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Abstract

The caudal neurosecretory system of the flounder (Platichthys flesus) has been examined by immunocytochemistry

and in situ hybridization for the expression of parathyroid hormone-related protein (PTHrP) and calcium-sensing

receptors (CaSR). The N-terminus nucleotide and deduced amino acid sequences of flounder PTHrP were deter-

mined and used to prepare oligonucleotide probes and homologous antiserum. The Dahlgren cells of the

posterior spinal cord and their axons contained PTHrP protein which was also detected around the capillaries of the

urophysis. PTHrP gene expression was abundant in the Dahlgren perikarya and axons in the spinal cord, but it was

absent from nerve endings in the urophysis. Calcium-sensing receptor protein was present in the Dahlgren peri-

karya and axons, also with abundant gene expression, but there was neither protein nor mRNA in the urophysis.

There were no apparent differences between freshwater- and seawater-adapted fish in either CaSR or PTHrP

expression in the caudal neurosecretory system. These observations suggest that Dahlgren cells produce PTHrP

which may be released from axons abutting capillaries in the urophysis. However, the sensing of ionic calcium

appears to be confined to the perikarya of the Dahlgren cells in the spinal cord neuropil, suggesting that they are

responsive to calcium in the central nervous system rather than the general circulation.

Key words calcium-sensing receptors; flounder (Platichthys flesus); immunocytochemistry; in situ hydbrization;

parathyroid hormone-related protein (PTHrP).

Introduction

The caudal neurosecretory system of the flounder

(Platichthys flesus) consists of large neurones, Dahlgren

cells, located in the spinal cord associated with the last

eight preterminal vertebrae, and the urophysis which is

a neurohaemal organ at the posterior end of the nerve

cord (Arnold-Reed et al. 1991). Axons of the Dahlgren

cells extend down the nerve cord to the urophysis

where they contact basement membranes or cells of

the dense capillary network of the urophysial neuro-

haemal structure. The capillaries of the urophysis unite

to form a vein entering the kidney where it divides into

a secondary renal portal capillary system. Neurosecre-

tory factors from the Dahlgren cells reach the general

circulation via the kidney where they may interact

with kidney cells as well as interrenal tissue and the

Corpuscles of Stannius.

So far two bioactive neurosecretory factors, uro-

tensins I and II (UI and UII), have been identified in

flounder Dahlgren cells (Arnold-Reed et al. 1991; Winter

et al. 1999). These peptides are common to Dahlgren

cells of other fish species (Lederis et al. 1981) and they

are chemically related to hypothalamic factors; UI

shares homology with corticotrophin-releasing factor

and UII has limited similarity to somatostatin. The

urotensins have been shown to have cardiovascular and

possible osmoregulatory functions in fish (Loretz et al.

1982; Mimassi et al. 2000). Though originally identified

in fish, UI and UII have now been detected in mammals

where they have biological effects (Conlon, 2000).

However, the urotensins may not be the only factors
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produced by Dahlgren cells and processed via the

urophysis. The caudal neurosecretory system occupies

an important position in the nervous system receiving

inputs from other nerve cells locally, from higher

centres via descending fibres and from the spinal fluid

via dendritic processes. Anatomically the kidney and

its associated tissues, the Corpuscles of Stannius and

interrenal tissue, are the first recipients of venous

drainage from the urophysis and may be expected to

have functional associations which involve secretions

from the Dahlgren cells.

In a previous study the presence of immunoreactive

parathyroid hormone-related protein (irPTHrP) was

demonstrated in Dahlgren cells using antiserum to

human 1–16 PTHrP (Danks et al. 1995). PTHrP was orig-

inally identified as the agent produced by human

tumour cells which caused humoral hypercalcaemia of

malignancy (HHM) (Moseley et al. 1987) by interactions

in bone and kidney. Parathyroid hormone (PTH), the

principal hypercalcaemic factor in amniote vertebrates,

and PTHrP share limited amino acid identity at the N-

terminus of the molecule which is the region through

which both peptides interact with the common receptor

in bone and kidney (Abou-Samra et al. 1992; Jüppner,

1999). Fish do not have parathyroid glands and there

is no unequivocal evidence that they are able to pro-

duce PTH, although this remains a possibility. Never-

theless, they are able to maintain internal circulating

content of ionic calcium within strict limits independ-

ent of variations in the external calcium concentra-

tions. Cloning of the PTHrP genes of sea bream

(Flanagan et al. 2000) and puffer fish (Power et al.

