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several of these functions depending on the species and the type of

pseudobranch.

In this study these theories are examined in the light of new
structural and functional evidence, relationship of the pseudobranch
to habitat and species, and association with the gills, choroid rete

mirabile, blood circulation and innervation.



REVIEW

The pseudobranch was first described by Broussonet (1782, 1785)
when he discovered a pair of gill-like organs on the inner surface of

the opercular fold in teleosts.

Distribution

Barly anatomical studies reported the existence of a pseudobranch
in Elasmobranchs (J. Muller, 1839; Hyrtl, 1858, 1872; Virchow 18%0a,
1890b; Carazgzi, 1904; Allis 1911a, 1912b, 1912c; Vialli, 1924a;
Granel, 1924) and Actinopterygians (J. Muller, 1840, 1844; Ramsay Wright,
1885; Dohrn, 1886; F. W. Muller, 1897; Allis 1900, 1911b; Vialli
1924a, 1925a, 1925b), but its major evolution has taken place in association
with the teleost respiratory system, with a maximal development in
Euteleosts (Hyrtl, 1838; J. Muller, 1839; Maurer, 1884; Dohrn, 1886;
Allis, 1912a; Grassi, 1914; Vialli, 1924b, 1926a; Granel, 1922a, 1922b,
1923a, 1923b, 1926, 1927), and especially in Acanthopterygians which
display the most highly developed branchial respiration (Laurent 1974).
It is absent in Cyclostomata, the Holocephali, Dipnoi and a few teleosts
(Goodrich, 1930; Wittenberg and Haedrich, 1974). - The adult Holocephali
and Dipnoi have lost both the pseudobranch and spiracular slit (Goodrich
1930), but in the Teleostomi an open spiracle persists in Polypterus,

Acipenser and Polyodon (Muller, 1840). In all other adult Teleostomes

the spiracle is closed although a distinet vestige may remain of the

praryngeal pouch in Amia, Lepisosteus and some teleosts (Ramsay Wright

1385; Sagemehl, 1884a, 1884b, 1891). A pseudobranch is developed here

in Acipenser, Polyoden, Lepisosteus, Amia and the majority of teleosts.

It is the absence of the pseudobranch in some teleosts that has made

the physiological impertance of this organ a controversial matter.



J, Mller (1839, 1840, 1844 ) investigated a large number of teleosts and
found it to be present in the adult stage of many species but to be
conpletely absent from others. More recently Wittenberg andHaedrich (1974)
carried out an extensive study on the association of the pseudobranch with
the choroid rete mirabile in teleosts. The principal groups lacking a
pseudobranch are the Anguilliformes, Osteoglogsiformes, Siluriformes and

a few Salmoniformes. In the Leptocephalus larva of Anguilliformes (eels)
the pseudobranch is a true gill with a respiratory function, but it
disappears in the adults aﬁd the existence in them of any vestigeal organ

is questioned (Grassi 1913, 1914).

Circulation and Development

Most of the early work on the pseudobranch was concerned with its
development and the relationship of its blood supply with that of the
primary aortic arches. TFor some time it was disputed whether the
pseudobranch represented the mandibular (spiracular) or hyoideal gill
arch. In 1839 J. Muller established the homology of the pseudobranch
of Teleogtomes with that of Selachians, where it represents the spiracular
or mandibular hemibranch. This followed the discoveries of V. Baer (1827)
and Valentin (1831) that the pseudobranchs of Acipenser (sturgeon) and
Lepisosteus (gar) occur along with opercular gills which undoubtedly
represent the hyoideasl hemibranchs, indicating that the pseudobranchs

belong to the mandibular arch.

The pseudobranchial circulation is dealt with in studies by Hyrtl
(1338, 1858, 1872), J. Muller (1839), Maurer (1884), F. W. Muller (1897),

and especially Allis (1900, 1908a, 1908b, 191la, 1911b, 1912a, 1912b, 1912¢).

In the Selachians, lower Teleostomnes and many Teleosts (e.g. Salmo)
the pseudebranch receives blood from the efferent vessel of the hyoid arch

via an anastomosis (afferent pseudobranchial vessel). The ventral region
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of the mandibular arch is interrupted and the more dorsal region of the
arch becomes the efferent pseudobranchial vessel. This vessel joins the
lateral dorsal aorta (internal carotid) in Selachians, whilst in Amia
(bowfin) and most Teleosts the efferent pseudobranchial artery separates
from the internal carotid and passes directly into the ophthalmic artery
(Pig 1) (Allis, 1900, 1911a, 191lb, 1912a, 1912b, 1912c; Gﬁodrich 1930).
In Teléoats this is the usual definitive condition; the two internal
cerotids come glose together and fuse to complete the circulus cephalicus,
while the separated efferent pseudobranchial arteries continue forward as
the ophthalmics., 4 slender cross vessel unites them in front of the

circulus (Allis, 1912a).

The_cr0ss commissural vessel from the hyoidean to the mandibular
arch always seems tobe developed in the embryo, though it may disappear
later (Agig and most Teleosts). The pseudobranch then receives blood
from the mandibular arch, when the ventral mandibular supply persists
(e.g..zglxodon, Allis 1911b), and a secondary afferent vessel coming from
the circulus cephalicus (e.g. Gadus, Allis 1912a). In Amia and such
Teleosts as Esox (pike) the secondary vessel (which may be derived from

the orbital artery) alone supplies blood to the pseudobranch (see Fig 2a - e).

Studies on the morphology and development of the pseudobranch in

different forms are extensively reviewed by Vialli (1926a) and Granel (1927).

Selachians usually have a well developed pseudobranch lodged in the
spiracular slit and reaching to near its external opening. Although
gill-like, it possesses only one row of filaments, unlike the typical
branchial arch which has filaments on both anterior and posterior surfaces
(nolobranch). The pseudobranch filaments may be numerous but bear few
secondary lamellae covered by a thick layer of cubical epithelial cells.

They do not contain the acidophil cells typical of higher forms (Vialli 1926a).
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Fig 2

Development of aortic arches and pseudobranch circulation (after
Kryzanovsky 1934 )

aab(1) afferent branchial artery (lst gill arch)
eab(1) efferent branchial artery (1st gill arch)

D& dorsal aorta

'/ ventral gorta

m mandibular arch
mna mandibular artery
h hyoid arch

ps pseudobranch

aa(ps) afferent pseudobranchial artery
ea(ps) efferent pseudobranchial artery

oa orbital artery
The pseudobranch circulation may arise from one of 3 sources

Tig c) ventral origin - from efferent branchial artery and

mandibular artery
Fig d) mixed origin - cephalic circle and mandibular artery

Fig e) dorsal origin - cephalic circle.






Virchow (1890b) described three groups of Selachians on the basis of their
pseudobranch or lack of it:
1. Notidanidi, which possess a pseudobranch.

2. Squalidi, which do not have a pseudolranch but only an arterial
network connecting the afferent to the efferent spiracular artery

(3elache maxima).

3. A third group which possesses neither arterial network nor
pseudobranch, so blood flows directly from the afferent to the

efferent artery via an anastomosis (e.g. Callorhynchus).

Recent studies on the pseudobranch of the Selachian Torpedo marmorata,
by Barets et al (1976 in preparation) showed the presence of a deeply
modified gill with 7 to 10 primsry lamellae as slightly prominent folds
inserted oﬁ a common base. Small, often abortive secondary lamellae are
sparse and insert laterally and obliquely on these folds. The study
showed the presence of two parts in the circulatory system : the corpus
cavernosum located at the base of each primary lamella and the pgeudobranch
parenchyma located at the top (Fig 3). Previous papers already demon-
strated the presence of these two structures (Vialli 1924a, Granel 1924),
but the vascular connection between them was not understood. The blood
gets into the parenchyma by two pathways:

1. the blood flows through the corpus cavernosum, péenetrates the secondary
lamellae and finally enters the parenchyma. There is no direct access
between the two parts as previously described. The sparse secondary
lamellae are nearly always abortive, the vasculature consisting only

of a marginal vessel.

2. as an alternative pathway the blood has direct access to the parenchyma
via a small dorsal branch of the afferent arterial plexus. This
access-1is controlled, as in the preceding case, by sphincters in the

parenchyma.

The parenchyma is a very complex structwre composed of several types

of vessels : the efferent vessels (distal part of the secondary lamellae)







are comected with a large sinus by way of narrow channels and sphincters.
Finally the sinus bloed is conveyed by veins itowards the jugular system.
This venous outflow is nécessary because in Torpedo marmorata and many
other Selachians there is a connection between the cephalic circle and
ophthalmic cirele (unlike teleosts where the cifcles are not connected)

so there is no hydrostatic pressure gradient between input and output of
the pseudobranch rete. Consequently the blood could not flow through the

rete unless a venous outflow drains it off (Laurent 1976). (Fig 1)

The pseudobranchs of Acipenser and Polyodon are similar to those of
Selachians, but are more deeply set in the spiracular slit (Vialli 1924a,
1925a, 1926a; Granel 1927). In Lepisosteus where this slit is closed
externally but widely open internglly the pseudobranch migrates in
development into the tranchial cavity to a position on the under surface
of the operculum (Ramsay Wright, 1885; Muller, 1897; Vialli, 1925b;
Granel, 1927). The pseudobranch of Amis preserves the essential gross
structure of a gill with lamellae supported by branchial rays as in the
previously described forms, but it is largerrand bulges outwards on the
wall of a saccular diverticulum of the spiracular slit (Ramsay Wright,
1885; Vialli 19250, 1926a). It also resembles that of Teleosts in the

appearance of a layer of acidophil cells (vialli 1926a; Granel 1927).

In the Teleostei the spiracle closes early, the mandibular pseudobranch
arises near the internal opening of the gpirascular slit, but migrates and
spreads into the subopercular cavity (Dohrn 1886). It shows progressive
structural modification from the respiratory branchial arches. At first
it is g 'free' gill-like organ with projecting vascular lsmellae possessing
secondary lamellae, but it tends to sink below the covering epithelium and
loses its primitive structure in later stages of more specialised cases

(Maurer 1884).
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In 1839 J. Muller described two kinds of Teleostean pseudobranch:
1. free, with gill-lamellae projecting into the sub-opercular cavity;

2. glandular, sunk below a covering epithelium.

However Granel (1927) made it clear that all possible transitions
occur between 'free' and 'enclosed' pseudobranchs, although four main
adult types could be distinguished (Fig 4).

1. a 'free' pseudobranch with lamellae projecting into the buccal cavity
and bearing secondary lamellae each covered by buccal epithelium
(e.g. Trachinus);

2. the lamellae are still free but are shorter and less freely exposged
to the water flow; the buccal epithelium covers each lamellae
without sinking between the secondary lamellae (e.g. Chrysophrys);

3 the lamellae no longer project, and are covered by a common veil
of buccal epithelium (e.g. Phoxinus);

4. the whole organ is not only buried but has become more or less
separated from the superficial epithelium by an overgrowth of

connective tissue (Cadus, Cyprinus and others with a 'glandular!

pseudobranch).

In those pseudobranchs which are covered by a continuous layer of
epithelium the secondary lamellae fuse together down the length of the
filament and also between adjacent filaments. The covered or 'enclosed'

pseudobranch is completely isolated from the water.

Although progressively modified the histological structure of the
teleost pseudobranch remains essentially the same in all types. It still
retains the gill-like structure of filaments with secondary lamellae
disposed perpendicular to the filament axis, and containing a flat capillary
system strengthened by pillar cells. The pseudobranch of Amig and the

Teleocstei is distinguished by the conversion of the subepithelial cells
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covering the middle vascular layer into large granular secretory acidophil
cells (Granel, 1922a, 1922b, 1927; Vialli, 1924b). They are thought
to arise from the mesenchyme cell layer which also gives rise toc the

pillar cells (Granel 1923a).

The acidophil cells of the pseudobranch were thought to be identical
or similar to the proposed chloride secretory cells found in the gills by
Keys and Willmer (1932), (Leiner 1938; Copeland 1951; Crasse 1958),
Holliday and Parry (1962) stated that at the electron microgcopic level
the structure of the specific cells in both pseudobranch and gill is
identical in the flounder Pleuronectes flesug. However their interpretations
were not supported by Harb and Copeland (1969) who found two distinect cell
types in the pseudobranch of the flounder Paralichthys lethostigma. They
described one cell type comparable in all essential details with the -
chloride cell in the gill of the same fish, and that described in the
gills (Doyle and Gorecki 1961; Philpott and Copeland 1963) buccal epithelium
(Burns and Copeland 1950) and surface epithelium of other fish (Hendrikson
and Matoltsy 1968). The 'chloride type' cells are characterized by their
highly branched tubular network, randomly distributed mitochondria, and
the presence of an apical pit by which the cell makes direct contact with
the water. - The other cell type is specific to the pseudobranch
('pseudobranch type' cell) and is identified by the orderly arrangement
of parallel tubules around the closely packed mitochondria as described
by Copeland and Dglton (1959) for the glandular pseudobranch. The
'pseudobranch type' cell does not possess an apical pitand is isolated

from the water.

Further electron microscope studies by Dunel and Laurent (1973) and
Mattey, Moate & Morgan (1978) confirmed the presence of two cell types

distinguished by their wltrastructural characteristics.
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Some of the initial confusion as to the identity of pseudobranch
acidophil cells can be explained by the fact that both cell types do not
ovzcur in all pseu&obranchs. Their presence and distribution within the
organ depends on the type of pseudobranch and the habitat of the fish
species (Dunel and Laurent 1973). 'Chloride' cells (Type I cells of
Dunel and Laurent (1973)) are present when the lamellae are free or
partially free (Fig 5a, b, c). This is the usual case for salt water
teleosts when the chloride cells are located in regions where they have
easy acceas to the external enviornment.through the apical pits in the
layer of overlapping epithelium. 'Pseudobranch type' cells (Type II cells
of Dunel and Laurent (1973)) are also present in salt watér teleosts but
are isolated from the water by a layer of epithelium; In fresh water
teleosts, the pseudobranchial epithelium, always far from the external
environment due to the fusion of the secondary lamellae,only includes
'pseudobranch type' cells (Fig 4d). Only one exception (Perca) has been
found to this rule (Dunel and Laurent 1973) where the pseudobranchial
epitﬁelium, in contact at a particular point with the water, contains some
'chloride! cells. In all teleosts, whether fresh or salt water, the
'pseudobranch type' cells are always isolated from the external environment.
'Chloride type' cells show the same siructural differences between fresh-
water and seawater teleosts as those described for the 'chloride' cells
of the gill (Philpott and Copeland 1963; Threadgold and Houston 1964;
Shirai and Utida 1970; Fearnhead and Fabian 1971). On the contrary,
'pgseudobranch type' cells which are identical in fresh water and salt water
teleosts, can be considered as morphologically and functionally independent

of the external environment (Dunel and Laurent 1973; Mattey et al 1978).

