
The pseudobranch is a gill-like hemibranch located within
the subopercular cavity and attached to the operculum of many
teleost fishes. As indicated by the term hemibranch, the gill
arch supports only one row of filaments, which carry a series
of gill lamellae like the filaments of the regular gill arches. In
some species the lamellae are fused. The pseudobranch
receives oxygenated blood from the first gill arch (Hyrtl, 1838),
and in many freshwater fish is covered by the opercular
epithelium, so that it can hardly have a respiratory function
(Laurent and Dunel-Erb, 1984; Bridges et al., 1998). However,
the innervation of the pseudobranch, including a nerve plexus
located in the base of the organ and numerous non-myelinated
nerve fibers ending near special pseudobranch cells, clearly
implies that this organ serves a distinct physiological function.

Johannes Müller (Müller, 1839) noticed that the
pseudobranch is often associated with the presence of a so-
called choroid rete mirabile in the fish eye. This observation
was confirmed more than a century later by Wittenberg and
Haedrich (1974) and triggered the idea of a distinct functional
relationship between these two organs. The choroid rete
mirabile is a capillary network with a countercurrent
arrangement of blood vessels (Müller, 1839; Barnett, 1951),

which shows some similarity to the rete mirabile of the
swimbladder, a well-known countercurrent exchanger (Kuhn
et al., 1963; Pelster, 1997). The vascular arrangement is such
that blood from the pseudobranch reaches the arterial section
of the choroid rete, then continues to the retina before returning
to the venous section of the choroid rete. 

The functional significance of this puzzling arrangement is
still open to speculation. In the 1960s it was observed that the
PO∑ in the eye of teleosts with a choroid rete could reach one
atmosphere, and occasionally even higher, while in fish
without a choroid rete it did not exceed arterial PO∑ levels
(PaO∑) (Wittenberg and Wittenberg, 1962, 1974; Fairbanks et
al., 1969). This was recently confirmed by Waser et al. (1998).
These hyperoxic PO∑ levels are apparently necessary to ensure
oxygen supply to the avascular retina of the fish eye, because
a PO∑ value of approximately 13 kPa, typically observed in fish
blood, would not be sufficient to completely oxygenate the
retina of thickness up to 500µm (see Pelster and Randall, 1998;
Pelster, 2002). Blood PO∑ levels exceeding PaO∑ can only be
explained by the presence of the Root effect, i.e. a reduction
in oxygen-carrying capacity at low pH. In trout blood the Root
effect is typically switched on at an extracellular pH below
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Cell suspensions of rainbow trout Oncorhynchus mykiss
pseudobranch, prepared by Ca2+ depletion and
mechanical maceration, contained a distinct population of
cells that always kept their relatively cuboidal shape and
did not round up in suspension or proliferate after
adhering to the surface of cell culture dishes. Phase-
contrast microscopy revealed an extensive system of basal
membrane invaginations, and Na+-K+-ATPase- and anion-
exchanger-like immunoreactivity could be localized in
cell membranes. The cells were characterized by a high
mitochondrial density. Using specific antibodies, V-
ATPase subunit B was localized in the plasma membrane.
Using a cytosensor microphysiometer, the rate of acid
secretion of these cells was measured and compared with
the activity of a gill cell preparation. Incubation of
pseudobranch cells with bafilomycin A1 (10–6mol l–1), a
specific inhibitor of V-ATPase, reduced the rate of acid

secretion by about 10% under control conditions, while no
effect of bafilomycin on the rate of acid secretion of
gill cells was observed. Application of amiloride
(5×10–5mol l–1) reduced the rate of acid secretion in cells
of both organs, pseudobranch and gills. Incubation of
pseudobranch cells with DIDS (10–3mol l–1) resulted in a
minor increase in the rate of proton secretion, but in cells
prepared from the gills of rainbow trout acid secretion
was reduced by about 30–40%. It is concluded that
pseudobranch cells are equipped with various pathways to
secrete protons, and that the anion exchange activity
especially of pseudobranch cells appears to be different
from that in gills.
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approximately 7.4, and the oxygen-carrying capacity can be
reduced by approximately 60% (Pelster and Weber, 1990). 

A model widely used for analysis of the physiological
significance of the Root effect is the fish swimbladder, and the
Root effect is switched on by acid secretion of swimbladder
gas gland cells. The resultant initial increase in PO∑ is
subsequently increased by countercurrent concentration in the
swimbladder rete mirabile (Kuhn et al., 1963; Pelster, 1997).
If this system also occurs in the fish eye, blood must be
acidified in the eye, and the resultant initial increase in
PO∑ would subsequently be enhanced by countercurrent
concentration in the choroid rete.

This basic concept of oxygen supply mechanism to the fish
retina is largely accepted, but there are some important
differences between the retina and the swimbladder. In the
swimbladder, pH values as low as pH 6.5 have been recorded
(Steen, 1963; Kobayashi et al., 1990), but the retina is very
sensitive to low pH; a pH of 6.4 or the inhibition of carbonic
anhydrase activity rapidly causes blindness (Maetz, 1956).
Thus, in the eye the blood must be carefully acidified,
sufficient to switch on the Root effect, but not so much that
the retina cells are damaged. Blood leaving the retina is
returned to the choroid rete where, along the partial pressure
or concentration gradient, gases and also metabolites diffuse
back from the venous to the arterial side and return to the
retina. They are concentrated by countercurrent exchange, and
the magnitude of this effect largely depends upon the
magnitude of the initial increase in partial pressure or
concentration, and on the properties of the countercurrent
exchanger (i.e. permeability and surface area) (Kuhn et al.,
1963; Pelster, 1997). If the retina generates a lot of acid to
acidify the blood and switch on the Root effect (for example,
enough to lower the pH from arterial levels of pH 7.8 to
approximately 7.3, which is the level necessary for onset of the
Root effect), a large proton gradient will be established
between venous and arterial capillaries in the choroid rete,
resulting in a significant countercurrent concentration of acid,
and hence in severe acidification of the blood in the eye. 