2000) has allowed investigation of the function of the

native peptide as a potential hypercalcaemic factor. It

has now been shown that the N-terminal 1–34 amino

acid peptide of puffer fish PTHrP increases calcium-

uptake in sea bream larvae (Guerreiro et al. 1999,

2001), suggesting that it may have a role in raising

internal calcium concentrations in teleosts. The prin-

cipal hypocalcaemic factor in fish is stanniocalcin

produced by the Corpuscles of Stannius and which are

located in the kidney (Wendelaar Bonga & Pang, 1986).

It is possible that the caudal neurosecretory system may

be involved in calcium ion control via PTHrP secretion

and should be included amongst the neural tissues

of the central nervous system producing calcitropic

factors (Hull et al. 1998).

Secretion of the hypercalcaemic hormone PTH by

the parathyroid gland in mammals is controlled by

feedback interaction of ionic calcium which binds to

a membrane-located calcium-sensing receptor (CaSR)

(Brown et al. 1993). Secretion of PTHrP by cells of

human tumours derived from astrocytes and glial cells

can also be regulated by calcium via a membrane-located

CaSR (Chattopadhyay et al. 2000). PTH has been detected

in brain tissues of mice (Hull et al. 1998) and PTHrP has

been found in several regions of rat brain including

hypothalamic nuclei (Weir et al. 1990; Weaver et al.

1995) and epithelial cells of the meninges (Struckhoff &

Turzynski, 1995).

These several observations suggest that nervous and

associated tissues are responsive to ionic calcium and

may play a part in calcium homeostasis, perhaps locally

as well as systemically. In fishes, CaSR, which are struc-

turally related to pheromone receptors, have already

been identified in olfactory organs (Naito et al. 1998);

moreover, the olfactory epithelium of sea bream

appears to be sensitive to calcium ions so that changes

in external Ca2+ can change the firing rate of olfactory

nerves (Hubbard et al. 2000). Therefore, in this study

we have looked for expression of PTHrP, using homo-

logous oligonucleotide probes and antiserum to N-

terminus flounder PTHrP, and CaSR gene expression

in the caudal neurosecretory system of the euryhaline

flounder. The CaSR genes have been cloned in the puffer

fish and sea bream (Flanagan et al. 2002) so that oligo-

nucleotide probes from these sequences have been used

to detect CaSR gene expression in the caudal neuro-

secretory system of the euryhaline flounder (Platichthys

flesus) by in situ hybridization. CaSR protein has been

detected by specific antiserum to an epitope of puffer

fish CaSR.

Materials and methods

Isolation and sequencing of flounder cDNA for PTHrP

Flounder kidney RNA was separated using TRI-reagent

according to the manufacturer’s instructions and as

previously reported for sea bream kidney (Flanagan

et al. 2000). cDNA of flounder kidney was subject to RT-

PCR using primers chosen from sea bream and puffer

fish PTHrP sequences (Power et al. 2000). The PCR reac-

tions were performed in a final volume of 50 µL, con-

taining 0.1 ng of cDNA, 0.2 mM of each primer, 3 mM

MgCl2, 10 mM dNTPs, 1.25 U of HotStart Polymerase

(Qiagen) and the supplied reaction buffer. The cycling

conditions were as follows: (i) initial denaturation for
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15 min at 95 °C, (ii) 30 cycles of 1-min duration at 94 °C,

54 °C and 72 °C and (iii) a final extension step of 10 min

at 72 °C. The PCR product obtained was subcloned into

pGEM-T (Promega) and sequenced.

The coding region was identified by similarity

searches using BLAST v 2.0 (Altschul et al. 1997).