Newstead (1971) in a study of the gills of a tidepool sculpin

(0iigocottus maculosug) claimed that under osmotic stress the 'chloride type'
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F.‘i.g 5

Relationship of ‘chloride type' cells (Type I)

and 'pseudotranch type' cells (Type II)

and 'covered' pseudobranchs.

a)
b)
c)

d)

Sagittal section of the pseudobranch of
Sagittal section of the pseudobranch of

Sagittal section of the pseudobranch of

(Spondyliosoma)

Sagittal section of the pseudobranch of

(salmo)

paa
pea
afa
efa

€p

primary afferent artery
primary efferent artery
afferent filament artery
efferent filament artery
epitheliwn

lamellae

N in
After Dunel & Laurent

'free', 'semi-free'
(1973).

a marine teleost (Gobius)
a marine teleost (Morone)

a marine teleost

a freshwater teleost






cells normally found in the gill epithelium could undergo rearrangement

of their cytoplasmic components into the pattern characteristic of
'pgeudobranch type' cells, He suggested that 'the more intimate association
of mitochondria and tubule membrane in the 'pseudobranch type' cells may
reflect a shift toward an arrangement more effective in ion transport than
in the unorientated arrangement found in 'chloride' cells of unstressed
animals'. Mattey et al (1978), in a study of the pseudobranchs of marine
eiuryhaline and freshwater species, noted that although ultrastructural
changes occured under osmotic stregs, the 'chloride type'! and 'pseudobranch
type' cells remained distinguishable from each other. They concluded, in
agreement with Harb and Copeland {1969), and Dunel and Laurent (1973), that
'chloride type'! and !pseudobranch type' cells are distinct cell types,

performing different, though possibly related functions.
Functions

The 'chloride' cell of teleost gills is commonly regarded as the site
of extrarenal salt regulation (Smith 1930; Keys and Willmer 1932; Copeland
1948; Philpott and Copeland 1963; Threadgold and Houston 1964; Fearnhead
and Fabian 1971; Maetz and Pic 1977; Sardet, Pisam, Maetz 1979). The
definitive proof of this assumption is lacking but an abundance of
histological data (reviewed by Conte, 1969) and biochemical data (reviewed
by Maetz & Bornancin, 1975) strongly suggest that these cells are actively
engaged in ion transport. The chloride cells of marine teleosts are
thought to actively excrete sodium and chloride ions, whilst in freshwater
teleosts net absorption of Na+ and €1~ occurs to compensate for the urinary
and diffusional loss of these ions (Krogh, 1937; Pettengill and Copeland
1948; Maetz and Romeu 1964; Romeu and Maetz 1964; Maetz 1971).
Histochemicél evidence has been presented to show accumulation of chloride

in 'chloride' cells, particularly in the region of the apical pit (Copeland
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1948; Datta Munshi 1964; Philpott 1966; Petrik 1968; Fearnhead and
Fabian 1971). Masoni and Garcia-Romeu (1973) used an autoradiographic
technique to show the localisation of C1  and Na' ions in the chloride
cells of sea water eel gills, particularly in the apical pole. Shirai
(1972) found a difference in the localisation of Na' ions between the
chiloride cells of Japanese eels adapted to seawater and freshwater. It

is well known that major changes occuring in the gills of eels transferred
from freshwater to seawater include the appearance of-increased numbers

of chloride cells (Shirai and Utida 1970; Thomson & Sargent 1977) and a
parallel increase in the activity of Na'/K - ATPase (Epstein, Katz &
Pickford 1967; Utida,.Kamiya & Shirai 1971; Thomson & Sargent 1977).
There is also an increase in sodium efflux (Forrest, Cohen, Schon & Epstein
1973) and in the Na+/K+ exchange which parallels the net Na' extrusion

rate in seawater adapted eels (Bornancin & de Renzis 1972). Such findings
support the idea that the net outflux of Na' in seawater eels is due to

the presence of chloride cells containing an active Na+ punp that is
manifested as a Né+/K+— ATPage in biochemical assays. This‘supp0sition

is supported by histochenical evidence indicating that Na+/K%- ATPase is
located in the plasma membranes and smooth endoplasmic reticulum of chloride
cells (Mizuhira, Amakawa, Yamashina, Shirai & Utida 1970; Shirai 1972;
Hootman & Philpott 1979) and, further, by the demonstration that chloride
cells, isolated after treatment of gill tissue with elastase, contain the
bulk of the Na /K -ATPase activity of the gill (Kamiya 1972). Karnaky,
Ernst & Philpott (1976a) found that increases in Na/X-ATPase activity
roughly parallels the proliferation of chloride cell basal lateral surface
meabrane. Using an autoradiographic localisation technique with tritiated
ouabain, Karnaky, Kinter, L., Kinter, W. & Stirling (1976b) found
unexpected increases in basal-lateral enzyme at higher salinities and

questioned the long postulated role of the Na+ punp in Na Cl transport.
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Motais and Garci—Romeu.(1972) surmised that most gill Na/K;ATPaée was
associated with the tubular s&stem of the chloride cell and suggested that
its function in high salinity environments was solute recycling and water
absorption rather than active Na+ secretion. Moreover Kirschner, Greenwald
& Sanders (1974) concluded on the basis of available electrophysiological
data that the primary osmoregulatory mechanism in gills of geawater adapted
fish is a secretory C1 pump and that it may not even be necessary to

postulate a secretory Na+ punp.

Sexton and Russell (1955) suggested that succinic dehydrogenase,
found in goldfish gills, was involved in active sodium transportatioen.
However, the direct involvement of succinic dehydrogenase in ion transport
was not supported by Bgnerjee and Mittal (1975) who pointed out that the
high activity of this enzyme in the chloride cells is an indication of
their high metabolic role which is essential for the efficient functioning
of the cells i,e. active transportation of ions. Sargent, Thomson &
Bornancin (1975) found that the specific activity of succinie dehydrogenase
was 2.5 times greater in cells from seawater adapted eéls than in those
from freshwater adapted fish., They concluded that the adaptation of the
fresh water eels to seawater involves the elaboration not only of a Naf
pump expressed blochemically as Na+/K%-ATPase, but also the energy producing
apparatus to drive the pump, expressed biochemically as mitochondrial
enzymes including succinic dehydrogenase. This is in accord with the
proliferation of chloride cells with their numerous mitochondria in seawater

fish.

Apart from changes in enzyme activity and chloride cell number, many
studies have also reported c¢ytological changes in response to salt or
freshwater adaptation of fish (Getman, 1950; Kessel & Beams 1962; Philpott

and Copeland 1963; Shirai & Utide 1970; Fearnhead & Fablan 1971; Oiivereau,
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1971; Karnaky et al 1976a). The function of the 'chloride type' cell
in the pseudobranch has been assumed to be the same as that of the gills

(Jarb & Copeland 1969; Dunel & Laurent 1973).

The function of the 'pseudobranch type' cell, however, remainsg
uncertain, It appears to have no direct osmoregulatory function since-
it is isclated from the external environment. Parry and Holliday (1960)
objected to the pseudcbranch having any osmoregulatory role since fish
that had undergone pseudobranchectomy were apparently able to osmoregulate
quite normally and showed no significant difference in survival time to
control fish, when exposed to various seawater dilutions. However they
believed that all the cells of the pseudobranch were the same or similar
to the 'chloride' cells of the gill when in fact their experimental fish

Salmo gairdneri and Salmo trutta contain only 'pseudobranch type'! cells.

It would appear, therefore, that these cells, and pseudobranchs containing

or.ly these cells, have no direct role in osmoregulation.

As in the chloride cell of the gill there are signifidant amounts of
Na+/K% -ATPase in 'pseudobranch type' cells (Laurent, Dunel & Barets 1968;
Bonnet, Bastide & Laurent 1973; Dendy, Deter & Philpott 1973a, 1973b).
Leurent et al (1968) fownd that enzyme activity was located on the inward
membrane of the 'pseudobranch type' cells facing the extracellular spaces
of the intralamellar areas. These intralamellar areas contain numerous
afferent nerve endings. Laurent (1969) found large variations in the
membrane potentials of the 'pseudobranch type' cells associated with PO2 or
pH changes, which indicated an ionic redistribution t:tween the intra - and
eztracellular milieu. He suggested that the extracellular K= concentration,
a possible activation factor for the adjacent endings is linked to the PO2,
and that the passage of ions at tle level of the membrane is easily

reversible. He postulated that the most probable mechanism is an ionic
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pump, an argument supported by the cytochemical (Laurent et al 1968)

and biochemical (Bonnet et al, 1973) confirmation of a very large

Na /K -ATPase activity of a particular type in this membrane. Bonnet et
al (1973) reported that the Na /K -ATPage of 'pseudobranch type' cells was
of a different type to that in the chloride cells of the gi;ls. The

Na' /K —ATPase from the pseudobranch of trout had a mazximum activity at

pH 6.4, whilst the maximum activity of this enzyme from the gills of the
same fish occured at pH 7.4. They found two different types of enzyme
in the pseudobranch of Scorpaena porcus (small scaled scorpion fish) which
contains both 'pseudobranch type' and 'chloride type' cells. One type
had maximum activity at pH 6.4 whilst the other occured at pH 7.6. They
-attributed this to NaT/K+—ATPase from the "pseudobranch type' cells and

chloride type' cells respectively.

Following fracticnation by differential centrifugation and rate
sedimentation centrifugation, and the use of negative staining of fractions,
Dendy et al (1973a, 1973b) concluded that the Né+/K+—ATPase of the
pseudobranch is localised in plasma membranes. However they assumed that
it was associated with the tubular plasma membrane invaginations and did
not give a specific location on the membranes of the antivascular pole of
'pseudobranch type' cells as found by Laurent et al (1968). Also, Dendy

et al used the brackish water Pinfish, Lagodon rhomboides, which possesses

a semi-free pseudobranch so it is likely that their subcellular fractions
contained plasma membranes cf 'chloride type' cells as well as '"pseudobranch
type' cells. Epstein et al (1967) reported A-fold and 10- fold increases
in Na' /K -ATPase activity in microsomal fractions of the gills and
pseudobranch respectively, after adaptation from fresh to salt water. This

was thought to reflect on increased transport activity.

Copeland and Dalton (1959) expressed the view that the structural

specialisation of the 'pseudobranch type' cell is possibly related to the
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production of carbonic anhydrase, high levels of which have been described
in the pseudobranch by Leiner (1940), Sobotka and Kann (1941), and

Mzetz (1956). The histochemical localisation of carbonic anhydrase in
pseudobranch has been reported by Vervoort (1958) and Laurent, Dunel &
Barets (1969). Vervoort found that the carbonic anhydrase activity was
restricted to the granular fraction of the acidophil cell cytoplasm and

the nuclei of the erythrocytes. Laurent et al (1969) reported localisation
of the enzyme at the vascular pole of the pseudobranch cells. They
suggested that the carbonic anhydrase sctivity is related to the tubules

opening on the vascular side of these cells.

It has been proposed that a functional relationship between the
pseudobranch and the swimbladder may exist via carbonic anhydrase (Fange
1950; Copeland 1951). Fange (1950) reported that carbonic anhydrase
inhibitor depresses swimbladder gés release, whilst Copeland (1951) showed
that ablation of the pseudobranchs of Fundulus caused inhibition of the
swimbladder's ability to regemerate gas by about 50%. However, Laurent
and Rouzeau (1972) pointed out that the operation causes such serious
circulatory disturbances that it can influence the mechanism of gaseous
secretion by affecting the acid-base balance of the animal, this balance
being involved in circuwlatory and respiratory functions. Also, the
pseudobranch is not essential for oxygen secretion per se in the swimbladder,

since many fish (e.g. the eels, Anguilla, Conger, Muraena) (see Wittenberg

and Haedrich 1974) lack pseudobranchs, yet have well developed retia and

can secrete gas into the swimbladder.

Fairbanks, Hoffert & Fromm (1969) suggested that concentration of
orygen in the fish eye by the choroid rete mirabile (Wittenberg and
Wittenberg 1962) is dependent on carbonic anhydrase. Since the pseudobranch

vessels are in series with the choroidal gland {J. Miller 1839) any carbonic
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anhydrase secreted by the pseudobranch could be available for the oxygen
concentrating mechanism of the eye. However Maetz {1956) reported no
evidence of a difference in the concentration of carbonic anhydrase in
afferent and efferent blood going to or from the pseudobranch and concluded
that it does not secrete carbonic anhydrase. Wittenberg and Haedrich
(1974) suggest that the pseudobranch's function in relation to the choroid
rete mirabile ig to maintain low bicarbonate levels in the blood supply

to the choroid rete. This would be important in preventing a rise in
carbeon dioxide tension in the eye during counter-current multiplication

in the choroid rete. They offef the hypothesis that 'the pseudobranch
acts to modify the incoming arterial blood in such a way that the choroid
rete may concentrate oxygen witﬁout simultaneously cconcentrating carbon

dioxide, which when hydrated becomes a strong acid'.

Maetz (1956) measured the pH in the vitreous humor near the retina

of the perch (Perca fluviatilis) following injection of the carbonic

anhydrase inhibitor acetazolamide, and found decreases in pH from‘7.6 to
6.9 in an hour, and to 6.6 after 12 hours. Ballintijn, Beatty & Saunders
(1977) found that injections of acetazolamide caused a marked decrease in

ocular PO, and the amount of visual pigment, as well as body darkening and

2
blindness in Salmo galar (Atlantic Salmon). However these effects are not
permanent unlike the similar effects caused by bilateral pseudobranchectomy
(Parry-and Holliday 1960; Denton and Sgunders 1971; Ballintijn et al 1977).
Unilateral pseudobranchectomy does not produce these effects because there

is an interconnection between the ophthalmic arteries (Ballintijn et al

1977). Thus, the choroid rete of the ipsilateral eye can receive blood

from the contralateral pseudobranch.

It is unususl for the pseudobranch tobe well developed in teleosts

which lack a choroid rete, this condition being found only in certain marine
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teleosts such as members of the Myctophidae which have conspicuous gill-
like pseudobranchs (Wittenbefg & Haedrich 1974). The elasmobranchs which
also lack choroid retia have pseudobranchs which do not possess specific
}pseudobranch type' cells (Leiner 1939). This might explain the absence
or carbonic anhydrase activity in these pseudobranchsg (Leingr 1939).

The Holostean, Lepisosteus, which lacks a choroid rete, also possesses a
pseudobranch without specific 'pseudobranch fype' cells. However,
occasional occurrence of a pseudobranch without an accompanying choroid
rete led Wittenberg and Haedrich (1974) to postulate the possibility of

multiple functions for the pseudobranch.

All fish which lack a pseudobranch but have a well developed choroid
réte, inhabit freshwater e.é. Osteoglossiformes (Wittenberg & Haedrich
1974). The Elopiformes, all of which have well developed choroid retia,
show a striking gradation in the size of the pseudobranch, from a large,
consplcuous organ in marine species to a small or minute organ in brackish
or freshwater species. Wittenberg & Haedrich (1974) inferred that the
role of the pseudobranch in the choroid rete function of marine species,

may be dispensed with in freshwater species.

Parry and Holliday (1960) suggested that the pseudobranch is concerned
in some way with the maintenance of the pale colour phase in normal teleost
fishes. They found that bilateral pseudobranchectomy or ligation of the
pseudobranch blood vessels quickly caused darkening of the fish due to
chromatophore expansion and caused degeneration of the choroid gland after
some weeks. They aiso found that injection of extracts of homogenised
pseudobranchs into pseudobranchectomised fish caused various degrees of
temporary local paling around the site of injection, and isolated
chromatophores contracted when placed in saline extracts of horse mackerel
and cod pseudobranchs. They concluded that the pseudobranch produces or
activates a hormone affecting the chromatophores and that entry of this
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normone into the general circulation is controlled by the choroid gland.

The iﬁvestigations_ of Laurent and Dunel (1964, 1966) and Barets,
Dinel & Laurent (1970) showed that the pseudobranch is richly innervated
and they suggest a functional relationship between afferent type nerve
endings and the pseudobranch cell. The discovery of a group of receptors
in the pseudobranch (Laurént 1967, 1969; Laurent and Rouzeau 1969, 1972a)
has led to the proposal that the pseudobranch is involved in chemoreception
and baroreception. These studies, reviewed by Laurent 1974, show the
presence of neural plexuses located within the secondary lamellae. These
networks are formed by the dendritic systems of many small bipolar neurons
located at the bases of the secondary lamellae whose axons converge towards
large multipolar association neurons located in the axis qf each filament.
The axons of these association-neurons pass toward the central nervous
system via the glossopharyngeal or facial nerve according to the species.
The neural plexuses organised at the level of the primary efferent vessel
are at the origin of several types of innervation. Up to now, four types

have been distinguished (Fig 6) (Laurent and Rouzeau 1972a).