The pseudobranch plays a role in this situation. Experiments
using isolated perfused pseudobranch preparations revealed
that the blood is acidified during its passage through the tissue
(Bridges et al., 1998), but the blood PO∑ did not increase. This
suggests that the acidification was too low to switch on the
Root effect. Based on these observations it was suggested that
in the pseudobranch the blood is ‘preconditioned’ by
acidification to a point just above onset of the Root effect (for
example, pH 7.4–7.5). Thus, during passage through the retina,
a minor additional acidification would be sufficient to liberate
oxygen from hemoglobin via the Root effect, and the danger
of overacidification would be avoided (Berenbrink, 1994;
Bridges et al., 1998). 

Unfortunately, there is very little information about the
cellular functions of pseudobranch cells, and before this
hypothesis can really be tested more background information
on these cells is needed. Pseudobranch cells are hexagonal,
approximately 10–15µm wide and 6–10µm high. The basal

membrane displays membrane invaginations that form long
tubules penetrating about two thirds of the cell, but never
reaching the apical membrane. The filamentous mitochondria
are arranged in close proximity to these tubules. Pseudobranch
cells are able to secret acid, and show pentose phosphate shunt
enzyme activity (Bridges et al., 1998), which is also a
characteristic feature of swimbladder gas gland cells. The
present study therefore set out to develop a method of isolating
pseudobranch cells and elucidating what pathways for
acid transfer through the cell membrane are available.
Immunohistochemistry was used to characterize the cells
and localize ion-transport proteins in the membrane of
pseudobranch cells. Physiological experiments were also
performed with gill cells, in order to identify possible
differences between pseudobranch and gill cells. A histological
and immunohistochemical characterization of gill cells has
already been published (Goss et al., 1994; Wilson et al., 2000).

Materials and methods
Preparation of tissues

Rainbow trout Oncorhynchus mykissWalbaum of
approximately 25–30 cm were obtained from a local fish farm
and kept in an aquarium with running tapwater at 15°C for at
least 10 days prior to experimentation. Fish were anesthetized
with 0.05% ethylene-glycol-monophenyl-ether (Merck) and
killed by cutting the spinal chord. The gills were perfused with
EDTA-PBS (in mmol l–1: NaCl, 154; Na2HPO4, 3; KH2PO4,
1; EDTA, 1; glucose, 10) through the Bulbus arteriosus to
remove most of the blood. The pseudobranch was dissected
from the inner side of the operculum by a circular cut around
the organ and pulled out using a forceps. The gills were
prepared by cutting the gill arch with scissors. Both tissues
were placed separately in ice-cold EDTA-PBS immediately
after dissection.

Preparation of gill cells

Gill filaments were separated from the gill arches and cut
into small pieces. Adhering mucus and microorganisms were
removed with three consecutive washes of 10 min in PBS
(composition as above, but without EDTA, to avoid premature
tissue disintegration). The tissue was digested in EDTA-PBS
with 0.5 g l–1 trypsin (T-4549; Sigma), using a modified
procedure of Wood and Pärt (1997). Every 10 min, the cell
suspension was collected through a 70µm cell mesh (Becton
Dickinson) in ice-cold culture medium (see below) to stop
digestion. After three digestion steps, the cells were
centrifuged for 5 min at 280g (4°C). The pellet was washed
with culture medium and centrifuged for a second time. Cells
were resuspended in M199 (4/150; Life Technologies),
supplemented with 10% fetal calf serum (FCS) and
insulin–transferrin–selenium (all from Life Technologies).
Culture conditions were 19°C and 0.5% CO2. To avoid initial
infections, high levels of antibiotics (100µg ml–1 gentamycin;
Life Technologies and 100µg ml–1 kanamycin; Sigma) were
used for the first culture day. 
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Preparation of pseudobranch cells

Connective tissue and the opercular epithelium were
removed from the reddish pseudobranch tissue using a forceps.
The tissue was digested in PBS (in mmol l–1: NaCl, 154;
Na2HPO4, 3; KH2PO4, 1; CaCl2, 1.3; MgCl2, 0.5; glucose, 10)
with 0.5 mg ml–1 albumin (A-2153; Sigma), 0.22 mg ml–1

collagenase P (Boehringer Mannheim), 0.16 mg ml–1 protease
I (Sigma), 0.15 mg ml–1 DNAse (Sigma) and 4µl ml–1 elastase
(Serva). Digestion was performed in a water bath at 18°C under
continuous agitation. Every 10 min, the cell suspension was
collected through a 70µm cell mesh (Becton Dickinson) in
sterile ice-cold culture medium (M199 + 10% FCS) to stop
digestion. After three digestion steps, the cells were
centrifuged for 5 min at 280g, 4°C. The pellet was washed with
culture medium and centrifuged for a second time. Cells were
resuspended in a modified M199 medium (see above). 