Preparation of antiserum to flounder N-terminus 

1–34 PTHrP

A peptide was synthesized (Sheffield University Biomo-

lecular Synthesis Service) from the deduced amino acid

sequence of flounder N-terminus PTHrP. This peptide

was used to raise antibodies in rabbits by first injecting

a solution of peptide in saline, emulsified in Freund’s

Complete Adjuvant, into four subcutaneous sites then

after 2 months via a similar route using Freund’s Incom-

plete Adjuvant followed by three subsequent similar

injections at approximately 1-month intervals.

Antiserum to other PTHrP peptides

Antiserum to oligopeptides of other amino acid (aa)

sequences of sea bream PTHrP (Flanagan et al. 2000)

were also prepared and used in the immunocytochem-

istry studies. The peptides of sea bream PTHrP, aa 10–20

and the nuclear transporter region aa 80–95 differed

from flounder PTHrP by only a single amino acid. Anti-

sera to these peptides were raised by conjugation of

the peptides to bovine thyroglobulin (Nevalainen et al.

1996) and injected into rabbits, R184 for N-terminus

10–20 and R186 for the nuclear receptor region, as

described above.

Preparation of antiserum to an oligopeptide of 

puffer fish calcium-sensing receptor

An oligopeptide, aa 106–115, from the extracellular

region of the Fugu calcium-sensing receptor (CaSR)

(GenBank accession number AB008857) was conjug-

ated to bovine thyroglobulin and used to prepare

antisera in rabbits as previously described (Nevalainen

et al. 1996).

Immunocytochemistry of flounder caudal 

neurosecretory system

The terminal region of the spinal cord, approximately the

region of the final eight vertebrae, with the urophysis

attached was dissected out from flounder vertebral

column and fixed in sublimated Bouin-Hollande

(Kraicer et al. 1967). Tissue was collected from fish killed

by decapitation without anaesthetic after being main-

tained in either full sea water or adapted for 2 weeks

to fresh water (Carrick & Balment, 1983; Arnold-Reed

et al. 1991). Tissues were dehydrated through graded

concentrations of ethanol and embedded in paraffin

wax. Longitudinal 4-µm-thick sections were cut and

mounted on APES-coated slides. Immunocytochemistry

was carried out as previously described (Santos et al.

2001), based on the methods of Sternberger (1974),

using swine antirabbit serum as the linking reagent

and diaminobenzidine as the chromogen.

Control reactions used normal rabbit serum instead

of the specific primary antiserum.

In situ hybridization

Preparation of labelled probes

Gene expression in tissue sections was detected by

the digoxygenin (DIG)-labelled oligonucleotide probe

system as previously described (Flanagan et al. 2000).

For PTHrP, two probes (27-mers) were chosen from the

cDNA sequence of flounder PTHrP between amino

acids 6 and 14 (Probe 1) and 31 and 39 (Probe 2). Spe-

cificity of the sequences was checked using the BLAST

program (Altschul et al. 1997). Probes were end-

labelled with DIG using terminal transferase in a 20-µL

reaction volume.

Labelled probes were purified on a 2-cm column of

Sephadex G25 soaked in elution buffer (0.1× SSC

[sodium chloride/sodium citrate, pH 7.0] + 0.1% SDS),

by sequential addition of 10× 200-µL aliquots of elution

buffer. The presence of labelled probe was detected

in the fractions by adsorption of 1-µL aliquots onto

nitrocellulose paper and reaction with alkaline-

phosphatase-labelled antiserum to DIG. The fractions

containing labelled probe were pooled, divided into

10-µL aliquots, lyophilized and stored at −20 °C.

Hybridization procedure

The method for in situ hybridization of flounder tissues

was the same as that used for sea bream tissues

(Flanagan et al. 2000). Sections were dewaxed and

rehydrated through a graded series of ethanol, slides

were immersed in 25% deionized formamide in 3× SSC
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for 60 min. Twenty microlitres of hybridization mix

containing 1 µL of labelled probe was prepared and

applied to each section. Control reactions either

omitted the labelled probe or included a sense probe

instead of the antisense sequence. Sections were

covered with glass coverslips and incubated overnight at

room temperature. At the end of the incubation period

coverslips were removed by soaking in 4×SSC, sections

were then washed twice in 3×SSC, each time for 15 min.