The most important innervation is the interlamellar plexus located
at the antivascular pole of the pseudobranch type cells (Laurent and Dunel
1964, 1966; Barets et al 1970). It consists of nonmyelinated fibres and
in the case of pseudobranchs with fused lamellae is common to two continguous
lomellae being located within the lacunar tissue which separates two
neighbouring layers of pseudobranch type cells. This network represents
the dendritic system of bipolar neurons located at the base of the lamellae
in the filament axis, and is thought to be afferent. ‘ Two other types of
afferent innervation have been distinguished - aborescent endings in the
wall of the primary afferent artery and specialised neurons in the wall of

the primary efferent artery in marine teleosts. Finally, an efferent
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inrnervation possibly controls the functioning of the 'pseudobranch type'
cells as is suggested by the presence of endings filled with cholinergic-

type vesicles in the interlamellar region.

In the Selachian, Torpedo marmorata, the large sinuses are bordered
by characteristic cells named "chief cells" near which large neurons and
nerve fibres are located (Delage 1974; Laurent 1976). These "chief cells"
are fairiy large clear cells up to 15 microns across with rounded nuclei.
They are separated from the blood by only the thin endothelium of the
sinus wall (0.%ﬂn§ and contain glycogen granules and dense cored vesicles
(10008 diameter). The "chief cells" send long processes which make
synaptic contacts with dendrites of large neurons. The synaptic junctions
show large presynaptic membrane dersities assoclated with dense-cored vegicles
and small clear vesicles. The neuron overlaps the "chief 'cell" process
but the reverse situation can be observed. The neurons are of multipolar

type and are often linked together by 'gap Jjunctions'.

Nerve bundles originating from the f acial nerve penetrate the
pseudobranch parenchyma. The course of these nerves is parallel to the
lonéitudinal axis of the primary lamellae. Degeneration experiments show
that a part of these axons are afferent and consequently constitute the

axons of intramural neurons (Laurent, pers. comm.).

The association of this innervation with a specialized vascular system
constitutes an arterial receptor structurally somewhat different from the
corregponding system of the teleost pseudobranch but possibly equivalent
from a physiological point of view. Neurophysiological data is not yet

available for the Selachian pseudobranch,

In the teleost pseudobranch it has been confirmed that a centripetal
neuronal activity originates in the organ (Laurent & Rouzeau 1972a; Laurent

1974). The overall afferent activity can be differentiated into two types
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characterized by the amplitude of their compound action potentisls. The
first type (Type A) has spike potentials of relatively large amplitude
(from 100 - 200 microvolts), the second type (Type B), has spikes of lower

amplitude (50 microvolts down to noise level).

Abrupt changes in hydrostatic pressure in perfused pseudobranch
influence type A activity but not type B. Type A activity is thought to
enanate from af ferent vessel baroreceptors on the bagis of the relationship

between fibre diameters and spike potential amplitudes.

Decrease of PO2 in the perfusing fluid causes type B activity to
inerease in a hyperbolic manner, but type A activity is unaffected. The
change in B activity appears rapidly (less than one second) and disappears
as rapidly when normoxic perfusion is restored. Other parameters such
as pH and osmotic pressure also influence type B activity. Type B
activity is thought to be related to the terminal plexus receptors of

the secondary lamellae.

The results obtained on isolated perfused pseudobranch have been
confirmed by experiments made on "in situ" pseudobranch of anaesthetized
rainbow trout (Laurent & Rouzeau 1972b; Laurent 1974)° Activity from
such a preparation appeared to be much more clearly influenced by PO2

than under in "vitro" conditions, due to closer physiological conditions,

with the blood carrying the hypoxic stimulus.

Laurent (1974) suggested that the functional concept of the pseudobranch
as a chemoreceptor (Laurent 1967) is very close to that proposed for the
carotid body (Biscoe 1971), a mammalian arterial chemoreceptor.  Granel
(1927) noted that the clusters of acidophil cells found in the pseudobranchs
of teleosts resemble the glomus tissue and chemoreceptor cells of the carotid
body . However later studies with the electron microscope have shown that

the wltrastructure of these cells gre very different (c. f. Dunel & Laurent
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197%: Biscoe 1971). Despite this Laurent (1974) believes the

pseudobranch and carotid body to be closely related physiologically.

The main controversy in the study of fish oxygen receptors has always
been that of a central (i.e. brain or aorta) versus a peripheral (i.e. gills

or pseudobranch) site for the receptors.

Randall and Jones (1973) found that deafferentation of the pseudobranch
in rainbow trout had no significant effect on either the magnitude or rate
of response to hypoxia or hyperoxia. They concluded that chemoréceptors
in the pseudobranch, innervated by the glossopharyngeai nerve, play little
or no part in the regulation of ventilation in fish dwring hypoxia or
hyperoxia, The experiments of Bamford (1974) also failed to support the
view of Laurent and Rouzeau (1972) that the pseudobranch is an important
oxygen receptor, Bamford (1974) foﬁnd that bilateral removal of the
pseudébranchs of rainbow trout did not affect the response of these
animals to hypoxia. He suggested that the pseudobranch's other functions
make it oxygen sensitive, but this sensitivity appears to have little
physiological significance. Satchell (1961) found that the response of
dogfish to anoxia was unimpaired after the pseudobranchs were:

(a) surgically removed; (b) extensively cauterized; (c) frozen;
(d) rendered ischaemic by cutting or clipping the afferent pseudobranchial

artery.

In support of the pseudcbranch's role as an oxygen receptor Davis (1971)
showed that ligation of the first gill arch caused a greater drop in

arterial PO, than when other gill arches were ligated and the first gill

2
arch left intact. Pish with blood flow to arches 1 and 3 only could
maintain arterial PO2 at 90 - 100 mm Hg whereas in those with blood flow

to 3 and 4 only, arterial PO2 fell toaround 40 mm Hg. Since the

pseudobranch receives its blood supply from an extension of the first
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efferent artery {Goodrich 1930) bilateral ligation of arch 1 would rob
both pseudobranchs of their blood-supply and lead to degeneration. Those
fish with arch 1 ligated had no functional pseudobranch and were unable
to maintain arterial PO2 levels during reduction of gill surface ares.
This led Davis (1971) to suggest that the pseudobranch may well serve as

an important site in the regulation of arterial oxygen tension.

The existence of four types of pseudobranch, and of marine and
freshwater fish with and without choroid retes, as well as the absence of
the pseudobranch in some species, all combine to offer a range of "hatural
experiments" from which it should be easy to deduce the role of the
pseudobranch. However this has proved to be far from the case, and many

questions still remain to be answered.

The present picture of the pseudobranch, is that of an organ with
a number of possible functions, related to the habitat of the fish and
the structural modification of the pseudobranch, Thegse functions may
include a role in osmoregulation, monitoring and regulation of blood flow
and composition with respect to the gilils and/or eye, and receptor systems
linked directly or indirectly to the vascular system. The pOSgibility of

an endocrine function should glso be considered.
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MATERTALS AND METHODS

Figh Species

The pseudobranchs of ten species of teleost fish were exgmined. Four
freshwater species were used:-
rainbow trout (Salmo gairdneri Richardson), carp (Cxprinus éarpio L.),

roach {Rutilus rutilus L.) and perch (Perca fluviatilis L.); and six

marine species: bass (Dicentrarchus labrax L.), grey mullet (Mugil

capito Wheeler), smelt (Osmerus eperlanus L.), pollack (Pollachius

pollachius L.), garfish (Belone belone L.) and mackerel (Scomber scombrus L.)

The fish were identified with the aid of Wheeler {1969).
Collection

Rainbow trout (250 - 350 g) and carp (500 - 1200 g) were obtained
from commercial fish suppliers. Roach (35 - 45 g) and perch (25 - 40 g)
were collected from Slapton Ley lake by electrofishing whilst grey mullet
(10 —.25 g) and smelt (8 - 15 g) were caught using a seine net at St. John's
Lake (Fig 7). Bass (60 - 180 g) were caught with a rod and line at
Warleigh Point whilst pollack (110 - 160 g), garfish (95 - 200 g) and
mackerel (200 - 400 g) were caught in the same way at Devil's Point. Fisgh
lightly hooked in the mouth were returned to the aquarium whilst badly
damaged specimens were killed, the pseudobranchs were removed and placed

in bottles of fixative.

Maintenance of Fish

Rainbow trout, carp, roach and mullet were fed on a variety of
commercially available dried foods, USuallj in the form of pellets. Bass
snelt and perch were fed con macerated fish (usually coalfish or whiting)
which was stored deep frozen until ﬁeeded, and occasionally on small fish,

crabs or shrimps when available.
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Morphological and Cytological Investigations

Microfil injection

Vascular casts of the pseudobranch were made—using a silicon rubber
compound, Microfil, obtained from Canton Medical Products, Colorado, U.S.A.

Two methods were used.

1. The fish was anaesthetized with MS222 (Sandoz) and the heart and
veatral aorta were exposed through a ventral incision. A catheter was
inserted in the end of the bulbus arteriocsus and the auricle incised.

The catheter was connected to a syringe containing heparinised saline.

The gills and pseudobranchs were perfused at 5 - lOmiﬁﬁn.until devoid of
blood. The catheter was then connected %o a syringe filled with Microfil
which was perfused at the same rate until the Microfil exuded from the
auricle, and the pseudobranchs were seen to be filled, The perfusion was
stopped and the auricle ligated to prevent Microfil from flowing out of
the injected vegsels. In some cases egpeclally in small fish, it was
difficult to fill the pseudobranchs completely due to the resistance of
the gills and g build up of back pressure causing blockasge or bursting of
the vessels. A second method was tried by filling the pseudobranch
directly.

2 After anaesthesia and bleeding of the fish, the pseudobranchs were
carfully removed, taking care to leave the afferent and efferent vessels
intact. A catheter was placed in the afferent artery and the organ was
perfused with Microfil until filled, when the efferent artery was ligatured.

In some cases the pseudobranch was.perfused via the efferent artery.

Polymerisation of the Microfil injected organs was carried out by
leaving them in a refrigerator overnight. They were then carefully
digsected and cleared by immersion for 24 hour periods in successive mixtures

of glycerol/water; I +, % and finally pure glycerol. The tissues were
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dissected, studied and photographed with a Zeigss Tessovar low power

photomicroscope using Ilford Pan F film at A.S.A. 50.

Higtological Methods

Light Microscopy

For routine histological examination whole pseudobranchs were fixed
in Bouin's fixative (24 - 48 hours) or neutral buffered formalin (24 hours -
1 week), washed in 70% alcohol, dehydrated in a graded series of alcohols,
cleared in xylene and embedded in paraffin wax (melting point 5600)°
Sections were cut using & Leitz rotary microtome at 6 - 10/um, dewaxed in
xylene and stained with Mayers haematoxylin and eosin or Mallory's triple

stain, to show general structure.

Histochemistry

The periodic acid Schiff's technique (P.A.S.) (Pearse 1968, after
McManus) was used to test for polysaccharides, while acid ﬁucins were
differentiated by the alecian blue stain at pH levels 0.2 - 2.5 (Pearse 1968)
and by the alcian blue critical electrolyte concentration method (C.E.C.)
(Scott and Dorling 1965) using increasing concentrations of magnesium
cinloride. Schiff's reagent without exidatibn was used to test for free
aldehyde (Pearse 1968). The Sudan black B technigue (Pearse 1968, after

McManus 1946) was used for lipids.

Fresh material was frozen using solid CO2

cryostat. The calcium cobalt method of Gomori (1952, see Pearse 1968) was

and cut at 10/um oa a

used for the demonstiration of alkaline phosphatase. Succinic dehydrogenase

activity was examined using the nitro - B.T. method (Pearse 1972),

Sections were examined and photographed using a Zeiss Photomicroscope II.
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Nerve Histology

Pseudobranchs were fixed in three different fixatives depending on
the silver sftaining technique to be used.
10% formalin, (Bielchowsky 1904? 1909; Dblock staining. See McClury
Jones 1929).
104 formol saline {Gros-Bielchowsky; frozen or paraffin sections. See
Carleton & Drury 1957).
50 ml absolute alcohol + 2 — 3 drops of ammonia (Cajal formula 3, 1910;
block staining. See McClury Jones 1929).
Ospmium tetroxide vapour was used to stain myelin of the pseudobranch nerve

and its branches.

Electron Microscopy

. Irangmisgion Electron Microscopy

Material was routinely fixed by immersion in a solution of 245%
glutaraldehyde in either 0.1M Sorensen's phosphate buffer (Gomd}i 1955)
or 0.1M cacodylate - HC1 buffer (Gomori, 1955; Sabatini et al 1963) at pH
Te2 = 744 and 4°C for 1 hour. This was followed by three waghes in buffer

coataining 4 - 5% glucose and post fixgtion for 1 hour at 4OC in 1%

buffered osmium tetroxide. The fizxative and buffer solutions were calculated

to be slightly hypertonic to the fish tissues (Holmes & Donaldson 1969)
using graphs relating molarity with pH and osmolality (Maser, Powell and
Pailpott, 1967). For freshwater fish the final osmolality of the fixative
and buffer solutions was 375 - 500 milliosmols whilst for seawater fish it

was 410 - 550 milliosmols.

Tigsues were dehydrated in a graded series of alcohols, followed by
propylene oxide, and embedded in either Spurr (Spurr 1969) or Epon resin.

Sections 1/um thick were cut on a Porter-Blum MTB - 2 Ultramicrotome, and
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stzined with 1% methylene blue in 1% borax for examination in the light
microscope. Thin sections {60 - 90 nm thick) displaying gold or silver
interference colours were expanded with chloroform vapour and collected
on uncoated copper or nickel grids. The grid mounted sections were
stained with uranyl acetate (Watson 1958) and lead citrate (Reynolds 1963;
Sato 1967) and examined in a Philips E,M. 300 transmission electron
microscope at 80 KV, Observations were also carried out at lower
accelerating voltages (40 and 60 KV) in cases where contrast was low or

when unstained sections were used (e.g. in some histochemical techniques).

Scanning Blectron Microscopy

Intact pseudobranchs were riﬁsed in distilled water and fixed for
2 days - 1 week at 4°C in 2,5% glutaraldehyde in 0.1M phosphate or 0.1M
cacodylate buffer (pH 7.4). They were given three washes of 30 minutes
each in buffer and dehydrated in a graded alcohol series, follcowed by
immersion in amyl acetate. The tissues were critically point dried in
a Samdri FPVT3 using carbon dicxide as the transitional fluid, and mounted
on brass stubs with double sided tape. They were sputter coated with gold
in a Polaron E5100 Coating Unit and examined in a Jeol 35C scanning electron

microscopes

Histochemistry

(a2) Positive Staining

For the localisation of chloride ions, tissues were fixed in 1%
silver acetate in 1% osmium tetroxide (Philpott 1966) before normal
processing for electron microscopy. Sodium ions were localised following
fixation in 1 volume of 4% osmium tetroxide and 2 volumes of 2% potassium.
pyroantimonate (after Shirai 1972). Some thin sections were stained with
uranyl acetate and lead citrate while others were left unstained to avoid
confusing reaction product with artefacts that might arise from uranyl or

31



lead gtaining.

Thin sections were stained with phosphotungstic acid (P.T.A.) at
pH 1 - 2 to stain for acid mucopolysaccharides (Marinozzi 1967, 1968;
Pease 1970) or at pH 0.3 to stain for glycoproteins (Tsuchiya and QOgawa
1973). The periodic acid-chromic acid-silver method of Rambourg,

Hernandez & Leblond (1969) was used to stain thin sections for polysaccharides.

Whole pseudobranchs were immersed in unbuffered 2% osmium tetroxide
for 48 hours to stain the Golgi apparatus (selectively) and endoplasmic

reticulum (Friend & Brassil 1970).

(v) Enzyme Histochemistry

Carbonic anhydrase activity was demonstrated using a modified Hansson
(1967) method (see Hayat 1974). Alkaline phosphatase was located using
the lead citrate method of Mayahara, Hirano & Saito (1967) (see Pearse
1972). Na' /K" ATPase was detected using the modified method of Shirai
(1972) based on Farqghar & Palade's (1966) modification of the original

Wachstein & Meisel (1957) method.