As pseudobranch cells appeared to be sensitive to enzymatic
digestion, in a different approach was used to isolate
pseudobranch cells without digesting the tissue. The tissue was
homogenized by mechanical maceration through a 70µm
nylon cell strainer (Becton Dickinson). The cells were
collected in ice-cold PBS with 5% FCS to avoid re-
aggregation. Cells were centrifuged for 7 min at 200g (4°C)
and the pellet was resuspended in PBS-FCS. The number of
pseudobranch cells in the preparation was increased, as
revealed by fluorescence microscopical studies, but
physiological measurements performed with the cytosensor
microphysiometer (see below) showed no apparent differences
between the two preparations. 

Measurement of proton release

Measurements of proton release basically followed the
procedure described by Pelster (1995). Pseudobranch and gill
cells were seeded into 12 mm diameter disposable
polycarbonate cell capsules (Molecular Devices, Germany) at
about 500µl cell suspension per well. The number of cells
incubated in the measuring chamber was variable among the
preparations, because disintegration of the tissues usually
resulted in isolation of cell groups or cell clusters rather than
single cells, making reproducible pipetting of the cell
suspension and an accurate determination of the cell number
extremely difficult. Nevertheless, estimates of the cell density
of the suspension were obtained by microscopic inspection
using a graduated counting chamber with a volume of 0.1µl.
The cultures were incubated at 19±1°C in a humidified
atmosphere of 0.5% CO2 in air overnight. This preincubation
was sufficient to ensure attachment of the cells to the
membrane of the cell capsules. Because these translucent
porous membranes are not suitable for microscopic
examination of living cells, parallel cultures on polycarbonate
culture dishes (Sarstedt) were established to control cell growth
and check for bacterial infections.

Cell capsules were loaded into a cytosensor
microphysiometer (Molecular Devices, Germany), in which a
light-addressable potentiometric sensor (LAPS) continuously
measured the rate at which the cells acidify their environment

(Owicki et al., 1990; McConnell et al., 1992). The measuring
chambers of the microphysiometer were intermittently
perfused with a medium of low buffering capacity
(0.92 mmol l–1 phosphate) using peristaltic pumps, to increase
the sensitivity of the system. A typical pumping cycle of 120 s
consisted of a flow period of 90 s, followed by a flow-off period
of 30 s. Occasionally we used a pumping cycle of 180 s with a
flow-off period of 90 s. During flow-off periods, protons
released from the pseudobranch or gill cells accumulated in the
measuring chamber and the rate of proton release was
quantified by fitting the sensor data to a straight line with the
least-squares procedure; the slope of this line represented the
acidification rate. Numerically, a slope of 1µV s–1 is close to
a pH change of 0.001 pH unit min–1. At the end of a measuring
period, flow was resumed and the next pumping cycle began,
washing out the protons that had accumulated in the previous
measuring cycle. The pH change produced by the cells during
a measuring cycle was typically below 0.1 pH units. The
intermittent perfusion of the measuring chambers caused
unattached cells to be flushed out of the measuring chamber
within the first 5–10 pumping cycles. 

Each measuring chamber was constantly supplied by two
media (control and test); changing from one to the other was
induced by an electromagnetic valve, with a time lag between
valve switch and fluid arrival at the measuring chamber of
approximately 3 s at a flow rate of 100µl min–1. The basic
composition of the test medium was (in mmol l–1): NaCl, 138;
KCl, 5.0; CaCl2, 0.9; MgCl2, 0.5; K2HPO4, 0.81; KH2PO4,
0.11; glucose, 10, pH 7.6. For preparation of test solutions
various inhibitors were added to the basic medium, carefully
keeping the pH of the solution constant. Where dimethyl
sulphoxide (DMSO) was necessary to solubilize a specific
component, the same concentration of DMSO was also
added to the control channel. The experimental
temperature was 19±1°C. The pumps, valve switching and
data collection were controlled by a personal computer
(Macintosh) and a dedicated software package (Molecular
Devices, Germany).

SDS-PAGE and western blot analysis

Protein from pseudobranch homogenate was separated by
sodium dodecyl sulfate polyacrylamide-gel electrophoresis
(SDS-PAGE) using the NuPage buffer system. Electrophoresis
was performed with Power Ease 500, X-Cell II using NuPage
10% Bis-Tris gels (all from Novex, Germany). The SDS-
PAGE was performed under reducing conditions using
dithiothreitol (DTT) at a concentration of 125µmol l–1.

Electrophoretic transfer of proteins to a nitrocellulose
membrane was performed using Power Ease 500 (Novex,
Germany). The transfer was conducted for 1 h at a constant
voltage of 25 V (160 mA). The nitrocellulose membranes were
placed in a sealed bag containing 10% BSA, 10% FCS and
0.1% Tween-20 (Sigma) in 100 mmol l–1 phosphate buffer and
gently agitated for 1.5 h at room temperature (22–24°C). After
washing, the membranes were incubated overnight at 4°C with
a chicken Na+/K+-ATPase antibody (Biogenesis, UK) diluted
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1:50 000 in phosphate buffer containing 1% BSA, 1% FCS
and 0.1% Tween-20. The membranes then were washed and
incubated for 1 h with Sigma anti-chicken IgG (A9046)
diluted 1:10 000 and conjugated with horseradish peroxidase
(HRP) in phosphate buffer, with 1% BSA, 1% FCS and 0.1%
Tween-20 at room temperature. Antibody binding was
visualized by enhanced chemiluminescence (ECL; Amersham
Life Science). 

