (Reid et al. 1998;Montpetit and

Perry 2002).

The IR and chromaffin cells in the catfish did not

show any positive reaction for MAC387, IL-1b and

TNF-a antibodies. This is in contrast to the situation in

the adrenal cortex of higher vertebrates. Macrophages

were described in the zona fasciculata and zona

reticularis, which secrete cytokines such as IL-1, IL-6,

TNF-a. The cytokines, in turn, stimulate the secretion

of corticosteroids locally or by activating the HPA axis

(Bornstein et al. 2004; Guzman et al. 2010). However,

both LPS and IL-1b are shown to stimulate cortisol

secretion in rainbow trout (Holland et al. 2002). It is

likely that cytokines present in the hemopoietic tissue

of the HK may be involved in the control of cortisol

production.

On the other hand, the adrenal homologue showed

strong immunoreactivity for LIF antibody. This is the

first report on the demonstration of LIF-like

immunoreactivity in the head kidney of a fish. The

reactivity was found in the connective tissue elements

in the PCV and blood vessels and around the IR cell

cords. The blood vessels in the hemopoietic tissue also

showed strong immunoreactivity. The connective

tissue nature of the LIF staining was indicated by the

Mallory triple staining. A cDNA for LIF was isolated

in zebrafish that codes for a 215 amino acid protein

(Abe et al. 2007). LIF is a pleiotropic cytokine and a

member of IL-6 subfamily and maintains stem cells in

an undifferentiated state. LIF and LIF-receptor expres-

sion was reported in different cells of the pituitary

including corticotropes (Auernhammer and Melmed

2000). It stimulates ACTH secretion. In the human and

bovine adrenal, LIF was localized in the cytoplasm of

the adrenocortical cells in all the zones and LIF-

receptor was localized in both cytoplasm and mem-

brane (Bamberger et al. 2000; Woods et al. 2008). LIF

stimulates both cortisol and aldosterone in cell

cultures. LIF modulates the HPA axis at the level of

the both pituitary and adrenal in a paracrine/autocrine

manner in response to inflammation (Chesnokova and

Melmed 2000). The LIF-like staining around the wall

of the blood vessels suggests that it may be involved in

hematopoiesis. The LIF-like staining in the connective

tissue wall of the IR cords may suggest a paracrine role

for LIF in the control of steroidogenesis.

Hemopoietic tissue

As reported previously, the HK hemopoietic tissue

contained erythrocytes, macrophages, monocytes,

neutrophils and basophils. Although not quantified,

macrophages are a major population of the hemopoi-

etic tissue and were identified by the MAC387

antibody which recognizes both macrophages and

monocytes. There are limited studies on the demon-

stration of macrophages in the HK (Romano et al.

1998; Mulero et al. 2008). Both IL-1b- and TNF-a-
like immunoreactivity was observed in cells,
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suggesting that these cells may secrete cytokines, as

has been reported previously (Balm et al. 1995; Zou

et al. 2000; Qin et al. 2001; Pelegrin et al. 2004; Fast

et al. 2007; Nascimento et al. 2007). The cells that

immunostained for MAC387 and TNF-a antibodies

were similar in distribution and morphology, suggest-

ing they may be mainly the macrophages/monocytes.

However, with the IL-1b antibody, heterogenous cells

were immunostained. In gilthead seabream (Sparus

aurata), not macrophages but some acidophilic gran-

ulocytes (neutrophils) were immunostained for the IL-

1b antibody after infection (Mulero et al. 2008). It is

held that pro IL-1b processing depends on caspase 1

and is rapidly released, while the processing of pro IL-

1b in the neutrophils is caspase 1-independent, which

is slower. Alternatively, handling stress can be a

stimulator of the cytokines and hence the immunore-

activity (Fast et al. 2007). The results of the immuno-

cytochemical study in the present are to be viewed

with some caution since we used heterologous anti-

bodies of mammalian origin. Future studies using fish

homologous antibodies or in situ hybridization for

mRNA transcripts are required to confirm the results.

It is interesting to note that the MMCs did not give any

reaction with the heterologous antibodies. The accu-

mulated pigments might have masked the reaction or

the MMC cells are at the final stage of apoptosis or

death, and are functionally modified.

Melano-macrophage centers

In the catfish kidney, the MMCs were identified as

yellow brown in hematoxylin–eosin, blue green in the

Perls’ and ferric ferricyanide reaction and pink

magenta in the PAS, implying that they contain

melanin, hemosiderin and lipofuscin/ceroid pigments.

The MMCs are present in all the divisions of the

kidney. The MMCs apart, we found free pigmented

macrophages in the kidney. The presence of both free

pigmented macrophages and MMCs indicate that the

former eventually aggregate forming a new MMC or

are added to the existing ones and increasing their size

(Meseguer et al. 1994). The MMCs are TUNEL-

positive implying that they are formed by apoptotic

cells. Apart from the MMCs, we found free and

scattered TUNEL-positive cells in the head kidney.