Experimental Investications

Effect _of Salinity

To ascertain if drastic osmotic stress could cause rearrangement of
'chloride' cell structure inte that characteristic of 'pseudobranch type!
cells a similar experiment to that of Newstead (1971) was carried out on

bass, Dicentrachus labrax (L). Fish measuring 20 - 25 cm were exposed

to 0.34%esalinity without previous acclimation to dilute sea water, for
reriods of 5, 10, 24 and 48 hours. Control fish were kept in full sea
water of 34%esalinity. All fish were held at 18 - 20°C in coﬁtinuously

aerated water.
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More gradual acclimation to different salinities was carried out

with smelt, Osmerus eperlanus L., and rainbow trout, Salmo gairdneri

Rizhardson. Bass were not used because of unavailability at the time.

Smelt, approximately 12 cm loag were held in a clogsed circuit seawater
(34%9 tank in the laboratory at 18 - 20°¢. Groups of fish were acclimated
to salinities of 24%e, 16%c,8%cand fresh water. Each group was acclimated
graduallj (over 15 hours at each stage) to their respective target salinities

where they were held for up to 36 hours.

Rainbow trout approximately 20 cm long were maintained in the
laboratory in a closed circulation system of freshwater at 10—1200.
roups of fish were acclimated (over 15 hours at each stage) to salinities

of 10%s, 20%o , 34%o, 42% and 60%.salinity, where they were held for 36 howrs.

A11 fish were killed by a blow on the head.  The pseudobranchs were
removed intact and processed for light and electron microscopy as previously

described.
Denervation Studies

Rainbow trout were chosen for denervation studies because of the_
easy accessibility of the pseudobranch nerve (Plate 2-1). For nerve
section an anaegthetized fish was approached ventrally. The operculum
was pulled back to expose the pseudobranch and gill arches. The IX nerve
was located running ventro-medially in a grocve formed at the anterior
margin of the opercular opening and the body wall. The nerve supply to
the pseudobranch leaves the IX nerve peripheral to the ganglion and near
the pseudobranch runs close to the efferent artery (Fig 8). The pseudo-
branch nerve was exposed by a 2 mm incision and sectioned close to its
point of entry to the pseudobranch. Bilateral section of the nerve was
completed within a few minutes. Fish were allowed to recover from the

operation and replaced in the aquarium. Pseudobranchs were subsequently
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removed from fish at time intervals ranging from 24 hours to 15 weeks

and processed for electron microacopy as previously described.

Effect of Salinity Changes on Denervated Trout

Preliminary experimenté by Laurent (see Laurent & Rouzeau 1972)
indjcated that the survival of trout, normally indefinite in 50% gseawater,
does not exceed several hours after bilateral sectioning of the pseudobranch
nerves., In the present study 3 rainbow trout were acclimated to 50%
scawater for 48 hours before denervation whilst 3 others were transferred
directly from freshwater to 50% seawater after denervation. After 7 days,
denervated fish in 50% seawater were transferred to either 100% seawater

or back to freshwater.

Effect of Pseudobranchectomy on Hainbow Trout

Both pseudobranchs were removed (bilateral pseudobranchectomy) from
fish under angesthetic and the. fish were allowed to recover after the
operation., Operated fish were either kept separated from stock fish or
returned to the stock tank after allowing a period of recovery (1 - 2 weeks).
In some cases only one pseudobranch was removed (unilateral pseudobranchectomy) .
Obgervations were made on the effect of bilateral and unilateral
pseudobranchectomy on the sight, colour, ventilation rate, feeding and

activity of the fish.

Acetazolamide Injection

Five rainbow trout (250 - 300 g)-weQe injected with the carbonic
anhydrase inhibitor, acetazolamide, at concentrations ranging from 1 to
5 mg/kg. The sodium salt of acetazolasmide (Serva Biochemicals Ltd.) was
dissolved in sterile teleost Ringer (Wolf 1963) and injections of 0.2 ml
were given intramuscularly in the caudal region of anaesthetized trout.

Figh were revived and replaced in the aguarium. Pseudobranchs were
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subsequently removed from fish at regular intervals between 4 hours and

96 hours after injection and processed for electron microscopy.

Injection of 5-hydroxydopamine and 6-hydroxydopamine

To examine the possibility of a sympathetic innervation of the
pseudobranch a number of rainbow trout'were given injections of either
5-hydroxydopamine (5-OHDA) or 6-hydroxydopamine (6-OHDA).  5-OHDA has
been used as a specific E.M. marker of adrenergic nerve endings where it
accumulates in the form of large dense vesicles (Tranzer & Thoenen 1967;
Gordon-Weeks 1977). The compound 6-OﬁDA is known to promote a specific
and reversible degeneration of nerve terminals of the sympathetic nervous
syétem (Krostrzewa & Jacobowitz 1974) and has been extensively used in

various species to promote a 'chemical gympathectomy'.

Rainbow trout (250 - 300 g) were-given i.p. injections of 5-0HDA HC1
or 6-0HDA HC1 (Sigma, 80 mg/kg in 0.2 ml teleost ringer). Control figh
were injected with teleost ringer only. The pseudobranchs of fish
injected with 5 OHDA were remqved after 4 hours and 24 hours and procegsed
for E.M. examination. 6-0HDA injected fish were given a second injection
after 16 hours and the pseudobranchs were removed after 24 hours‘aﬁd

48 hours.

Biectrophysiological Studies

Rainbow trout (250 - 300 g) were chosen as the experimental fish for
recording from the pseudobranch nerve. Besides the easy accessibility
of the pseudobranch nerve the afferent and efferent pseudobranch vessels

are large enough for cannulation with a 27 gauge hypodermic needle.




Pseudobranch Preparation

Before an experiment, anaesthetized fish were given an intracardial
injection of heparin (0.1 ml of 5000 U,S.P. units/ml). After a few
minutes the blood was removed by opening the body cavity and sectioning
the dorsal aorta. The fish was laid on its side and the operculum held
back. The sub-opercular epithelium was cut away to within 2 or 3 mm of
the edges of the pseudobranch. The epithelium was detached from the
operculum taking the pseudobranch with it. The afferent artery was
gectioned at the point where it disappears into the cartilage of the
operculum., The pseudobranch nerve was sectioned as near as possible to
the glossopharyngeal ganglion leaving up to 8 mm of nerve attached to the
pseudobranch. The pseudobranch was quickly excised by cutting the

efferent vessel and its surrounding tissue.

After removing the pseudobranch {4 - 5 minutes) with its nerve and
blood vessels, it was transferred to a temperature regulated chamber
(ig 9, Plate 1-1.2). The perfusion apparatus is shown in Fig 9 .
Reservoirs 1 and 2 contain perfusién solutions which can bg gassed with
different gas mixtures. The preparation can be perfused from either
reservoir and a 3 way tap is inserted (g.) to allow cﬁange over from one
reservoir to another. To flush the tubing with fresh perfusion fluid
another tap can be opened at T4. Samples of perfusion fluid for analysis
c=n also be taken from T4 using a syringe inserted into the tap. A
‘manometer tube (M) is incorporated into the system to measure the pressure
of solution perfusing the preparation. Another tap (T3) controls the
entry of perfusion fluid into the catheter tubing. Perfusion solution
szmples were monitored using an IL.413 pH/blood gas analyser modified for

measurement at various temperatures.
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The afferent artéryrof the pseudobranch was cannulated with a 27 gauge
hypodermic needle attached to a length of polyethylene tubing. The organ
was initially perfused with teleost Ringer (after Laurent & Rouzeau 1972,
see Perfusion solutions) gassed with 30% 0, in N,, at a pressure of 26 cm
of water (Laurent & Rouzeau 1972). When all traces of blood had been
washed out of the organ, an exit catheter>was introduced into the efferent
artery and connected to a short length of tubing with its opening 5 cm
below the preparation. The pseudobranch was covered with teleost Ringer
and chilled to thé required temperature. Experiments were carried out

at 0, 5, 10, 15 and 20°C.

Nerve Preparation

The epithelium surrounding the pseudobranch nerve was cut away to a
point very near the pseudobranch. Small branches of the nerve running
away from the pseudobranch were drawn aside and the main nerve drawn up
info péraffin 0il and hooked over the electrode(s). Because the
preparation of isolated»units, especially the smallest fibres (O.l/uéﬂwas
very difficult, all the experiments were carried out using multifibre
recordings. Sensory activity was recorded from the whole nerve or groups
of fibres by means of a monopolar platinum electrode attached to a
differential preamplifier (Tektronix 5113). Recordiﬁgs were stored on
magnetic tape on a Sony stereo cassette recorder (TC-131SD). They were
photographed with a C50/70 series Polaroid camera (Tektronix), at various

gecanning speeds, making use of the oscilloscope storage facility.

Measurement of conduction velocity was based on the simultaneous
monopolar recording of spontaneocus activity at two points on the nerve by
silﬁer electrodes connected through preamplifiers to each of the beams

on the oscillosgcope.
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Perfusion Solutions

The standard teleost Ringer used was based on that of Laurent &

Rouzeau (1972) for rainbow trout (Table 1 )
Taple 1

Composition of Ringer Solution

Na C1 ) 125 nmM

K C1 3 .45mM:

Mg 012 1.5 mM

Ca Cl2 0.45nM.°

Glucose 1.0 g 1 -1

Adrenaline 1070 (optional)

The solution was buffered to pH 7.80 by a mixture of Na2 HPO4
and KH, PO, (4.8 mM. ). It was gassed with 30% 0, in N, to give a

PO, of 220 t 10 torr (at 20°%C).

Test Seclutions

£9,

Test solutions in the PO2 ranges 5 - 10, 20 - 30, 40 - 50, 70 - 80
and 90 - 100 were prepared by bubbling the appropriate mixtures of oxygen

and nitrogen through the standard solution.

PCO2

Various solutions were made up by replacing the Na2 HPO4/KH2 P04
mixture with different concentrations of Na HCO3 ranging from 4 - 20 m M,
The pH of each solution was adjusted to 7.8 by bubbling the appropriate gas
mizxture of 002/02/1\12 through them to give PCO, values ranging from 2.5 -

12.3 torr.
o)
. The standard solution was adjusted to pH values ranging from 6.5 to

8.0 by varying the proportions of Na, HPO, and K H, PO 4 but without changing
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the total concentration of the solution (4.8 m M~ ).

Oswotic Pregsure and Ionic Concentration

The standard solution had an osmotic pressure of 268 - 272 m Osm
and a Na Cl concentration of 124 - 126 m M. . Several series of test
solutions were used in order to observe independently the effects of

. . . + -
osinolarity and ionic changes (both Na' and C1 ).

(1) Osmolarity Changes With Ionic Concentration Variation

The osmolarity of the standard solution was varied between 154 and

493 m Osm - by varying the Na Cl concentration between 62.5 and 250 m M.

(2) Osmolarity Changes Without Ionic Cbncentration Variation

Mannitol was added to the standard solution to obtain osmotic pressures

between 270 and 500 m Qsm .

(3) Tonic Concentration Changes Without Osmolarity Variation

Mannitol was added to solutions containing varying concentrations of

Na C1 (62.5 - 100 m M/ ) to maintain the osmotic pressure at 270 m Osm .

(4) Separate Effects of Na and C1~

To study the separate effects of [Néﬁ and [c17] in hyperosmotic
solutions the hyperosmotic Na Cl fraction was substituted with either

choline chloride (35 mM. ) or sodium propionate {35 m M)

Effect of Acetazolamide

The carbonic anhydrase inhibitor, acetazolamide {sodium salt, iO-4M)
was added to the standard solution buffered at either pH 7.8 or 7.0 with
Na, HPO4/K H, PO,.

Effect of 2 -~ 4 Dinitrophencl

4 9

Various concentrations of 2 - 4 dinitrophenol rangiag from 10 ' to 10 "M
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were made up in standard solution at pH 7.8.

Al11 solutions were filtered tlrough a 0.22/umMillip0re filter before

perfusion of the pseudobranch.
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RESULTS

The position and gross morphology of the pseudobranch in ten species
of teleost fish were examined (see Materials and Methods). More detailed
structural studies were made on pseudobranchs representative of the four

main pseudobranch types from the following species: Dicentrarchus labrax

(free pseudobranch), Mugil capito (semi free), Salmo gairdneri (covered)

Cyprinus carpio (buried).

Pseudobranch Pogition

In all species except Cyprinus carpio and Pollachius pollachiug the
pseudobranchs were clearly visible as dark red organs on the underside of
the operculum in the cranial part of the sub-opercular cavity, where they
are supported by the internal opercular surface (Plates 2-1, 2, 3). The:
position of the pseudobranch in relation to the rest of the head is shown
in Fig 10. The pseudobranch is situated on a base of loose comnnective
tissue containing many fat cells and covering a layer of muscle (Plate 2-3).

The pseudobranchs of Cyprinus and Pollachius are not visible since they

have moved mediocranially in the course of development and are bufied

within loose connective tissue beneath g5 layer of étratified epithelium
and mucous cells. The gurrounding layer of connective tissue contains
many fat cells and is separated from the covering epithelium by a well

developed basement membrane.

Macroscopic Appearance

The 'free' or 'semj-free' pseudobranchs of Dicentrarchus labrax,

Scomber scombrus, Mugil capito and Osmerus eperlanus were more gill like

'in situ' than the compressed, covered pseudobranchs of Salmo gairdneri,

Rutilus rutilus, Perca fluviatilis and Belone belone. The pseudobranchs

of Cyprinus carpio and Pollachius pollachiug were revealed by dissection

to be small, compressed oveid bodies.
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Momphology

General Structure

The pseudobranch structure is basically the same pattern as that of
the gill. It consists of a pseudobranch arch bearing a single row of
filaments with secondary lsmellae arranged alternately on either side of
the filament axis. Each secondary lamella consists of a flat capillary
system delimited by pillar cells and bordered by either 'chloride type!
or 'pseudobranch type' cells. Although the general structure is- |
essentially the same for éll pseudobranch types the extent of the epithelial
covering and degree of lamellar fusion varies according to the species and
forms the basis for the pseudobranch classification used in this study.
A general description of the main pseudobranch tyPES is given followed

by a more detailed account of the pseudobranch morphology.
Pseudobranch Classification

On the basis of their epithelial covering the pseudobranchs examined
were classified into 4 main types (Table 2). This is essentially the same
classification as that used by Granel (1927) (see Review), although the
terms 'free', 'semi-free', 'covered' and 'buried' are used in the present

study to describe the 4 types.

The scanning electron microscope (S.E.M.) was useful for identification
o pseudobranch types since it provided gquick and accurate information on
the extent of the epithelium and any fusion of the secondary lamellae.
More detailed information was obtained from serial sections for light and
electron microscopy. Using these methods disgrammatic reconstructions

of the pseudobranch types were made (Figs 11 to 14),



(Pollack)

Table 2 Classification of Pseudobranch Types
Species Habitat Pseudobranch Number of | _Number of lamellae/filament |Av. number of lamellae/mm
type filaments Longest Shortest Tip Base
Dicentrarchus labrax Seawater Free 33 - 35 140 43 20 17
(Bass)
Scomber scombrus Seawater Free N.E, ¥ ‘N.E. N.E. N.E. N.E.
{Mackerel)
Mugil capito Seawater/ Semi-free 19 - 21 125 35 28.5 26
(Grey mullet) Brackish water
Osmerus erverlanusg Seawater/ Semi-free N.E. N.E. N.E. N.E. N.E.
(Smelt) Brackish water| - :
Salmo gairdneri Freshwater Covered 19 - 20 130 50 29 26
_(Rainbow trout)
Rutilus rutilus Freshwater Covered N.E. N.E. N.E. N.E. N.E.
{Roach) Co
Perca fluviatilis Freshwater Covered N.E. N.E. N.E.' N.E. N.E.
(Perch)
Belone belone Seawater Covered N.E, N.E. N.E N.E N.E.
Zarfish
Cyprinus carpio Freshwater Buried 14 - 15 N.E. N,E 28 27
| (ar) |
Pollachius pollachius Seawater Buried N.E. N.E. N.E. N.E. "N.E,

* N.E. Not examined




Figs 11 - 13 Diagrammatic sections of a 'free', 'semi-free'

" and 'covered' pseudobranch.