For western blot analysis to demonstrate the presence of V-
ATPase, proteins were electrophoretically separated under
reducing conditions as described above and blotted onto
PVDF-membranes (BioRad, CA, USA) using a constant
voltage of 25 V (160 mA) for 1 h. Membranes were blocked for
1 h with 7% BSA (Sigma) and 7% FCS (Life Technologies,
Austria) and 0.1% Tween-20 (Sigma) in 0.1 mol l–1 PBS at
room temperature. Primary antibodies directed against the B
subunit of V-ATPase were obtained by generating an artificial
peptide based on the cDNA sequence information
(Niederstätter and Pelster, 2000) and immunization of rabbits
(S. T. Bösch, H, Niederstätter and B. Pelster, submitted for
publication). Primary antibody incubation was performed
overnight at 4°C in blocking buffer. After additional washing
steps the membranes were probed for 1 h with an HRP-
conjugated second antibody (HRP-conjugated anti-rabbit IgG;
Sigma). Finally proteins were visualized using the enhanced
chemiluminescence (ECL) detection reagents (Amersham,
UK). 

For western blot analysis to demonstrate the presence of
anion exchanger, proteins were separated and blotted to a PDF
membrane as described above, and commercially available
antibodies (Rabbit Anti-rat AE21-A; Alpha Diagnostics
International) against anion exchanger 2 were used. Primary
antibody incubation was performed overnight at 4°C in
blocking buffer. After additional washing steps the membranes
were probed for 1 h with an HRP-conjugated second antibody
(HRP-conjugated anti-rabbit IgG, Sigma). Finally, proteins
were visualized using the enhanced chemiluminescence (ECL)
detection reagents (Amersham, UK). 

Fluorescence labeling of cultured cells

The pseudobranch cells were seeded on permeable supports,
as for the Cytosensor experiments. To speed up cell adherence,
medium was removed from the underside of the permeable
membrane, so that the lowering of the fluid level forced contact
of the cells with the support. After 15 min at 4°C, the adherent
cells were washed twice in PBS. Normally, cells were put into
ice-cold 4% paraformaldehyde (PFA) immediately afterwards.
For in vivo mitochondrial staining, cells were incubated in
Mito Tracker Orange (Molecular Probes, Oregon, USA) at
500 nmol l–1 for 30 min in PBS before fixation.

Fixation was performed at 4°C overnight. The cells were
then permeabilized with 0.05% SDS (Merck) and 0.1% Tween-
20 (Sigma) for 15 min and blocked with 1% BSA (Sigma) in
PBS for 15 min at room temperature. At least three consecutive
washes with PBS were performed between all steps of the
fixing and staining procedure.

Mitochondria

In fixed cells, mitochondria were stained by labeling the
endogenous mitochondrial biotin with Streptavidin-FITC
(Dako, DK, USA) at 1:50 dilution in PBS for 30 min (Ruggiero
and Sheffield, 1998). 

Cytokeratin

The antibody (M 3515 monoclonal mouse anti-human
cytokeratins, AE1/AE3; Dako) was diluted 1:100 in PBS with
1% BSA and incubated for 1 h at room temperature. Secondary
antibody (rabbit anti-mouse TRITC R0270; Dako) was applied
at a dilution of 1:100 in PBS. 

Na+/K+-ATPase

For antibody-labeling of the Na+/K+-ATPase,
permeabilization was omitted. Chicken Na+/K+-ATPase
antibody (Biogenesis, UK) was applied at a dilution of 1:100
in PBS with 1% BSA for 1 h at room temperature. After
washing, the samples were incubated for 1 h with Sigma anti-
chicken IgG (A9046) fluorescein isothiocyanate (FITC)-
conjugated antibody, diluted 1:100 in PBS.

Stained cells were washed in PBS and embedded in
Vectashield H-1000 mounting medium (Vector Laboratories,
CA, USA). Analysis was performed with a laser-scanning
microscope (Zeiss, LSM 510) at 64× magnification.
For optimum resolution, confocal picture stacks were
deconvoluted using Huygens software (SVI, NL, USA) using
Maximum Likelihood Estimation algorithm.

Immunohistochemistry on tissue sections

After dissection, the pseudobranch was fixed in 4% PFA at
4°C overnight. The tissue was washed in PBS (3× 30 min) and
dehydrated in a series of ethanol baths (30 min each in 70%,
80% and 90% ethanol, 3× 1 h in 100% ethanol). Prior to the
final embedding in paraffin, dehydrated samples were
incubated in methyl benzoate (1× overnight, 3× 3–12 h), benzol
(2× 30 min), benzol/paraffin (1× 2 h at 60°C) and three changes
in paraffin (each 12–16 h).

Sections 4–5µm thick were cut on a Reichert–Jung
microtome and deparaffinized. Slices were prepared for
antibody staining by antigen retrieval with proteinase-K
digestion. Acetylation was performed with 0.5% acetic acid
anhydride in 0.1 mol l–1 Tris-HCl, pH 8.0. Unspecific binding
was blocked with 10% FCS in TBS. 

For the immunocytochemical localization of V-ATPase,
primary antibodies directed against subunit B (see above) were
used. Incubation with the primary antibody at a dilution of
1:350 in blocking buffer was undertaken at 4°C overnight. After
five washes with TBS, cells were incubated with a polyclonal
biotinylated anti-rabbit/mouse IgG (Duett-ABC Kit Solution C;
Dako, DK, USA) for 20 min. Then additional washes were
performed and the cells were probed with an anti-biotin
alkaline-phosphatase antibody (diluted 1:100; Dako) for 1 h. 