The TUNEL-positive bodies are confined to the

hemopoietic tissue and not found in the adrenal

homologues. The MMCs not only contain lipofuscins

but also degraded erythrocytes indicating the presence

of apoptotic cells which lead to an increase in the

MMCs in the goldfish Carassius auratus (Agius and

Roberts, 2003). The results of our study indicate that

macrophages undergo apoptosis during the process of

phagocytosis and these aggregate to form centers.

Judging from the properties (density, size, nature of

pigment, etc.), the MMCs may be used as bioindica-

tors of fish health and environmental stress (Agius

1985; Wolke 1992; Fournie et al. 2001).

In the catfish, the MMCs showed significant

seasonal variations in their number during the annual

reproductive cycle with a low frequency in the gonad

resting phase, increasing through the gonad recrude-

scence to the peak density in the postspawning phase.

Such variations were described during the breeding

cycle of female ohrid trout (Salmo letnica; Jordanova

et al. 2012). In this species, the amount of pigmented

macrophages increased significantly in the kidney

from previtellogenic to late vitellogenic phase and

decreased thereafter in the spawning and postspawn-

ing phases. The authors suggested that sex steroid may

influence the seasonal variability. In the liver of the

same species, Jordanova et al. (2008) reported that

hemosiderin-laden pigmented macrophage volume

showed a striking increase after spawning but the

melano-pigmented macrophages did not. While the

cause of the seasonal variations in the head kidney is

not clear, we reported seasonal variations in the

pigmented atretic follicles in the ovary of the catfish

and a steady rise in the melanin contents (Kumar and

Joy 2015). Follicular atresia is a well-known process

in the ovary and occurs at any stage of development.

The postspawning spurge in atretic follicles is a

postovulatory event. There is a close parallelism in the

seasonal pattern of the ovarian melanin contents and

the density of the MMCs and melanin contents in the

head kidney. Therefore, the processes that occur in the

kidney and ovary may be similar due to phagocytic

activity. There are seasonal variations in phagocytosis

in seasonally breeding fishes. The postspawning

season appears to be the time of heightened cleaning,

sanitizing and remodelling activities after breeding,

and this allows the fish to prepare for the next

reproductive cycle.

In the present study, we characterized the HK

melanin pigments biochemically for the first time. In

the head kidney, pheomelanin (PM; yellow to reddish

brown) is the predominant form, followed by
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eumelanin (EM; brown black) and alkali-soluble

melanin (ASM). In contrast in the ovary, the predom-

inant form is the eumelanin, followed by pheomelanin

and ASM (Kumar and Joy 2015). This may be due to

differences in the formation of melanin pigments in

the tissues. The head kidneymelanin pigments showed

significant seasonal variations with the content low in

the resting phase, increasing through the recrudes-

cence phase to the peak levels in the postspawning

phase. There is a close parallelism in the density of the

MMCs and melanin contents. Hence, the melanin

assay may be useful to quantify MMC activity in the

lymphoid organs.

The basis for physiological changes in the melanin

content was examined using in vitro head kidney

culture experiments. LPS is a pro-inflammatory

endotoxin used as a standard macrophage activating

agent, augmenting macrophage functions like phago-

cytosis, activation of HPA axis and cytokine produc-

tion (Balm et al. 1995; Zou et al. 2000; Qin et al. 2001;

Holland et al. 2002). The LPS treatment increased

significantly PM and EM levels at both 16 and 32 h

and the ASM level at 32 h. The LPS-induced increase

in the melanin contents might be due to stress that led

to increased MMC activity in the HK. LPS that was

observed not effective to increase the melanin levels at

8 h may be due to its insensitivity or fish resistance, as

reported earlier (Iliev et al. 2005). On the other hand,

dexamethasone, the synthetic glucocorticoid and

immunosuppressant decreased the melanin contents

at 8 and 16 h. The steroid acted early unlike LPS and

may suppress phagocytosis and MMC formation.

Dexamethasone is known to inhibit pro-inflammatory

responses in animals. In Eupemphix nattereri (Anura),

testicular pigmentation increased early (2, 6, 12 h),

while the liver pigmentation increased later (24, 48 h)

of the LPS treatment (Franco-Belussi et al. 2013). The

changes were attributed to bactericidal action of

melanin, which neutralizes the effect of LPS

(Franco-Belussi and de Oliveira 2011). It is to be seen

whether the steroid treatment suppresses the LPS-

induced increase in the melanin contents.

In conclusion, various cell types in the hemopoietic

tissue of the head kidney were identified. The cells

displayed MAC387-, IL-1b- and TNF-a-like
immunoreactivity. LIF-like staining was observed in

the around cell cords in the IR region and the PCV and

blood vessels in the hemopoietic tissue. The MMCs

are TUNEL-, ferric ferricyanide-, Perls’- and PAS-

positive and show seasonal variation with peak density

in the postspawning phase. Head kidney melanins

consist of PM, EM and ASM in the decreasing order of

concentration. Melanins showed seasonal variations

and peaked in the postspawning phase. The LPS

treatment increased, and dexamethasone treatment

decreased the melanin levels in vitro.
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