Fig 11 Free pseudobranch (Bass)
Fig 12 Semi-free pseudobranch (Mullet)
Fig 13 Covered pseudobranch (Trout)
paa primary afferent artery

pes primary efferent artery

afa afferent filament artery
efa efferent filament artery

ad adipose tissue of operculum
c chiloride cell region

ca cartilage

cvs central venous sinus

f filament (buccal edge)

ps pseudobranch cell region

sl | secondary lamellae

v pseudobranch vein.

Arrows indicaste the direction of water flow















Pseudobranch Types

(1) Free pseudobranch

The 'free! pseudobranchs of the marine teleosts Dicentrarchus labrax

and Scomber scombrus are typically gill-like structures with triangular

shaped secondary lamellae arranged alternately on either side of the
supporting filaments at an angle of approximately 60° to the filament
surface (Plates 4-2, 5-1, 5-2, Fig 11). The apex of the triangular
lamellae is offset and nearest the side -0of the efferent filament artery
and the site of water entry. The single row of parallel filaments are
attached to the opercular epithelium at the base of the orgaﬁ {(the
pseudobranch arch) but are *free' for much of their length, with the tips
projecting into the buccal cavity. Although the secondary lamellae are
usually separate, areas of fusion between some lamellae are 'seen on their
leading (buccal) edge overlying the region of the 'pseudobranch type'
cells (Plates 5-1, 5-2). The degree of fusion varied from filament to
filament and in some cases occured only on one side (Plate 5-1). The
gecondary lamellae are always free along their trailing (opercular) edge

in the region of the 'chloride type' cells.

(2) 'Semi-free' pseudobranch

The 'semi-free' pseudobranchs of the marine teleosts Mugil capito

and Osmerus eperlanus still retain the single row of parallel filaments

but the secondary lamellae are no longer so apparent. Ingstead, they are
fused and covered with a thin layer of epithelium except for the opercular
edge where 'chloride type' cells are situated (Plates 3-2, 6-1, 6-2, 7-2).
The secondéry lamellae in this region still retain a 'free' aspect
(Plates6-1, 6=2, 7-2), but the epithelial cells are greatly folded and
possess highly convoluted microridges and microvilli which give the surface

a serrated appearance (Plate 6-2).
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The filaments are attached to the operculum for most of their length
but arefrse at the tips which. project into the buccal cavity. (Plate 7-1,
Fig 12).
(3) Covered pseudobfanch

Covered pseudobranchs were found in 3 freshwater fish; Salmo gairdneri,

Rutilus rutilus, Perca fluviatilis and one marine fish, Belone belone.

The pseudobranchs are still visible on the underside of the operculum but
they have lost their gill-like appearance and have become compressed

(Plates 2-1, 3-3, 8-1). The whole organ is covered by an epithelium

which is thicker over the pseudobranch arch and the filament region

proximal to it (Plate 2-3, Fig 13). ‘The filaments are attached to the
operculum for most of their length and are only free at the tips (Plate 8-3),
The secondary lamellae are no longer apparent since they have become
completely fused and covered by connective tissue and epithelium (Plate 8-2).
Apart from Perca the secondary lamel lae are completely isolated from the
water and do not contain any ‘chloride type' cells. Perca does contain

some 'chloride type' cells on secondazf lamellae near the tips of the

filsments.

The pseudobranch of Belone belone should be classified as an inter-

mediate stage between the 'covered' and 'buried' pseudobranch since it
possessed the folded, lobulated appearance of a 'buried' pseudobranch but

was still covered only by a relatively thin epithelium.

(4) Buried pseudobranch

Buried pseudobranchs were found in one freshwater fish Cyprinus carpio

and one marine fish, Pcllachiug pollachius. The pseudobranchs are no

longer visible on the underside of the operculum since they are buried

ﬁithin connective tissue beneath the buccal epithelium (Plates 9-1, 9-2).
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The buried pseudobranch is folded back on itself (Fig 14) so that the
filaments and secondary lamellae present an irregular, lobulated appearance
in microscopical studies (Plates 9-1, 9-2). The secondary lamellae are
conpletely fused and contain only 'pseudobranch type' cells which are
conpletely isolated from thewater. The filaments and secogdary lamellae
are not directly covered by epithelium since the whole organ is invested
in loose connective tissue made up of areolar tissue surrounding numerous
fat cells. The areolar tissue contains many spaées filled with tissue
fluid and ground substance (Plate 11-3), which are bounded by cytoplasmic
strands of fibroblasts and fibrocytes. A few fibres are present.

Numerous mast cells are geen as well as occasional wandering leucocytes.

The filaments of buried pseudobranchs are very irregularly arranged
in groups so it is difficult to ascertain the number of filaments without

careful reconstruction of each organ using serial sections.
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Microscopiec Structure

Pseudobranch Arch>

The pseudobranch arch contains a primary afferent and efferent artery,
a large vein with seversl, irregular branching vessels, a network of amall
nutritional vessels) nerve fibres and extensions of the filément carﬁlage
(Plate 10). There is no cartilaginous axis, comparable to that of the
gill arch, supporting the cartilaginous cores of the pseudobranch filaments.
A1l the structures of the arch are embedded in connective tissue consisting
mainly of areolar tissue surrounding many fat cells (Plate 10). The fat
cells appear as pale lobularlmasses surrounded by a meshwork of fine
collagenous and reticular fibrés as well as by a rich capillary network.
Numerous large and small nerve bundles can be seen running within the
coanective tissue between the fat cells (Plate 11-1). The nerve fibres
are branches of the glossopharyngeal and/or facial nerves depending on the
species (see Innervation). The mature fat cells consist of a large fat
drqplet with the cell cytoplasm forming a thin pellicle around it and the
nucleus displaced to a corner of the cell with a small amount of cytoplasm

(Plate 11-4).

The epithelium covering the pseudobranch arch is several layers thiok
and contains large numbers of mucous cells (Plate 10). No taste buds
were found in the epithelium of the pseudobranch arch although small numbers
were found in the epithelium covering the main efferent artery after its
exit from the arch (Plate 11-2). The epithelium covering the arch extends
over the filaments to a greater or lesser degree according to the species
(see Pseudobranch Classification). The surface of the epithelial cells
congists of numerocus microridges, usuzlly arranged in concentric whorls

(Plate 12-1).
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Pgeudobranch Filaments

The pseudobranch arch bears a single row of parallel filaments.
BEach filament contains a supporting cartilaginous ray which extends into
the arch where it is invested by connective tissue. An afferent filament
artery runs along the imner border (opercular edge) of the filament and
an efferent filament artery along the outer border (buccal edge) (Plate 13-1).
The filament arteries unite at the tip of the filament and connect with
the primary afferent and efferent arteries in the pseudobranch arch
(Figs 11 to 13). The filament arteries are lined with endothelial cells
containing flattened nuclei, mitochondria, vesicles, ribosomes and specific
endothelial granules (Weibel & Palade 1964) (Plate 13-2). The endothelial
layer is surrounded by a thin elastic coat, a thick musecle layer and an

adventitia of elastic and collagen fibres (Plate 13—3).

The filament vessels and cartilaginous ray lie within a connective
tigsue compartment which also contains the central venous sinus (C.V.S.),
unmyelinated nerve fibres, collagen fibres and fibroblasts. The collagen
fibres are continuous with those lying beneath the basal lamina (Plate 14-2),
and with the collagen layer beneath the proximal pillar cells at the base

0f the secondary lamellae.

The main channel of the central venous sinus gives rise to 'a network
of smaller channels and spaces, the extent of which varies between species.
The C.V.S. and its channels ére lined by a fery thin endothelium 0.1 - 2.0/un1
thick, containing flattened, elongate nuclei, a few mitochondria, vesicles
and occasionally specific endothelial granules (Plate 14-1). The partial
occlusion of the central compartment by connective tissue imparts a very

irregular form to the C.V.S. and its channels (Plate 14-1).

Red and white blood cells are occasionally seen within the spaces

of the C.V.S. (Plate 13-1). The C.V,.S. drains into the large vein of the

47



pseudobranch arch. Small nutrient arteries and veins of the arterio-
venous system are also found in the connective tissue of the central

compartment (see Pseudobranch Circulation).

Small bundles of unmyelinated nerve fibres are found within the
connective tissue, often close to small arteries (Plafes 14-2, 3). A
large bundle of unmyelinated fibres also runs the length of the filament

Just beneath the efferent filament artery.

The pseudobranch filaments are npt always covered directly by an
epithelium since connective tissue is sometimes interposed between the
pseudobranch and its epithelial covering., Thig is the case in the buried
psaudobranch where the filaments are covered with 1005é connective tissue
beneath the epithelium, In the covered pseudobranch the filgments
proximal to the pseudobranch arch are covered by an intermediate.layer of
connective tissue which is only lost near the filament tips where they
become directly covered with epithelium (Plates 2-3, 8-3). Only in
pseudobranchs where the filaments are free does the epithelium cover the
outer (buccal) and inner (opercular) edges of the filament. Where the
filaments are attached to the operculum the inner, attached border is
in%ested by connective tissue (Plates 3-1, 2, 3). The‘filament epithelium
consists of several layers of unspecialised cells with a few chloride cells
and numerous mucous cells nesr the epithelial surface (Plates 15-1, 2).

The epithelial covering of buried and covered pseudobréndhs also contains

numerous mucous cells but no 'chloride type' cells.

In the 'free' pseudobranch of Dicentrarchus labrax and the 'semi-free!

pseudobranch of Mugil capito scanning electron microscopy revealed that
mucous cell openings were more numerous on the opercular edge than the
buccal edge of the filament (c.f. Plates 5-1, 5-2). Droplets of mucus

were often seen within the pores (Plate 15-2). Mucous pores were usuzlly
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- |
found at the junction of epithelial cells (Plate 12-2) and were larger in

Dicentrarchus labrax (3-6 diam.) than Mugil capito (1.5-3 um). In
t = togid samite (153,

Mugil capito dome-like protrusions probably representing closed mucous cells
were found on the buccal surface of the filament (Plate 7-1). Using the
T.E.M, the gurface of the epithelial cells appears to have numeroug micro-
villi-like projections covered with a filamentous coat (Plate 16-1).

However studies of Dicentrarchus labrax and Mugil capito pseudobranchs using

the scanning electron microscope (S.E.M.) revealed that most of the projections
do in fact belong to a complicated pattefn of microridges ﬁlthough occasional
microvilli are present (Plates 12-2). The epithelial cells are usually
pentagonal or hexagonal in shape and individual cells can often be geen since
they are bordered by long straight microridges at the cell junctions, where
they form a double ridge with an adjacent cell (Plates 12-2, 16-1). This
double ridge is often 1.5 = 2x higher than the other microridges. In

Dicentrarchus labrax the ridges of adjacent cells are often some distance

gpart and the cell boundaries are not always clearly defined. The junctions
between epithelial cells are notable for the numerous desmosomes along

their borders amd tight junctions near the swrface (Plate 16-1).

The filament epithelial cells usually possess long convoluted
microridges up to 8/u.m long, and of ten arranged in a concentrie whorl
(Plate 12—2). However cells with microvilli-like ridges are alsc present,

especially near the tip of filament in Mugil capito. In Dicentrarchus

labrax the height of the microridges as measured from transmission electron
micrographs varied between 0.19 - 0.88/um with a mean of 0.29/um on the

‘biccal edge of the filament (Table 3).

The cytoplasm and nuclei of the epithelial cells are fairly densely
gtaining especially Jjust beneath the microridges. Numerous randomly
arranged fibres and free ribosomes are present as well as a few mitochondria,

granular endoplasmic reticulum and an extensive supra-nuclear Golgi
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apparatus. A large number’ of dense vesgicles (0.15/um av. diam.) are

found throughout the cell and especially near the Golgi complex (Plate 16-1).

Secondary Lamellae

The secondary lamellae are supplied with blood from the afferent
filament artery via the afferent lamellar arterioles, two or more of which
may have a common origin (Plate 13—1). Blood leaves the secondary lamellae
via the efferent lamellar arterioles. Like the filament arteries the
lamellar arterioles are lined with endothelial cells containing numerous
electron dense endothelial granules. These cells algo contain a flattened
nucleus, mitochondria, granular endoplasmic reticulum, ribosomes, vesicles
and a prominent Golgi complex. Vesicles of various sizeé containing a
fairly electron dense material appear to arise from the Golgi apparatus,
and may be developing endothelial granules (Plate 17-1). The cytoplasm
of some endotheligl cells contained bundles of thin filaments. Thesge
measure about 60 - 80 % in diameter and do not show any cross striation,
nor contact with other cytoplasmic components. They are usually oriented
parallel to each other and to the cell surface, and sometimes are found
in close contact with the basal lamina (Plate 17-2). An occasional foot-
like process emerges from the base of endothelial cells and penetrates
the basal lamina (Plate 17-3). It may establish membranous contacts
(gap junctions) with smooth muscle to form myoendothelial junctions. The
endothelial cells are surrounded by a continuous layer of muscle cells
which is thicker at the Jjunction of the lamellar arteriole and its filament
artery (Plate 18-1). Nerve bundles of unmyelinated fibres are often

found in this region (Plate 18-2).

The afferent lamellar arterioles supply blood to a network of
interconnecting blood spaces delimited by pillar cells and the flanges

wirich entend from them. These are surrounded by a basement membrane which
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separates them from the 'chloride type' or 'pseudobranch type' cells

(Plate 18-3). The outer two layers of the basement meibrane constitute

a basal lamina (Fawcett 1966) beneath which there is a collagenous layer.
Collagen fibres run from the basement membrane into a series of columns
around the periphery of the pillar cells (Plates 18-3, 19—1). Thege
columns are extra cellular lying in deep foldings of the cell membrane of
the pillar cells., They vary in number between 6 and 10 per pillar cell,
The collagen fibres of these ¢columns are oriented along the length of the
columng changing direction at their extremities to become randomly arranged

in the plane of the basement membrane.

The blood channels are never in direct contact with the basement
.membrane since the channels are lined by the flanges of pillar cells or
what appears to be a thin fenestrated endothelium (Plate 25-2), except at
the outermost part of the marginal channel which is lined with true
endothelial cells (Plate 19-2). The junctions between the flanges of
adjacent pillar cells are often cve;lapping or abutting and are united
by tight junctions and desmosomes. = Each pillar cell has a large central
nucleus, and contains numerous mitochondria, free ribosomes and vesicles.
Fine cytoplasmic fibrils are often seen adjacent to the columns of the

pillar celis.

The pillar cells which lie proximal to the filament lie adjacent to
one another and contain columns on the lamellar side only. A continuous
thick layer of collagen fibres is present on the filament side of this

row 0f pillar cells.

The dimensions of the intralamellar vascular channels delimited by
the pillar cells are approximately the same as the average diameter of
the erythrocytes (4 - ?/um). The marginal channel is wider (12.5 -

17.5/um) than the blood spaces between adjacent pillar cells and runs from
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afferent fo efferent secondary lamellar capillaries around the margin of
the secondary lamells. The outer border of the marginal channel is lined
by typical endothelial cells containing mitochondria, vesicles, electron
dense endothelial granules and occasionglly bundles of cytoplasmic
filaments (Plate 192). They do not surround columns. The endothelial
cells form simple abubting or overlapping junctions with adjoining pillar

cell flanges.

Seconda;v Lamellae Epithelium

The blood chammels of the secomdary lamellae are bordered by a single
layer of specialised cell types (either 'chloride' or ;pseudobranch type{
cells). In '"free' and 'semi-free' pseudobranchs these cells are covered
in "free'! areas of the lamellae by a thin-layer of unspecialised, flatfened
epithelial cells. This layer may also contain specialised cells sﬁch as
mucous and rodlet cells, This outer epithelial layer completely isolates
the 'pseudobranch' cells from the external environment but the 'chloride!
-cells make contact with the water_hr means of apical pits in the over-

lapping epithelium (Plates 21-1, 2).