Similarly, cells were incubated with the primary antibody
directed against anion exchanger 2 (Rabbit Anti-rat AE21-A,
Alpha Diagnostics International, TX, USA) at a dilution of
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1:250 in blocking buffer overnight. Secondary antibodies were
visualized with a solution of 4-nitroblue tetrasodium chloride
(Roche Molecular Biochemicals) and 5-bromo-4-chloro-
3-indolylphosphate-4-toluisin salt (Roche Molecular
Biochemicals), as a purple stain. Pictures were recorded using
a digital camera (Nikon Coolpix 990) on a bright-field light
microscope (Reichert Polyvar). Images were processed in
Photoshop software (Adobe) to optimize brightness and
contrast. Special care was taken to keep recording conditions
and imaging parameters constant within probe and control
samples. 

Data analysis and statistics

The rate of acid release (acidification rate in µV s–1) was
quantified by fitting the sensor data collected during periods of
interrupted flow to a straight line using the least-squares
procedure. To reduce data scatter induced by the variable
acidification rate measured under control conditions (see
above) the data were also normalized by setting the
acidification rate recorded during a 4–8 min period before the
administration of a drug to 100%. Normalized data are
presented as percentage of basal rate (control rate). Data are
given as means ±S.E.M. Statistical differences from control
or between treatments were tested by analysis of variance
(ANOVA), followed by a multiple-comparison procedure
(SigmaStat) or, where applicable, the Student’s t-test.
Significance of differences was accepted when P<0.05. 

Results
The pseudobranch consists of several cell types, including

flat epithelial cells, pillar cells and the pseudobranch cells.
Cell suspensions prepared by Ca2+ depletion and mechanical
maceration contained a distinct population of cells, which
always kept their relatively flat shape and did not round
up in suspension or proliferate after adhering to the surface
(Fig. 1). 

Pseudobranch cells are epithelial cells, which typically
are characterized by the presence of epithelial cytokeratins.
Using antibodies directed against cytokeratins, cells fixed
immediately after isolation could be clustered into three
groups. The most intense fluorescence signal was observed in
small, spheroid cells of rather undifferentiated character
(Fig. 2A,B). The second group consisted of a small population
of an intermediate cell type, which showed the typical
mitochondrial arrangement of pseudobranch cells, but were
smaller and more spheroid, and stained positive for
cytokeratins (Fig. 2C). The third group were apparently fully
differentiated, mitochondria-rich cells (Fig. 2C,D), of which a
small fraction reacted weakly positive for cytokeratins
(Fig. 2D), but most did not react at all with this antibody
(Fig. 2C). Microscopical inspection of these cells over 3–4
days revealed no evidence of any further differentiation or
proliferation of any cell type. 

Fluorescence microscopical characterization of the cells
revealed the presence of a large number of mitochondria.

Incubation of fixed cells with FITC-labeled streptavidin
revealed a staining pattern (Fig. 3) that was quite photostable,
similar to the results obtained with in vivo staining using
the mitochondria-selective dyes Mitotracker green FM and
Mitotracker orange. 

Using a commercially available antibody directed against
anion-exchanger 2, we attempted to localize the anion
exchanger in pseudobranch cells. Fig. 4 shows that a positive
immunohistochemical reaction was observed in the
membranes of almost all cells. Specificity of the antibody was
tested by western blot analysis. Several bands were identified,
the most prominent at approximately 40 kDa, with a fainter
double band at approximately 60 kDa (Fig. 5B). 

To demonstrate the presence of Na+/K+-ATPase, cultured
pseudobranch cells were incubated with a commercially
available chicken anti-canine antibody. Confocal microscopy
revealed extensive binding of the antibody to proteins of the
basal membrane invaginations (Fig. 6). Specificity of the
antibody was checked by western blot analysis. A double band
was always observed at a molecular mass of approximately
30–35 kDa, and an additional band was present with a
molecular mass of about 45 kDA (Fig. 5A). 

A specific antibody directed against a conserved sequence
between amino acids 67 and 75 of the B subunit of V-ATPase
was used to search for the expression of V-ATPase in
pseudobranch cells. A positive staining reaction was found in
the membranes of most cells, especially in the tubular
membranes (Fig. 7A). Controls without primary antibody
showed no staining reaction (Fig. 7B). Western blot analysis
resulted in a single band of molecular mass slightly above
50 kDa (Fig. 5C), which corresponds to the molecular mass of
subunit B. 