More stringent washes followed: 1× SSC and then 0.1×
SSC for 5 min each. Sections were incubated in blocking

solution (2% dried milk in buffer 1) for 30 min then the

hybridized probe was detected by incubation for 2 h

with anti-DIG/AP conjugated serum at 1 : 500 dilution

in blocking solution. After washing in buffer 1 (Tris/

NaCl, pH 7.5) then buffer 2 (Tris/NaCl/MgCl2, pH 9.5)

colour was developed by incubation in a solution of

NBT/BCIP and levamisole in buffer 2 overnight in the

dark. After washing in deionized water and running

tap water, sections were mounted in glycerogel.

Results

cDNA of flounder PTHrP

The first 34 amino acids of flounder PTHrP were

deduced from the isolated nucleotide sequence and

compared with those of sea bream and puffer fish.

(Fig. 1). It is evident that all three sequences are very

similar with 31 of 34 amino acids identical in all three.

PTHrP in the caudal neurosecretory system

The antiserum to N-terminus 1–34 flounder PTHrP

detected peptide in all the Dahlgren cells of the poster-

ior spinal cord which were examined by ICC and there

were no apparent differences between those of FW-

and SW-adapted fish. Figure 2(A) shows PTHrP in the

cytoplasm of a large Dahlgren perikaryon and in the

nearby nerve axon; Fig. 2(B) shows a negative reaction

in the same neurone using normal rabbit serum as the

primary antibody. Antiserum to the nuclear transporter

region of sea bream PTHrP (Flanagan et al. 2000) also

detected the epitope in Dahlgren cells; there appears

to be a concentration around the nuclear envelope,

and epithelial cells lining the central canal of the spinal

cord also reacted with the antibody (Fig. 2C). Axons in

the spinal cord also contained PTHrP (Fig. 2A) and some

of these appeared to originate from Dahlgren cells

(Fig. 2C). PTHrP was also apparent in the nerve endings

around the capillaries of the urophysis (Fig. 2D). Both

large and small Dahlgren cells contained PTHrP and

colocalized with urotensin I (Fig. 3A,B) and urotensin II

(Fig. 3C,D) but the content of urotensin II appeared to

be variable in different neurones.

In situ hybridization of PTHrP

The two homologous PTHrP probes both hybridized

similarly in tissues of the caudal neurosecretory system,

demonstrating the distribution of PTHrP gene expres-

sion. Perikarya of the Dahlgren cells contained abund-

ant gene expression, and nerve axons at the urophysis

interface showed hybridization (Fig. 4A). Ependymal

cells of the central canal (Fig. 4A) also contained gene

expression, but there was none obvious in the uro-

physis; Fig. 4(B) shows a control in situ hybridization

reaction (no probe) in which no non-specific signal was

detected in the perikarya of Dahlgren cells, in nerve

axons or in the urophysis.

Calcium-sensing receptors

Antiserum to an epitope of puffer fish CaSR detected

receptors in the perikarya of Dahlgren cells (Fig. 5A)

and in axons of the spinal cord. However, receptor

peptide was scarcely detectable in the urophysis, and

the axons of the spinal cord with CaSR appeared not

to penetrate into the urophysis. There was abundant

gene expression in the Dahlgren perikarya (Fig. 5B),

as demonstrated by in situ hybridization using an

oligonucletide probe to sea bream CaSR and in motor

neurones of the spinal cord (Fig. 5C).

There were no apparent differences in abundance or

distribution of either PTHrP or CaSR gene expression

between SW- and FW-adapted fish.