The external surface of the outer epithelial layer is provided with
nicroridges similar to those described for the filament epithelium.
Although the length of the microridges does vary there does appear to be
a general pattern depending on the position of epithelial cells in the

sacondary lamellaze. In Dicentrarchus labrax cells at the marginal base

of the secondary lamellae close to the filament usually have short
microridges or microvilli, as do those along the edges of the lamellae.
(Plate 20-1). The epithelisl cells covering the ‘pseudobranch type' cells
have flattened, highly convoluted microridges (Plate 20-2) whereas those
covering the chloride cells are narrower and further apart (Plate 21-1).

Tae average height of epithelial microridges, as measured from transmission
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electron micrographs, is usually greater (although not significantly so) in
the region of the 'chloride' cells on secondary lamellae or areas of high

mucous cell density on the filament (Table 3).

Table 3
Area : Height of microridges (/um)
- ¥*
Filament (buccal edge) 0.19 - 0.88 (0.29)
Filament (opercular edge) 0.19 - 0.81 (0.32)
Secondary lamellse
(pseudobranch cell region) 0.12 - 0.42 (0.23)
Secondary lamellae 0.14 - 0.65 (0.28)
(enhloride cell region) '
Secondary lamellae (margin) 0.10 - 0.54 (0.21) |

Correlation of microridge height with distribution (Bass
pseudobranch)
. * Mean of 25 readings.
As in the filament epithelium the microridges are covered by a thick
fuzzy glycocalyx (Plate 16-3). A double ridge is often formed at cell

Jjunctions and adjacent cells are bordered by numerous desmosomes as well

as tight junctions.

The cytoplasm of epithelial cells immediately below the microridges
appears very dense and contains few organelles apart from a smzll number
of mitochondria, a little granular endoplasmic reticulum and a number of

snall dense vesicles (0.05 - 0.16/um diam. ).

The 'pseudobranch type' cells of 'semi-free', 'covered' and 'buried!
pseudotranchs are not covered by an epithelial layer since the _lamellae are
joined together Ty a layer of interstitial tissue-located between the
antivascular poles of 'pseu@obranéh‘ cells from opposing lamellae

(Plate 22-1, 2). This interstitial tissue is formed by cells with long
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fine extensions joined to each other by desmoscmes. They also make
contact with the 'pseudobranch type' cells by means of desmosomes

(Plate 22-2, 3). The cytoplasm of interstitial cells contains numerous
free ribosomes, extensive bundles of fibreg (80 - 100 R diam.), mito=
chondria, vesicles and occasional profiles of granular endoplasmic

reticulum (Plates22-1, 2, 3).

The Water=Blood Barrier

The water-blood barrier is considerably thinner in ‘free'! pseudo-
branchs and the 'free! areas of 'semi-free' pseudobranchs than in-'covered'
and 'buried' pseudobranchs. In 'free' pseudobranchs the main parts of
the barrier separating water and blood are the surface epithelial cells,
'chloride' or 'pseudobranch type' cells, basement membrane and pillar cell
flanges or endothelium. In 'semi-free', 'covered' and fburied!
pseudobranchs the lamellae are joined together in the region of the
'pseudobranch type' cells which are covered further by connective tissue
and layers of epithelial cells. The water-blood barrier is therefore
greatly increased. The thinnegt part of the barrier in this case covers
the blood channels on the efferent side of the lamellae, but this -is still

much thicker than the water-blcood barrier of 'free' pseudobranchs.

The overall distance of the barrier was measured from (a) the tips
of the epithelial microridges to the plasma membrane of the pillar cell
flange or endothelisl cell and (b) from the base of the microridges. As
the concavities between the microridges may be filled with mucus the la%ter
cuase is not necessarily the minimum distance. The mucus layer frequently
extends over the surface of the microridges and should perhaps be included
as part of the overall barrier. The results are summarised in Table 4
where the maximum, minimum and mean values of about 50 measurements are

given, The mean values for the pseudobranch region of Mugil capito,

Salmo gairdneri and Cyprinus carpio are not given because there are such
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large differences between the shortest (efferent side and tip of filament)

and longest routes (afferent side and base of filament) of the water-blood

pathway.
Table 4
Species Width of water-blood barrier am
‘ '"Chloride type' 'Pseudobranch type’
cell region cell region
* *
Dicentrarchus labrax 9,92 - 17.36 (13.64) 8.9 - 15,26 (12.65)
*
Mugil capito 4.83 - 13,41 ( 8.12) 12.8 - 127
Salmo gairdneri 23,78 - 1120
Cyprinus carpio 845 - 2365

The water-blood barrier in the four main representative types of
pseudobranch.

* Mean of 50 measuremenits.

Specialized €ell Types

Four types of specialized cell were found in the secondary lamellae
of pseudobranchs exgmined: (1) 'chloride type' cells (2) 'pseudobranch
type cells' (3) mucous cells and (4) rodlet cells. The occurence and
distribution of these cells varies according to the species (Table 5 ),

although they show only slight variations in morphology between species.

Chloride. Type Cells

The 'chloride type' cells of the pseudobranch were so named because
0f their similarity to the 'chloride'! cells of the teleost gill. Although

the term 'chloride' cell is now well established it may be a misnomer since
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Table 5

Species Habitat 'Pseudobranch|'Chloride | Mucous Rodlet

cell! cell cell cell
Diéentrarchus labrax Seawater ++ ++ ++ ++
Scomber scombrus " ++ ++ ++ -
Mugil ecapito " ++ ++ ++ -
Osmerus eperlanus " ++ ++ ++ -
Belone belone " ++ - ++ -
Pollachius pollachius " +4+ - ++ -
Salmo éairdneri . Freshwster ++ - ++ -
Rutilus rutilus " ++ - ++ +
Perca fluviatilis " ++ + + -
Cyprinus carpio " ++ - + -

Distribution of cell types according to species

++ Large numbers present

+ Small numbers present

- Absent




it has been suggested that they transport other ions beside chloride
(see Review and Discussion). Nonetheless the conventional term 'chloride
type' cell is used in this study to describe similar cells in the

pseudobranch.

Apart from small numbers in the freshwater Perca fluviatilis,

Yehloride type' cells were only found in the pseudobranch of marine fish,
although not necessarily in all species (e.g. they were absent in

Pollachius pollachius and Belone belone).

When stained with haematoxylin and eosin or Mallory's triple stain
for light microscopy, the contents of ‘'chloride type' cells appear finely
granular and are a pale red or purple colour from base to apex, indicating
that they are acidophilic. Transmission electron microscopy revealed
the cells to be filled with numerous mitochondria which are only absent
near the basement membrane and in the apical region of the cell.

(Plate 23-2). The cells are fairly large and arerusuélly cuboidal or
columnar (up to 20 umm long and 12 mm wide, although usually about 14 sm
X 9 um). They are covered by a layer of flattened epithelial cells
apart frpm an open region in contact with the water known és an apical
pit (Plates 23—1, 2). As in the gill there is only one apical pit per
cell although more than one cell sometimes opens into the same pit. In

the pseudobranch of Dicentrarchus labrax scanning electron microscopy
!

revealed the pits to be irregularly shaped openings in the epithelisl
surface. They are usually found at poorly defined epithelial cell
jurctions and are between 2 - 4 um wide (Plate 21-1). In Mugil capito
the openings are approximately circular with a diameter of 1.5 -~ 3.0 mum
and are present in flattened regions of the surface epithelium where

microridges are sparse or absent (Plate 21—2).
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The 'chloride type' cells are alwgys found bordering the capillary
system on the afferent side of the secondary lamellae and on the filament
in the afferent interlamellar region. Small numbers are also found in
the epithelium of the afferent (opercular) edge of the filament tips,
which are free from the operculum epithelium. The secondary lamellae
are always free or semi-free in the region of 'chloride type' cells,

allowing them free access to the water via their apical pits.

The number of chloride cells per secondary lamells is far higher

in the pseudobranch than in the gill. In Dicentrarchus labrax and Mugil

capito the 'chloride type' cells of the pseudobranch cover a third to a
half the area of the secondary lamellae at a density of 90 - 125 cells/
c.1 mm2. The chloride cells of the gill are mainly regtricted to the
bagse of the secondary lamellse proximal to the filament, and the inter-
lamellar region of the filament (Plates 24-1, 2). A few are aléo'found
in the epithelium of the afferent and efferent edges of the filament.
'Chloride' cells were found in the respiratory epithelium of the secondary

lamellae of Salmo gairdneri, but not in Digentrarchus labrax.

Ultrastructure

The '‘chloride type' cell cdnsists of three distinct regions; a

vascular pole, a central region and an apical pole (Plate 25-1).

(1) The vascular pole

The cell membrane is sepafated from the blood channel by a basement
membrane and the flanges of pillar cells or what often appears to be a
very thin fenestrated endothelium (Plate 25-2). It is uncertain if this
represents a true endothelial layer or if in fact it belongs to the pillar
cell flanges which have become modified in the form of a fenestrated

endothelium,
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The basal and lateral membranes of the 'chloride type' cell are
itvaginated to give rise to a brénching system of tubules (5003 diam.)
which form a three dimensional reticulum extending throughout the
éytoplasm. In the basal region of the cell these tubules connect with
bundles of narrow, parallel saccules (120 - 150 & diam. and 180 % apart)
which appear as a series of folded loops (Plate 25-2). The saccules are
up to 3 am long and are enlarged at each end where they are connected
to the rectilinear tubules formed from invaginations of the plasma
membrane, In some sectionsg the tubules show a lattice-like arrangement
where they are connected to the saccules. (Plate 26-1). The pfesence_
of these saccules was not shown in this or previous studies on the gill
chloride cell, although similar lattice networks of tubules have been
ohserved in the chloride cells of rainbow trout (Abel 1973) and river

lamprey (Pickering 1976).

(2) Central region

The central region of the 'chloride tyfe' cell is rich in mitochondria
which are surrounded by a highly branching network of intracellular
tﬁbules which comnect with the narrow saccules near the base of the cell,
Tae mitochondria usually appear éound or rod-like and are up to 4.5 am
long (although usually about 3,0 um) with a diameter of 0.5 - 0.8 um.
They contain well developed membranous cristae which may run transversely
or longitudinally. The matrix of the mitochondria is slightly electron
opaque and contains small numbers of dense mitochondrial granules. In
some areas the outer membrane of the mitochondria appeared to be continuous
with membranes from the tubular system (Plate 27-1). The surrounding
tubular network contains materigl slightly more electron dengse than the
cytoplasmic matriz. This is particularly noticeable in material fixzed in

glutaraldehyde and cacodylate buffer.
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The nucleus is basally or laterally placed and is often associated
with profiles of granular endoplasmic reticulum and Golgil apparatus.
Cilusters of free ribosomes are scattered throughout the cell. Some
chloride cells were darker than others and contained a more extensive

G.E.R. which occupied the central region of the cell (Plate 26-3).

Apical Pole

The mitochondria are absent from the apical region of the cell where
the tubular network gives rise to large numbers of membrane bound vesicles
(500 - 2000 % diam.) of similar electron density to the tubules. This

ws3s more noticeable in Dicentrarchus labrax than Mugil capite where the

tubules sometimes extend virtually to the surface membrane (c.f. Plates
262 aﬁd 27-1). The outer surface of the apical plasma membrane is
covered with a fine filamentous coat whilst the c¢cytoplasmic side of the
membrane éppears slightly denger than the rest of the cytoplasm. Vegicles
coated with a fine filamentous material as well as smooth vesicles were
occasionally seen within the apical pit. The cell surface.is reiatively
smooth although occasional, small cytoplasmic projections can be seen
using -the scanning electron microscope (Plate 21-1). In comparison the
gsurface of the gill 'chloride' cell of both freshwater aﬁd seawater fish,
is thrown into numerous microvilloug-like, cytoplasmic projections.

(Plate 28-1). In the seawater fish, Dicentrarchus labrax, large numbers

of coated vesicles are found within the apical pit (Plate 28-1). No
apical pits were found in the gill 'chloride' cells of the freshwater

Salmo gairdneri. Instead the w.pical membrane was level with, or proiruded

beyond the surface epitheligl cells.

In Mugil capito pseudobranéh, apical pits were often not so apparent

since the 'chloride' cell surface is flattened and almost level with the
surface epithelial cells. A thick layer of amorphous granular material is
often found adhering to the surface of the cell. (Plate 27-1).
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Invaginations of the apical plasma membrane are due to cytoplasmic
extenzgions of smaller mitochondria-rich cells adjacent to the ‘chloride
type' cells (Plate 26-4). They are much smaller and narrower (B/um b'e 5/um)
than the 'chloride type' cells and often contain a more extensive G.E.R.
and a less prominent tubular system. These cells were first noted by
Dunel and Laurent (1973) who named them accessory cells. Although they
have not been previously reported in the gill the present study showed
the presence of these cells in assocciation with the 'chloride' cells of

- .
the gill of Dicentrarchug labrax (Plate 28-2). However they were not

found in the gills of Salmo gairdneri or Cyprinus carplo.

The external plasma membranes of the accessory cells and chiloride
cells interdigitate at the level of the apical pit where they are separated
by shallow junctions (Plate 27-2). The tubular network of the 'éhloride
type'! cells opens into the extracellular spaces beiween neighbouring
'chloride type' cells or between 'chloride type' and accessory cells. The
shallow junctions at the level of the pit are not true tight juncfions so
the extracellular spaces may communicate with fhe water at these points.
Occasionally clear cytoplasmié processes containing clear vesicles extrude

from the accessory cell cytoplasm into the apical pit (Plate 26-2).

Desmosomes were often seen along the adjoining membranes of chloride
and accessory cells in the vicinity of the apical pit (Plate 27-2). Both
types of cell made similar contact with %he neighbouring epithelial cells
in this region but no junctionsl complexes were found on thelr lateral
and basal surfaces.

*They have since been reported in recent studies by Hootman and
Philpott (1979), and Sardet, Pisam & Maetz (1979), in the gills of

euryhaline and seawater fish (see Discussion).
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'Pseudobranch Type' Cells

The 'pseudobranch type' cells were so named because they were specific
to the pseudobranch and were found in all the pseudobranchs examined. In
those pseudobranchs possegsing 'chloride type' cells, the 'pseudobranch
type' cells were always found bordering the capillary system on the
efferent side of the secondary 1ameilae, but were not found in the filament
epithelium. In all freshwater teleosts examined (except ggggg) and the
seawater Pollachiug pollachius and Belone belong, the pseudobranch type

cells covered the whole area of the secondary lamellae.

The !pseudobranch type'_cellé do not possess apical pits and are always
complefely igolated from the external environment. In 'free! pseudébranchs
the 'pseudobranch type' cells are covered by a layer of flattened epithelial
cells, which in some regibns are joined together between apposing secondary

lamellae (Plates 28-1, 2). Thege areas of fusion only occur in the

- ‘”’———_“region*of_the‘*pseudobranch*type'—celis~and;sometimes-only—on~one~side~of -
the filament (Plate 5-1). In all other pseudobranchs the secondary
lamellae are completely fused in the region of the 'pseudobranch type!
cells by means of narrow, fibrous interstitial cells, intercalated

between the antivascular poles of the 'pseudobranch type' cells (Plates 22-1,2).

When stained with H & E, Mallory's triple stain or methylene blue

for light microscopy the 'pseudotranch type' cells are characterised by

a clear apical zone and a denser, finely granular central region and
vascular pole (Plates 29-1, 2; 30-1, 2). Transmission electron microscopy
showed the apical région to be virtually free of mitochondria and other
orzanelles whilst the central and vascular regions of the cell are packed
with numerous mitochondria and tubules, arranged in a very characteristic

pattern (Plates 31-1, 2).
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The !pseudobranch type! cells are guite large (normally between
16 - 20 am long and 8 - 12 um wide) and are usually oriented with their

long axis parallel to the basement membrane (c.f. 'chloride type' cells).