The rate of proton secretion of cells prepared from the

Fig. 1. A cluster of adhesive mitochondria-rich cells isolated from
the pseudobranch. Scale bar, 50µm.
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Fig. 2. Immunohistochemical localization of cytokeratin (red signal) in freshly prepared pseudobranch cells. FITC-labeled streptavidin was
used to stain mitochondria (green signal). Three groups of cells were identified. The most intense staining was observed in small and largely
undifferentiated cells (A,B). (A) Confocal images with three optical sections of the cells. The top image shows a x,zsection, bottom left a x,y
section, and bottom right a y,z section. Within each image the locations of the two accompanying sections are indicated by white cross-
sectional bars, i.e. in the x,ysection (bottom left) the horizontal bar indicates the location of the x,zsection (top image), and the vertical bar the
location of the y,zsection (bottom right). (B) A three-dimensional reconstruction. (C) Cells from a small population of intermediate cell type,
with the typical mitochondrial arrangement of pseudobranch cells, but smaller and more spheroid. These cells also stained positive for
cytokeratins (cell marked with an arrow in C), but the staining was not as intense as in the undifferentiated cells. Apparently fully differentiated
mitochondria-rich cells showed a very weak or no positive reaction. (D) A fully differentiated cell with a faint cytokeratin staining was
observed. The staining only became visible at very high amplification of the red channel. In C and D, confocal images are shown with three
optical sections of the cells. The top image shows a x,zsection, bottom left a x,y section, and bottom right a y,zsection. The locations of the
sections within the cell cluster are indicated by white cross-sectional bars (see explanation to A). Scale bars, 10µm.
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pseudobranch and from gills was measured using a
cytosensor microphysiometer. Cells seeded into the cell
capsules did attach to the collagen-coated polycarbonate
membrane, and the acid secretion of these attached cells
could be measured without additional immobilization. In the
measuring chamber the activity of the cells was very stable
and could be measured for many hours. The acidification rate
of the external medium was typically 10–50µV s–1. For
pseudobranch cells, the mean acidification rate of the external
medium was 26.21±2.25µV s–1 for four preparations, and
the cell density of the suspension seeded into the capsule
caps was 0.123±0.021×105 cells ml–1 (see Materials and
methods). The average rate of acid secretion of gill cells
was 16.53±0.22µV s–1 (N=4), with the suspension
seeded into the capsule caps at a cell density of
2.98±1.28×105 cells ml–1. 

In pseudobranch cells as well as in gill cells the secretion
of protons was diminished in the presence of amiloride, an
inhibitor of Na+/H+-exchange (Fig. 8A,B). In pseudobranch
cells, substitution of Na+ in the basic medium by

trimethylamine (TMA) caused a 10–15% decrease in the
rate of acid secretion, which is in line with the effect of
amiloride. Similarly, incubation of pseudobranch cells with
bafilomycin A1, a specific inhibitor of V-ATPase, resulted in
a decrease in proton secretion of approximately 10%
(Fig. 9A). In gill cells, however, bafilomycin had no
effect on the rate of acid secretion (Fig. 9B). 4,4-
diisothiocyanostilbene-2,2-disulfonic acid (DIDS)
(10–3mol l–1), an inhibitor of Cl–/HCO3– exchange, caused a
minor but significant increase in the rate of proton release in
pseudobranch cells (Fig. 10A). At a concentration of
5×10–4mol l–1 the observed increase in proton secretion was
not significant. Replacing chloride in the basic medium either
by gluconate or by nitrate caused a transient increase in the
rate of acid secretion, which is in line with the effect observed
in the presence of DIDS. In gill cells of rainbow trout, DIDS
at a concentration of 5×10–4mol l–1 caused a 30–40%
reduction in the rate of proton secretion (Fig. 10B). 

Fig. 3. Incubating fixed pseudobranch cells with FITC-labeled streptavidin
resulted in a photostable staining of mitochondria. The confocal image
shows three optical sections of a pseudobranch cell in the x,z (A), x,y (B)
and y,z (C) planes. Within each image the locations of the two
accompanying sections are indicated by white cross-sectional bars, i.e. in
the x,y section (bottom left) the horizontal bar indicates the location of the
x,z section (top image), and the vertical bar the location of the y,z section
(bottom right). A similar picture was obtained by in vivo staining using the
mitochondria-selective dyes Mitotracker green FM and Mitotracker orange.
Scale bar, 10µm.

Fig. 4. Immunocytochemical staining of the anion-exchanger 2
in pseudobranch cells. An antibody (rabbit anti rat AE2)
directed against a specific 21-amino-acid peptide from rat
showed cross-reactivity in pseudobranch tissue (A). Control
sections with the primary antibody omitted showed no staining
(B). Scale bars, 20µm.
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Discussion
The pseudobranch comprises several cell types. The

lamellae are vascularized by pillar capillaries similar to the
regular gill lamellae, and thus the pseudobranch includes pillar
cells as well as pavement cells. The pseudobranch, however,
is mainly characterized by the presence of a special cell type
that is not found in gills, the pseudobranch cells (Laurent and
Dunel-Erb, 1984). The pseudobranch cell shows some
characteristics typical of chloride cells, such as the presence of
large numbers of mitochondria. They do not, however, have
the typical apical pits of chloride cells, or at least these pits
have no contact with the external water. The results of our
study clearly show that these pseudobranch cells can be
isolated and cultured. Using mechanical maceration and a
Ca2+-free environment we were able to isolate a distinct
population of mitochondria-rich cells that always kept
their relatively cuboidal shape and did not round up in
suspension or proliferate after adhering to the surface of a

culture dish. The histological appearance showed
similarities to pseudobranch cells. Furthermore, our
immunocytochemical analysis revealed the presence of
an extensive tubular system at the basal side. Using a
commercially available antibody to localize Na+/K+-
ATPase within these cells a positive staining reaction
was observed within the cell membranes, and western
blot analysis yielded bands corresponding to the
molecular mass of the unglycosylated or partially
glycosylated β-subunit of Na+/K+-ATPase (Mobasheri
et al., 2000). This suggests that the immunoreactivity is
due to the presence of Na+/K+-ATPase in the
membranes of these cells. These features match our
current conception of pseudobranch cells (Laurent and
Dunel-Erb, 1984; Dendy et al., 1973). We therefore
conclude that the cells isolated from this organ were
mainly pseudobranch cells, and not pavement cells,
which typically are isolated from gills (Pärt et al., 1993;
Pärt and Bergström, 1995; Wood and Pärt, 1997;
Gilmour et al., 1998; Kelly et al., 1999). A recent study,
however, reported successful isolation of mitochondria-
rich cells from trout gills, with clear similarities to
chloride cells (Fletcher et al., 2000). 