Fig. 1 Flounder, sea bream and puffer fish 
N-terminus 1–34 parathyroid hormone-
related protein amino acid sequences; 31 of 
the 34 amino acids are identical.
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Fig. 2 (A) Immunocytochemistry of flounder spinal cord with antiserum to flounder 1–34 PTHrP showing PTHrP in the cytoplasm 
of a Dahlgren cell (d) and in a nerve axon (a) nearby. (B) The same cells did not react with normal rabbit serum which replaced 
the specific primary antiserum used in (A). (C) A group of Dahlgren cells close to the central canal of the spinal cord showing 
immunoreaction with antiserum to sea bream PTHrP nuclear transporter region; both cytoplasm (c) and axons (a) of the Dahlgren 
cells contained PTHrP, with an apparent concentration around the nuclear membrane (nm). Ependymal cells of the central canal 
also reacted with the antiserum and in some of them reaction was concentrated in the nucleus (arrows). (D) The antisera to PTHrP 
detected peptide in the nerve endings in the urophysis around the capillaries (arrows) as illustrated by reaction with antiserum 
to the nuclear transporter region of sea bream PTHrP.
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Discussion

Cloning of a partial sequence of flounder PTHrP has

shown that there is considerable sequence identity

between the N-terminus of PTHrP peptides of sea

bream, puffer fish and flounder, all three of which are

considered to be advanced teleosts. The close identity

of these sequences suggests that similar peptides were

present in ancestors of teleost fishes and that the

sequence has a long-established vital function.

PTHrP peptide occurred in all the Dahlgren cells,

suggesting a fundamental function common to all

Dahlgren cells; in contrast, urotensins I and II are not

distributed uniformly in all Dahlgren cells. Axons of the

Dahlgren cells also contained PTHrP and the presence

of PTHrP in the urophysis, with concentrations around

Fig. 3 (A) PTHrP in a Dahlgren cell (d) and ependymal cells (e) of the central canal. (B) The same Dahlgren cell also contains 
urotensin I, detected by specific antiserum to flounder urotensin I. (C) A group of Dahlgren cells showing reaction with antiserum 
to flounder 1–34 PTHrP. (D) Immunocytochemistry of the same cells using antiserum to flounder urotensin II (UII) showing the 
presence of UII in the neurones but which is not evenly distributed in all the cells.
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Fig. 4 (A) In situ hybridization of PTHrP with an homologous oligonucleotide probe showing abundant gene expression in the 
cytoplasm of the Dahlgren cells. These are located in the posterior region adjacent to the urophysis (u) in which there is no 
hybridization. Axons at the interface between the nerve cord and the urophysis show hybridization (a), and ependymal cells (e) 
of the central canal also show gene expression. (B) A negative in situ hybridization reaction showing part of the spinal cord with 
Dahlgren cells (arrows) and the urophysis (u).
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Fig. 5 (A) Immunocytochemistry of calcium-sensing receptors showing receptors in Dahlgren cells (d) and nerve axons (a) in the 
spinal cord. (B) Abundant gene expression of the CaSR in large Dahlgren cells demonstrated by in situ hybridization using an 
oligonucleotide probe from puffer fish CaSR. (C) In situ hybridization of CaSR in small Dahlgren cells (d) and in motor neurones 
(mn) of the flounder spinal cord.
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the capillaries, suggests that PTHrP reaches the uro-