Ultrastructure

As in the 'chloride type' cell the 'pseudobranch type' cell can be
divided into three regions; a vascular pole, a central region and an

apical pole.

Vascular pole

The plasma membrane rests on a distinct basement membrane surrounding
the pillar cells and fenestrated endothelium of the blood channels., The
basal plasma membrane is deeply invaginated and gives rise t¢ a network
of intracellular tubules (500 -~ 700 R diam. ). The continuity of the
endothelial cells beneath the basement membrane is also highly interrupted -
indicating the possible communication between the lumina of the blood
vegsels and that of the tubules (Plate 35—3). The tubular invaginations
of the basal membrane are fairly straight and unbranched for 0.25 -

0,35 mm, before giving rise to a highly branched region of anastomosing
‘tubules which extends for 0.5 - 1.0 um beneath the mitochondrial region.
Uniike the 'chlqride type' cells there are no narrow sacculeés and the
tubular system shows no connections with the lateral membranes of the
'pseudobranch type' cells. In the branched region of the tubular system,
bundles of cytoplasmic filaments run parallel.to the basement membrane

and communicate with desmosomes situated at the lateral membranes (Plate 31-2),

Central Region

In the central region of the cell the tubular system becomes arranged
into an orderly pattern of long parallel tubules which surround numerous
closely packed mitochondria. The tubules have g relatively constant
diameter (400 - 500 ) and do not appear to be branched in this region.
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Obliquely cut sections often revealed the tubules to be spirally coiled
(Plate 32-1). The tubular network forms a closed loop system in the
'pseudobranch type' cells, since the tubules incline around the mitochondria

and return towards the basal plasma membrane.

The mitochondria are usually long and rod-like (up to 6 mm long with
a dismeter of 0.3 - 0.5 um), but in some cells they show a variety of
irregular shapes includingIV sheped and circular mitochondria {(Plate 32-2).
They possess well developed membranous cristae arranged transversely or
longitudinally, and the matrix appears darker than in the mitochondria
of the 'chloride type' cells. Also, fairly large numbers of dense
mitochondrial granules are found in the matrix (Plate 31-2). The outer
mitochondrial membranes and those of the tubules are closely associated

end continuities between the two are sometimes seen (Plate 32-3).

No other organelles are usually visible in the central region of the
cell apart from clusters of ribosomes. The large pale nucleus is usually
placed towards the apical pole of the cell. Occasionally a pair of

centrioles (diplosome) is seen nearby (Plate 32-4).

In Cyprinug carpio a previously undescribed organelle was often seen

in close assoclation with the nucleus, sometimes as an extension of the
nuclear envelope (Plates 33-1, 2). It appeared tobe a form of modified
granular endoplasmic reticulum and was very regular, consisting of four
or five parallel cisternae bordered on either side by a row of dense
granules, possibly ribosomes. The cytoplasmic extensions (600 - 700 &
wide) between the cisternae contained a narrow membranous plate

(75 % wide and 0.5 ~ 0.6 um long) sandwiched between the rows of ribosomes.
The organelle showed no continuity with other cell organelles apaft from
the-perinuclear cisterna of the nuclear envelope. Only one of these
organelles was found per cell. It was found in all carp pseudobranchs
examined but was absent from all other species.
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Apical Pole

The apical pole is free of mitochondria and tubules and contains a
¢lear cytoplasm with profiles of granular endoplasmic.reticulum and
clusters of free ribosomes, Long bundles of cytoplasmic filaments
(tonofilaments) which often communicate with desmosomes are common in
this region. Desmosomal contact, often in the form of long chains of

desmosomes, is frequently found between adjoining cells (Plate 33-3).

The apical pole also contains many small, irregularly shaped vécuoles
(0.1 = 1.0 mm diam), and sometimes a single large vacuole, up to 10 aum
long and 6 mum wide, which fills the apical region of the cell. (Plate 34-1).
These vacuoles are surrounded by bundles of cytofilaments and a band of
dense material just below the surface of the membrane (Plates 34-2, 3).
Small numbers of vesicles, which appear to be 'pinched off' from the
surrounding membrane (Plate 34-3), are found within the vacuoles. These
vacuoles are mostly found in the 'pseudobranch type' cells of freshwater
fish although they also appear in the 'pseudobranch type! cells of

seawater bass when osmotically stressed.

In any one section ;light' and 'dark' ' pseudobranch type' cells were
seen, probably representing different stages of activity. Three stages
could be recognised:

(1) The cell contains a clear cytoplasm and possesses relatively few
mitochondria which are loosely packed in the basal gnd central regions

of the cell, The tubular system is poorly organised at this stage and

is not intimately associated with the mitochondria. The nucleus is large
with a pale nucleoplasm (Plates 30-3, 35-1).

(2) The mitochondria increase in number and become closely packed in the
basal and central regions of the cell; >The tubular system becomes well
organised and surrounds the mitochondris in a characteristic pattern of

parallel tubules (Plates 31-1, 35-2).
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(3) The cell cytoplasm becomes much darker aﬁd contains large numbers

of ribosomes and glycogen particles. The whole cell appears full of

dark, closely packed mitochondria leaving room only for a small, dark
nucleus and profiles of granular endoplasmic reticulum (Plates 35-1, 2, 3).
In the bass pseudobranch these dark cells are found in the central region
of the secondary lamellae (Plate 29-2) and are the first cells to receive

blood that has passed from the 'chloride' cell region.

Mucous Cells

Large numbers of mucous cells were found in the epithelisl covering
of 'covered' and 'buried' pseudobranchs. In 'free' and 'semi%free'
ps2udobranchs, mucous cells were found mainly in the filament epithelium,
with émaller numbersg in the lamellar epithelium. Where the filaments
hang freely, they were more numerous on the opercular (trailing) edge
than the buccal (leading) edge of the filament. In the lamellae they
were more common in the epithelium around the marginal channel, and proximal

to the filament.

Ultrastructure

Each mucous cell contains a basally situated, irregularly shaped,
dark nucleus. Mgst of the cell volume is made up of tightly packed
mucous droplets. The contents varied in staining intensity from lightly
staining globules (Plate 36-1) to dense osmiophilic granules (Plates 15-1,
36-2), and may reflect different stages in activity or different forms of
mucous cell. The mucous cells in the filament epithelium usually possess
denser globules than those in the secondary lamellae. Using the scanning
electron microscope, droplets of mucus were often seen within the mucous
cell pores (Plate 15-2). The remainder of the cytoplasm is occupied by
granular endoplasmic reticulum, a few mitochondria, smali vesicles and

an extensive Golgi complex. The latter usually occupies a supranuclear
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rosition towards the base of the cell. The mucous cells lie in close
contact with adjacent epithelial cells and make contact with the external
environment by meané of a pore (1.5 - 6.0 um diam). These pores are
usually found at the junctions of filément epithelial cells, In Mugil
capito, dome-like protrusions, probably representing closed mucous cells

were often found on the buccal surface of the filament (Plate 7-1).

Hodlet Cells

Rodlet cells have not been previously reported in the teleost-
pseudobranch although they have been found in a wide variety of fish
tissues including the gill epithelium (see Morrison & Odense 1978). This

particular cell is also sometimes referred to as Rhabdospora thelohani

(Laguesse 1906) since some authors believe it to be a parasite,

(2.g. Bannister 1966).

Distribution of Rodlet Cells

Large numbers of rodlet cells were found in the gill and pseudobranch

epithelium of Dicentrarchus labrax whilst small numbers were found in the

pseudobranchs of Rutilus rutilus and the gills of Salmoc gairdneri.

In the gill, rodlet cells were found at the base of the secondary
lamellse, on the filament between adjacent lamellse and along the edges
of the filaments. They were often in close association with 'chloridet
and mucous cells and were usually separated from the blood space by
flattened epitheligl or suprabasement cells and the basement membrane.

No rodlet cells were found in the respiratory epithelium of the secondary

lamellse.

Mature rodlet cells in the pseudobranch were found as a single layer
of cells just below the surface of the epithelium covering the area of

the secondary lamellae (Plafe 37-1). They were always in close association
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with mucous and bhloride'or'pSeudébranch'cells (Plate 37-2). As in the
gill they were also found on the edges of the filament and between
adjacent lamellae. In the secondary lamellae they were separated from
the blood space bj a thin layef of flattened epithelial cells, an under-
lying layer of either 'chloride' or'pseudobranch' cells, and the basement

membrane.

In both gill and pseudobranch, rodlet cells were more numerous in
the region of the afferent filament artery than the efferent artery.
They were present in all the gills and pseudobranchs of Dicentrarchus

labrax examined (10 fish), and all the gills of Salmo gairdneri (3 fish)

and pseudobranchs of Rutilus rutilug (3 figh). It was difficult to make
an accurate assessment of the numbers of rodlet cells present in a gill
arch or a pseudobranch since there were large variations between individual
filaments and also between individual fish. In a random sample of 10

pseudobranch filaments from each of 5 Dicentrarchus labrax, the density

of rodlet cells ranged from 122 - 7575 per sq. mm with a mean of 2974 per

sq. mnm.

Development of Rodlet Cells

Many of the rodlet cells appeared to be in different stages of
development. The mature stage (Plate 39-2) and stage preceding it were
eagily recognisable being unlike any other cells in the epithelium.
Various characteristics of these two stages were used to identify the

developing and immature phases of rodlet cell maturation.

The earliegt development of rodlet cells was traced back to a cell
(Type I} containing a netw&rk of granular endoplasmic reticulum and free
ribosomes at one end and a Golgli complex of numerous saccules and vesicles
at the other (Plate 38-1). There are a number of elgctron dense inclusions

in the region of the Golgi complex. The nucleus has a light coloured
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nucleoplasm with darker clumps of heterochromatin especially around the
periphery, and a few mitochondria are scattered throughout the cytoplasm.
These cells are often associated with maturing rodlet cells in the sub-

surface epithelial tissues.

The next stage appears tobe an intermediate cell type (Type II)
whicﬁ-contains chafacteristics of both mature and immature rodlet cells
(Plate 38—2). The cell contains a network of granular endoplasmic
reticulum and free ribosomes at one end similar to cell type I. At the
oppogsite end of the cell is a prominent Gdlgi complex with flattened
saccules, large irregularly shaped'vécuoles, and numerous smooth vesicles.
Cell type II shows the earliest development of & fibrous border, consisting
of a layer of widely spread microfibrils beneath the plasma membrane, and
surrounding the vesicles and a few rodlet sacs. Some of the sacs contain
electron dense cores. A few apparently isolated dense cores are present
which may represent the tips of rodlet sacs where %hey are surrounded by
little or no sac material. The microfibrils have a diameter of 50 2
(thin fibrils) to 150 X (thick fibrils). The cell is clese to the surface
of the secondary lamellae and is covered only be a thin layer of flattened

epithelial cells.

As the cell matures it becomes surrounded by a thin fibrous border

(2.1 - 0.2 um wide) beneath the plasma membrane (Cell TypeIIIl, Plate 39-1).,
The cisternae of the granular endoplasmic reticulum become distended and
contain a light flocculent material, The granular endoplasmic reticulum
is continuous with a large Golgi complex and large irregularly shaped

areas containing a similar flocculent material. Numerous free ribosomes
are present throughout the cyfoplasm and the mitochondria aggregate at

the opposite end of the cell to the nucleus which becomes darker and more

regular in shape.
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In the mature rodlet cell (Type IV) the fibrous border becomes much
wider usﬁally about 0.5 mm but up to 1.5 mm wide (Plates 39-2, 40-1).
Tt is bounded on the outside by a plasma membrane 100 - 125 § thick.
The fibrous border contains numerous microfibrils (300 - 400 R apart),
arranged in parallel around the circumference of the cell. Beneath the
plasma membrane are regularly spaced dense bands (750 - 1060 R wide)

which run parallel to the microfibrils.

The club shaped rodlet gsacs take up a large part of the cytoplasm
of the mature cell. Each sac is bounded by a membrane and contains a
granular matrix which is less concentrated and sometimes almost absent
from the peripheral region of the sac {although this nay be a fization
artefact). The sacs usually coqtain a single electron dense core which
may extend the whole length of the sac. The cores are circular in cross
gsection and vary in diameter from 1000 - 1600 £. The sacz are orientated
with the tapered end towards the apex of the cell and bulbous end anterior

to the basal nucleus.

A closely packed aggregation of mitochondria is found laterally near
the apex of the cell. The fibrous border is absent in the apical region
which contains large numbers of smooth surfaced vesicles (400 - 500 2 diam.)

and is bounded only by the plasma membrane (Plates 39-2, 40-2),

The remainder of the cytoplasm contains many clear vesicles, a few
multi-vescular lysosome-like bodie; and a network of membranous vacuoles
containing a lightly staining material. The Golgi complex still occupies
a supranuclear position and contains numerous saccules and vesicles.

Ribosomes are present throughout the cytoplasm apart from the apical region

of the cell.

The apex of mature cells opens between adjacent epithelisl cells.

The cytoplasm protruding through the opening is bounded by a limiting membrane
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which is covered with a filamentous glycocalyx. Near the apex
desmosomal contact between rodlet cells and surrounding epithelial cells

is sometimes found (Plate 40-2).

Rodlet cells containing only membranous vacuoles or no cytoplasmic
contents at all were observed. These may have secreted their contents
and are dead or dying cells. A few rodlet cells with very dark borders
have been observed (Plate 41-1) and some cells contained hyperchromatic
nuclel (Plate 41—2). No cells were observed in the process of secreting

their contents.

In a S.E.M. study of the bass pseudobranch, a number of conical,
¢ircular openings (1 - 2/um diam.) were found in the interlamellar filament
epithelium and at the base of the secondary lamellae (Plate 41—3). The
epithelium i1s raised in a continucus circular ridge and cytoplasmic
projections can often be seen within the opening. This type of opening

is thought to beiong to that of the rodlet cell.
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Vascular System

A general study was msde of the vasculature in sll pseudobranch
types, with more detailed examinations of those of freshwater Salmo

gairdneri and seawater Dicentrarchus labrax. Microfil casts of the

pseudobranch vascular system were compared with gill casts from Salmo

gairdneri, Dicentrachus labraz and Perca fluviatilis.

General Organisation

In all pseudobranchs studied the organisation of the vascular system
was similar to that of the gills, but it varies in certain details

according to the type of pseudobranch.

The primary afferent artery was always supplied ventraily by the
mandibular artery which is connected to the efferent branchial arch of

the first gill arch. Whilst this is the sole blood supply in Salmo

gairdneri and Cyprinus carpio, an additional dorsal supply from the cephaliec

circle is found in Perca fluviatilis and Dhicentrarchus labrax. (c.f. Figs

2¢ and 2d). The mandibular artery is always visible running close to
the outer (free) edge of the operculum, beneath the opercular cartilage
(Fig 15). In Cyprinus carpio the artery disappears beneath a thick layer

of connective tissue covering the pseudobranch whilst in Sglmo gairdneri

it 1s covered only by a thin epithelium before entering the pseudobranch.

When the blood supply is of mixed origin the mandibular artery forms an
anastomosis with the dorsal vessel from the cephalic circle before

entering the pseudobranch. Close to the pseudo-branch the artery divides

into two branches supplying opposite ends of the pseudobranch (Fig 15).
Smaller afferent filament arteries arise from the primary afferent artery

at regular intervals and these in turn supply blood to the secondary

lamellae capillaries via the afferent lamellar arterioles (Plates 42-2, 43-1).

Blood leaves the secondary lamellae via the efferent lamellar arterioles
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and passes to the efferent filament arteries which supply the primary
efferent artery (Plate 42-1). The primary efferent artery supplies blood
to the ophthalmic artery and the eirculation of the eye. In all
pseudobranchs examined a venous/lymphatic system was also found connecting
with a large vein in the pseudobranch arch, which supplies the jugular
system returning to the heart. A venous system has not been described
previously for the pseudobranch but it is clear from serial sections

and microfil injections that one does exist (see Arterio-venous System).