Despite their complex morphology, pseudobranch
cells are clearly of epithelial origin. Therefore it was
surprising that most of the fully differentiated cells
showed no positive staining for the epithelial marker
cytokeratin, and even in those cells where a positive
antibody reaction was observed, it could only be
visualized using very high signal amplification. On the
other hand, a fraction of small, undifferentiated cells in
our preparations was nicely stained by the antibody
directed against epithelial cytokeratins. In addition, a
small population of cells, which exhibited both a strong
fluorescence signal (indicating the presence of
cytokeratin) and a high density of mitochondria, was
present. These cells may be in a transitional
differentiation state, with mitochondria already present
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Fig. 5. Western-blot analysis of Na+/K+-ATPase (A), anion-
exchanger 2 (B) and vacuolar-type ATPase (C) in pseudobranch
tissue. The positions of molecular mass markers (kDa) are shown.

Fig. 6. Immunohistochemical localization of Na+/K+-ATPase in
pseudobranch cells. The confocal image shows three optical sections of a
pseudobranch cell in the (A) x,z, (B) the x,y and (C) the y,zplanes. Within
each image the location of the two accompanying sections is indicated by
white cross-sectional bars, i.e. in thex,y section (bottom left) the
horizontal bar indicates the location of the x,zsection (top image), and the
vertical bar the location of the y,z section (bottom right). Note that
Na+/K+-ATPase immunoreactivity is located at all cell membranes. Scale
bar, 10µm.
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but the tubular system not yet established. This idea is further
supported by the nucleus-to-cytoplasm volume ratio, which in
these cells was smaller than in the obviously undifferentiated
cells, but higher than in the fully differentiated pseudobranch
cells. If these three different cell populations do indeed
represent different states of differentiation, our observations
suggest that pseudobranch cells abandon the expression of
epithelial cytokeratin during differentiation. It may also be
possible that the cells switch to different cytokeratins that are
not recognized by the antibody used in our experiments. This
explanation is unlikely, however, because the antibody is
known to recognize a large variety of different cytokeratins.
Unfortunately, even after 4 days in primary culture, no further
differentiation of any of these cell types was observed. On the
other hand, nor did we observe any proliferation of the
pseudobranch cells. This lack of proliferation in culture,
however, might reflect an inability to differentiate, so that this
observation does not necessarily refute the idea that the

different cell populations may represent various states of
pseudobranch cell differentiation.

According to the hypothesis that pseudobranch cells are able
to titrate blood pH down a level just above the threshold for
the onset of the Root effect (Berenbrink, 1994; Bridges et
al., 1998), acid must be secreted from this organ. The
pseudobranch comprises several cell types, most of which are
also typical of teleost gills. The only cell type that is unique to
the pseudobranch is the so-called pseudobranch cell (Laurent
and Dunel-Erb, 1984). It therefore is quite likely that this cell
type is somehow related to the special function of this organ.
Our attempts to identify acid-secreting pathways in these cells
revealed the presence of an anion exchanger, Na+/H+-exchange
and a V-ATPase. 

Fig. 7. Immunohistochemical staining of subunit B of vacuolar-type
ATPase using an antibody directed against a conserved region of the
protein (A). A positive staining reaction was found in the membranes
of most cells, especially in the tubular region. Control sections
incubated without the primary antibody showed no staining at all
(B). Scale bar, 10µm.
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Immunohistochemistry using a commercially available
antibody directed against mammalian anion-exchanger 2
resulted in a very strong signal in the cell membranes of the
pseudobranch cells, including the tubular system. Western blot
analysis to test the specificity of the antibody resulted in
several bands, the molecular mass of the main ones being 40
and 60 kDa. Although the mammalian protein has a molecular
mass of approximately 100 kDa, fragments of 40 and 60 kDa
have been observed in western blots (Wagner et al., 1987).
Furthermore, the anion exchange-inhibitor DIDS and the
anion-exchange protein apparently produced a highly
autofluorescent complex, because cultured cells incubated with
DIDS produced highly fluorescent cells, and the distribution of
this fluorescence signal was very similar to the result obtained

with the antibody directed against the anion exchanger alone.
Thus, we conclude that the antibody binds to an anion-
exchanger-like protein in pseudobranch cells. Problems with
autofluorescence and the structure of the pseudobranch cells,
consisting mainly of membranes (i.e. the tubular system)
and mitochondria with very little free cytoplasm, made
reproducible measurements of intracellular pH using
fluorescent dyes almost impossible. 