physis by axonal transport. The presence of neurosecre-

tory granules in the axons of the flounder urophysis

have been reported (Arnold-Reed et al. 1991) and it

would be interesting to see if PTHrP is associated with

or contained in any of these. Although PTHrP peptide

was present in the axons, both in the spinal cord and in

the urophysis, gene expression could only be detected

by in situ hybrdization in the spinal cord sections. A low

level of hybridization did occur in the urophysis but this

was in the endothelial cells lining the capillaries. In the

frog pituitary abundant PTHrP gene expression was

detected in the pars intermedia but the protein was

present in the pars distalis cells (Danks et al. 1997),

suggesting that PTHrP proteins are transported away

from the site of translation and possibly into neigh-

bouring cells. It is interesting that mammalian astro-

cytes and glial cells contain PTHrP (Chattopadhyay

et al. 2000); moreover cellular processes of astrocytes

cluster around capillaries and appear to take part in

exchange of material between the capillary and astro-

cyte. This function appears to be similar to that of

the Dahlgren cells in the fish caudal neurosecretory

system. Astrocytes of the mammalian central nervous

system are considered to be supporting cells and do

not have neurotransmitter function, but Dahlgren

cells of the flounder have been characterized electro-

physiologically (Hubbard et al. 1996a, 1996b) as well

as having been shown to produce bioactive peptides

UI and UII. The electrophysiological properties have

indicated two populations of Dahlgren cells located

remote from or close to the terminus of the spinal

cord (Hubbard et al. 1996b); however, our current

observations do not indicate that either CaSR or

PTHrP gene expression differed significantly in these

populations.

The colocalization of PTHrP and the calcium-sensing

receptor suggests that synthesis and/or secretion of

PTHrP by Dahlgren cells may be partially controlled

by calcium ions as it is in mammalian astrocytes

(Chattopadhyay et al. 2000). Although the Dahlgren

perikarya and nerve axons had CaSR they did not appear

to occur on these axons in the urophysis, suggesting

that the calcium ion control operated within the central

nervous system rather than via the plasma in the capill-

aries of the urophysis. Such a system is more likely to be

connected to the exterior via sensory inputs from organs

such as the olfactory epithelium and possibly the gills.

The olfactory glands of fish have been shown to possess

calcium-sensing receptors related to pheromone recep-

tors (Naito et al. 1998) and reductions in environmental

Ca2+ cause large increases in olfactory nerve firing rate

in the sea bream (Hubbard et al. 2000). Thus the central

nervous system is a potential route between tissues,

such as the olfactory epithelium with sensory neurones,

which are sensitive to environmental ion changes and

internal tissues involved in responses to correct internal

ion concentrations. This potential influence of the

central nervous system (CNS) in control of Dahlgren

cell function supports other evidence of the caudal

neurosecretory system as a co-ordinating centre for

changes in reproductive, osmoregulatory and nutri-

tional activity in the euryhaline flounder (Winter et al.

2000).

There were no obvious differences in the expression

of either PTHrP or CaSR in the Dahlgren cells of fish

adapted to either FW or SW, which could indicate that

functions in the adapted status were equally import-

ant. PTHrP is also a multifunctional protein with differ-

ent regions of the molecule having specific functions,

such as nuclear transport (Henderson et al. 1995) and

RNA binding (Aarts et al. 1999). It was notable that

there was a concentration of PTHrP in the nuclear

envelop of at least some Dahlgren cells suggesting

intracrine functions. There are numerous potential

cleavage sites within PTHrP molecules, including teleost

PTHrPs (Flanagan et al. 2000; Power et al. 2000), so

that there may be specific active peptides produced

by post-translational cleavage from the original trans-

cription product.

The drainage of urophysial veins into the kidney sug-

gests a potential interaction between PTHrP and tissues

in the kidney, which include inter-renal, kidney tubule

and corpuscles of Stannius. Recent observations sug-

gest that PTHrP may have several effects in mammalian

kidneys, including modulating renal blood flow and

glomerular filtration rate as well as actions in renal

injury and repair (Esbrit et al. 2001). Moreover, PTHrP

infusion has been shown to increase renal tubular

calcium reabsorption in normal human volunteers (Syed

et al. 2001), suggesting that it may have a similar func-

tion in flounder, a function of particular importance in

adaptation to low calcium-containing fresh water. In

the winter flounder isolated proximal kidney tubules in

primary culture have been shown to respond to hetero-

logous PTHrP by increasing inorganic phosphate

excretion (Renfro, 1999), which suggests that the

endogenous peptide may have a similar effect. The
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urophysial peptide UII influences calcium handling by

rat aorta (Gibson et al. 1988) again indicating a pos-

sible role of the CaSR of Dahlgren cells and the multi-

factorial nature of calcium physiology in the renal/

urophysial system of the flounder. More experimental

studies are needed to determine the specific functions

of PTHrP and calcium ions in the caudal neurosecretory

and renal systems.
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