Although these histological data show the existence of an
anion exchanger in the tubular system of pseudobranch cells,
inhibition of this exchanger only caused a minor increase in
acid transfer across the cell membranes. This is in contrast to
gill cells, in which inhibition of anion exchange caused a
significant reduction in acid release. Testing the influence of
HCO3–-buffered medium on the regulation of intracellular pH
in cultured gill cells of rainbow trout, Wood and Pärt (2000)
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concluded that these cells use Na+-dependent anion exchange,
and that Na+-independent anion exchange was absent under
isotonic conditions. This is in agreement with our results. The
Na+-dependent anion exchanger uses the Na+ gradient to bring
HCO3– into the cell. Inhibition of this exchanger increases the
HCO3– concentration, and thus the buffer capacity, in the
extracellular fluid, resulting in an apparent reduction in the
rate of acid secretion measured by the cytosensor
microphysiometer, which has also been shown for
swimbladder gas gland cells (Pelster, 1995). Sodium
independent Cl–/HCO3– exchange, in turn, is regulated by the
internal pH and usually extrudes base under physiological
conditions. In consequence, inhibition of this exchanger
causes an increase in the apparent rate of acid secretion. The
obvious conclusion from these results, therefore, is that
pseudobranch cells, in contrast to gill cells, use sodium
independent Cl–/HCO3– exchange, and under control
conditions this exchanger contributes to the removal of HCO3–

from the cell. 
Application of amiloride induced a minor but significant

reduction in the rate of acid secretion, suggesting that Na+/H+

exchange is present and contributes to acid secretion by
pseudobranch cells. The same was observed for gill cells.
Na+/H+ exchange appears to be present in most cells and uses
the sodium gradient as a driving force to remove protons from
the cell (Harvey and Ehrenfeld, 1988; Kramhoft et al., 1988).
Its presence in gill cells is also well established (Wood and
Pärt, 2000).

A third mechanism for transporting protons across the cell
membrane is a proton pump, a V-ATPase. The importance of
V-ATPase for the uptake of sodium by gill cells of freshwater
fish is well established in several species of adult fish (Perry
et al., 2000; Wilson et al., 2000), and a new model proposes
that Na+ uptake occurs passively via apical Na+ conductance
channels, the uptake being energized by a membrane-bound
V-ATPase located in the apical membranes of gill cells
(Perry, 1997; Fenwick et al., 1999). Several studies have
located V-ATPase in apical membranes of gill cells (Lin et
al., 1994; Laurent et al., 1994; Goss et al., 1994; Lin and
Randall, 1995; Sullivan et al., 1996), although it remains
controversial whether this ATPase is located in pavement
cells, and/or chloride cells. Our results suggest that this V-
ATPase is not involved in acid–base regulation in cultured
gill cells under isosmotic conditions, which confirms the
results of Wood and Pärt (2000). In cultured pseudobranch
cells, however, we observed a minor but significant decrease
in the rate of acid secretion after application of bafilomycin
A1, and demonstrated the presence of this protein in cell
membranes by immunohistochemistry. Our results therefore
establish the expression of V-ATPase in pseudobranch cells,
and suggest that this ATPase is involved in acid–base
regulation under isosmotic conditions. 

Although these pharmacological and immunhistochemical
data clearly show that an anion exchanger, Na+/H+ exchange
and V-ATPase are present in pseudobranch cells, inhibition of
each single pathway caused only a minor change in the rate of

acid secretion of these cells. So what can be the major pathway
to transfer acid equivalents from the cytoplasm to the
extracellular space? There is no immediate and clear answer to
this question. It is well established that if redundant pathways
are present, selective inhibition of one of these pathways may
result in an increase in the activity of the other pathways.
Therefore, in our experiments, inhibition of Na+/H+ exchange,
for example, may have stimulated V-ATPase or vice versa. It
has also been shown for gas gland cells, for example, that the
activity of the various pathways is not constant, but varies with
extracellular pH (Sötz et al., 2002). Another important aspect
is aerobic metabolism. As demonstrated by Owicki and Parce
(1992), glucose oxidation results in the production of 0.167
protons per ATP molecule produced. Thus, aerobic
metabolism results in an acidification of the cell, and also in
the production of CO2, which leaves the cell by diffusion. An
increase in extracellular PCO∑ shifts the equilibrium of the
CO2/HCO3– towards the formation of HCO3–, and thereby is
equivalent to an extrusion of acid. Pseudobranch cells are
virtually packed with mitochondria, and our result suggests
therefore that aerobic metabolism and diffusion of CO2

significantly contribute to the acid production and acid release
of these cells.

In summary, the results of our study show that pseudobranch
cells can be taken into primary culture, and these cultured
cells may serve as a very useful model for the analysis
of ion transport characteristics and metabolic control.
Immunohistochemistry and physiological experiments show
that pseudobranch cells are equipped with various mechanisms
for the transfer of protons through the cell membrane. In
cultured gill pavement cells a sodium-dependent anion
exchange appears to contribute to acid release and control of
intracellular pH, but in pseudobranch cells a Na+-independent
anion exchange was observed. In addition, V-ATPase, which
is present in both cell types, is involved in acid–base regulation
under isosmotic conditions in pseudobranch cells, which in gill
cells is not the case. In evolutionary terms, the differentiation
of the pseudobranch at the site of the hyoid arch and of the
holobranchs on each of the branchial arches therefore produced
morphologically as well as physiologically different organs.
With respect to the possible function of the pseudobranch, our
results show that the rate of acid secretion of pseudobranch
cells is higher than in gill epithelial cells, which is consistent
with the idea that, in the pseudobranch, the blood is
‘preconditioned’ by acidification to reduce the amount of acid
that must be secreted by retina cells in order to switch on the
Root effect.

The study was financially supported by the Fonds zur
Förderung der wissenschaftlichen Forschung (FWF, P14174-
BIO).
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