Arterio-arterial System

In all species studied the arterio-arterisl vascular system is
sinilar, with minor differences. The primary afferent and efferent
arteries are always located on opposite sides of the pseudobranch srch
although the exact disposition and morphology of these arteries varies
according to the species. In Dicentrarchus labrax and Perca fluviatilis
the arteries run close together and parallel to each other whilst in

Salmo gairdneri the arteries are further apart and situated at different

levels (Plates 44-1, 2; 46-1). In Cyprinus carpio the arteries curve

around to accommodate the pseudobranch folding back on itself (Fig 14).
The primary afferent artery is always situated close to the cartilaginous
extensions of the pseudobranch filaments on the inner face of the organ

(Plates 44 - 1, 2).

The wall of the afferent artery is very thick in most species with
well developed conjunctive and muscular layers (Plates 44-1, 2; 45-1, 4;
46 - 1). The muscular layer is particularly noticeable in the trout
and bass (up to 20/1 thick) whilst in the perch the afferent arterial wall

is thinner and less muscular.

The secondary lamellae are supplied by the afferent filament arteries

wiiich depart at regular intervals from the primary afferent artery. The
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trout pseudobranch is unusual since the primary afferent artery also
provides a direct supply to secondary lamellae at the bgse of the organ

via short arterial segments-

The afferent filament arteries run very close to and are sometimes
contiguous with the cartilaginous rod of the filaments. In the trout,
two or more afferenf filament arteries are sometimes interconnected by
means of short cross vessels between them (Plate 42-2). In this species
the filament arteries at the distal end of the filaments converge towards
the centre of the organ where they form a complicated network of inter-
connecting vessels (Plate 42-2). In the bass, mullet and perch the
filament arteries show no tendency to converge and do not possess

transverse vessels.

From the afferent filament arteries emanate short lamellar arterioles
through which blood passes into the secondary lamellae. They often branch

to communicate with one to three lamellge (e.g. trout, Plate 42—2).

The vagcular system of the secondary lamellge is a network of inter-
connecting blood spaces delimited by pillar cells and their flanges.
There is no discernible difference in the vascular system of the secondary
lamellae in the species examined. Each secondary lameila is bordered by
a marginal vessel (Plate 19-2) which is derived from the afferent lamellar
artery. In microfil casts of bass pseudobranch only the marginsl vessels
were filled and not the secondary lamellae network (Plates 47-1, 2).
This provides evidence for the marginal channel as a direct blood pathway
from the afferent to the efferent arterioles, bypassing the vascular
network of the secondary lamellae. However in trout pseudobranch the
marginal vessels were never filled alone and the secondary lamellae were
always partially or completely filled. Channels connect the marginal
vessel and the capillary network of the secondary lamellae but the
individuality of the marginal vessel is always distinct in the cast
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preparations. In the case of incomplete Microfil perfusion of the
secondary lamellae, only the parts closest to the filament axis contailned
casting material. The marginal channels and secondary lamellse on the

distal parts of the filament were empty or incompletely filled.

In preparations of trout pseudobranch perfused via the primary efferent
artery the secondary lamellas were particularly well filled at the base
of the organ where there are direct connections between the prima;y
efferent artery and the secondary lamellae by means of short arterial
segments (Plate 48—1). Secondary lamellae in the distal regions of the

filaments were often poorly filled.

The efferent lamellar arteries of the secondary lamellae, communicate
with the efferent filament artery via one to three branches (Plate 48—1).
The efferent filament arteries run along the outer edge of the pseudobranch
filaments and finally connect independently to the primary efferent

artery (Plate 42-1).

The wall Pi‘the primary efferent artery is usually thinner and less
muscular than that of the primary afferent artery. This is particularly
noticeable in the trout and bass pseudobranch although in the perch they

are of similar thickness (Plates 44-1, 2; 45-3; 46-1).

Arterio—-venous System

The venous circulation has not been previously described in the
teleost pseudobranch. In fact it has long been considered that the
circulation is purely arterio-arterial (Laurent 1974). However in this
study the use of microfil injections and serial sections ¢learly shows

the existence of an arterio-venous pathway.

In all species studied a large central vein was found in the
Pssudobranch arch. It was especlally noticeable in seawater fish which

possess a 'free' pseudobranch (e.g. Dicentrarchus labrax (Plates 43-1, 2;
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Also the central venous sinus/lymphatic system was particularly well
developed in 'free' pseudobranchs. Arterio-venous anastomoses were
found between the efferent filament artery and the central venous sinus
of Dicentrarchus labrax although these structures could not be found in

the covered and buried pseudobranchs of Salmo gairdneri and Cyprinus

carpio. It is possible that they do exist in ftrout and carp but they

may be very rare and widely spaced.

In the Pseudobranch Arch

When the pseudobranch of Dicentrarchus labrax was perfused via the

ventral aorta the primary afferent and efferent arteries were well filled

as was a large vessel running between and slightly above them (Plates 43-1,2),
Transverse sections of wéx embedded pseudobranch revealed this vessel to

be a large thin walled vein or lymph vessel situated between the primary
afferent and efferent arteries {Plate 46-1). The distinction between

the venous and lymphatic systems in teleosts appears less clear‘than in

higher vertebrates and will be discussed later (see Discussion). In line
with currently held views of the gill vasculature (Vogel, Vogel &

Kremers 1973; Laurent & Dunel 1976; Girard & Payan 1976, 1977:; Dunel

& Laurent 1977) the vessel described here will be referred to as the

pseudobranchial vein.

The lumen of the pseudobranchial vein is not uniform along its length.
Usually it is widest in the central region of the arch and narrower at
its extremlities where the single vessel becomes replaced by a series of
interconnecting venous channels., The vein leaves the pseudobranch close
to the entry of the primsry afferent artery and connects with a large
venous sinus in the opercuwlar tissues behind the pseudobranch.

(Plates 43-1, 44-2).
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One surpfising feature of the microfil casts of bass péeudobranch
was the filling of the pseudobranchial vein without filling of the
filament central venous sinus. This provided evidence for an arterio-
venous pathway between either the primary afferent artery or the primary
efferent artery and the pseudobranchial vein. Confirmation of such a
pathway between the primary afferent artery and the pseudobranchial vein

was made from serigl sections of wax embedded material.

In the bass, perch, trout and carp the primary afferent artery has
direct connections to numerous capillaries which are often packed around
the main vessel (Plates 45-1, 2). The primary afferent artery of the
perch is surrounded by a particularly rich capillary network and frequent
coanections to the artery by means of short sphincter-like vessels are

found (Plate 45-2).

In addition to the capillary network the primary affefent artery
also gives off numerous small arteries which often run parallél to the
primary afferent artery. Thig system of small arteries and capillaries
coastitutes an afferent blood pathway of nutritive vessels to the tissues
of the pseﬁdobranch arch and the surrounding tissues of the pseudobranch.
The blood from this system is eventually collected in veins which drain

into the pseudobranchial vein.

The primary efferent artery is also surrounded by a vascular network
of capillaries and small arteries but no connection could be found between
these and the primary efferent artery (Plate 45-3). It seems likely that

these small vessels arisée from the primary afferent system.

In the Filament

The arterio-venous system of the filament arises from both the
afferent and efferent circulation. One pathway is provided by the

primary afferent artery to the nutritive vessels of the filament and the
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other by direct connections between the efferent filament artery and the
central venous sinus. The second pathway was only found in the bass

pseudobranch.

The first pathway consists of a rich vascular network of nutritiye
vessels in the outer and central filament regions. This system of
arterioles, venules and capillaries is derived from the primary afferent
artery at the base of each filament. The vessels are arranged mainly
parallel to the longitudinal filament axis with some fransverse or oblique
connections at both sides of the filament cartilage. On the outer edge
of the filament in trout and perch, two small arteries run along each
side of the afferent filament artery (Plate 47-3).. They are often inter-
connected with those from neighbouring filaments (Plate 47-3). A similar,
but less regular system of small arteries is also seen on the afferent

side of the bass pseudobranch (Plate 47-2).

In the central region of the filament small vessels of identical
origin run close to the cartilage and the afferent filament artery.

(Plate 49-1)}.

The nutritive vessels eventually connect %o the central venous sinus

or its extensions which finglly drain into the pseudobranchial vein.

The central venous sinus of the filament appears as an irregularly
shaped vascular channel, extending almost from the tip of the filament
to its base where it drains directly into the venous system of the arch.
The exact location of the pseudobranchial vein and 1ts connections to
the C.V.S. vary from species to species, as does the morphology of the
0.7.S. itself (c.f. Figs 16-1 & 16=2). In many sections of histological
material the C.V.S. remained tightly closed. However, when open the
C.V.S. of the seawater fish, bass and mullet, is usually lérger than that

off the freshwater trout, perch and carp, Whilst the C.V.S5. of the bass
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Fig 16 Circulation diagrams of the pseudobranch arch, filament and
secondary lamellse of (a) bass and (b) rainbow trout. Cross
sections of the filaments and their secondary lamellae are

grown to the right. Arrows indicate the direction of blood flow.
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paa primary afferent artery commwmicating with collateral arteries
pez primary-efferent artery
afa afferent filament artery
efa efferent filament artery
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-ca cartilage
cve central venous éinus
f filament
sl secondary lamella
1 small artery of the arterio-vénous system
2 small vein of the arterio-venous system

3 extensions of the c.v.s.







pseudobranch takes the form of a large open channel, that of the trout
appears as & branching system of interconnecting vessels with the size

of the sinus compartments near the cartilage and efferent filament artery
often greater than those nearer the afferent artery, particularly at the

bage of the filament.

The wall of the central sinus is extremely thin, consisting of a
basement membrane and a thin endothelial layer (Plates 14-1, 2). No
miscle cells and only a few adventitial cells ére visible. The central
sinus vessels often reach close to the afferent filament artery wall
(Plates 46-2, 3), the afferent lamellar vessels and sometimes also to
the basement membrane separating the lamellar blood spaces from the central
core of the filament (Plate 49—1). However, no direct connections between
the central sinus, or its branches, and the lamellar blood spaces were
seen., In cases where fhe filamehts are attached to the opercular wall
the C,V.5. gives rise to sinus-like vessels outside the core of the
filament and running in the connective tissue between the afferent filament
arteries (Plates 49-1, 2). On the efferent side of the filament, shorter
extensions form a system of venous channels around the efferent filament
artery (Plate 50-1). In the buried carp pseudobranch, extensions of the
C.V.S. open into particularly large sinus-like channels outside the core
of the filament (Plate 44-3). The folded nature of this pseudobranch
allows a number of filamental sinuses to connect with each channel
(Plate 49-3) which may or may not be filled with blood in histological

sections.,

The second arterio-venous pathway between the efferent filament
artery and the C.V.S. was only found in the bass pseudobranch, although
it is possible that these connections may occur less frequently in other

speciles.
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The connections are provided by special arterio-venous anastomoses
(A.V.A's) which occur in great numbers and at fairly regular intervals along

the efferent filament artery (A.V.A. ). While most of them lead

eff.
directly to the C.V.S. some open into nutritive vessels connected with
the C.V.S. at numerous points along the filament. No A.V.A.s were found

between the afferent filament arfery and the central sinus.

The number of anastomoses vafies from filament to filament (Table 6 ).
They are more common on the central filaments of the pseudobranch with
fewer numbers in the tip and distal regions than in the basal region.
The distribution of anastomoses and of lamellse counted on one side of

each filament of bass pseudobranch is shown in Table 6.

Table 6

Pseudobranch region Distance | No of Av., No of |Av. No. of | Av. No. of
covered filaments|lamellae anasto- anasto~
(mn) per | examined |per mm * |moses moses
filament per mm¥* per
' lamella
Distal 0.60 8 21.0 12 0,571
region
Outer filaments
Basal 0.40 8 18.0 25 1.388
region
Distal 0.75 7 20.5 18.5 0,902
region
Central filamerds —
Basal 0.50 T 15.5 33 2.000
region

* The mean number of lamellae and anastomoses per mm were calculated to

the nearest 0.5 of a whole number.
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The foregoing table shows that anastomoses in the basal region of any
one filament are more than twice as frequeat as those in the distal
region. They are almost four times as common in the basal region of the

central filaments as in the distal region of the outer filaments.

The A.V.As have a characteristic morphology, and are easily identified
in paraffin sections (Plate 50-2). The vascular channel from the efferent
filament artery to the C.V.S. is iightly occluded by conspicuously large
endothelial cells, with a relatively dense cytoplasm and big, often
lobated nuclei. The endothe}ial cells are found inside a layer of smooth
muscle cells, and often protrude into the lumen of the efferent artery.
Vesicles are sometimes discernible-at the proitruding cell‘surface in

resin sections stained with methylene blue (Plate 50-1).

Ulstrastructure of the A.V.A.

The A.V.A. endothelial cells are highly specialised with a number
of characteristic features. Two types of cell were identified although

intermediate forms were also observed.

Type I Endothelial Cells

These cells are located on the arterial side of the A.V.A. where
they frequently bulge into the arterial lumen, Their surface is usually
rounded although microvilli or short rounded prirusions sometimes extend
into the lumen (Plate 51; 53-1). These cells are elongated and often
two or three times as large as type 11 endothelial cells of the same
AV,.A. They make contact -rith normal arterial endothelia by means of

tight Junctions or desmosome-like junctions.

The nucleug is large with a pale nucleoplasm. The cytoplasm of the
cell is highly filamentous with numerous intracellular filaments (Plate 52-1)
often arranged in concentric whorls. The filaments are found thfoughout
the cytoplasm exzcept around the periphery of the cell. Numerous
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micropinocytic vesicles are found in this region close to the cell.
membrane (Plate 52-2). In addition to these the cells contain larger
membrane bound vesicles with an electron dense core. These are similar
to the Welbel-Palade type organelles in normal endothelia but are
generally gmaller and less numerous. Small numbers of mitochondria are
pregent in the cell and an occasional supra-nuclear Golgl complex is
seen., Clusters of dark granular material resembling glycogen are

situated amongst the filaments and occasional free ribosomes are found

in the peripheral cytoplasm.

Type II Endothelial Cells

These cells are located on the venous side of the anastomoses
(Plate 52-3). They are usually cuboidal in shape and smaller than the
type I cells. The nucleus takes up a large part of the cell. There
are few filaments but large numbers of vesicles are present. There are
a few mitochondria and some granules, probably glycogen, are scattered

throughout the cytoplasm.

The opening of the A.V.A. into the C.V.S. is characterized by
protruding type II endothelial cells which have occasional microvilli-

like extensions on their surface (Plate 52-3).

Endothelial cells intermediate in morphology between type I and
type I1 A.V.A. endothelial cells occur approximately in the middle of the

anastomoses (Plate 51; 52-2).

In general, therefore, there is a distinct morphological polarity in
each anastomosis with distinet endothelial cell types at either end, and
a progressive change in morphology from one end of the anastomosis to the
other. Exceptionally, however, type I cells are also seen close to the

c.v.s. All A.V.A. endothelial cells also contain numerous micropinocytic
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vesicles. These are most prominent in fype II cells, and are more

numerous than in normal endothelia of the afferent or efferent arteries.

The anastomoses do not always take a direct course from the efferent
filament artery to the C.V.S. Scmetimes the A.V.As run parallel to the
efferent artery for some way and then perpendicular to it before they

open into the artery or the C.V.S.

The lumen of the A.V.A. was always narrowed to a small slit or even
to a labyrinth by the endothelial cells and their processes (Plate 51).

Tahe endothelial cells were Jjoined by means of tight junctions.
Cover Cells

Each anastomosis is ensheathed by a layer of cells with a pale
cytoplasm, numerous mitochondria and micropinocytic vesicles (Plates 51;
52-3). These cover cells, which are usually flatter than the A.V.A.
endothe;ial cells, surround most of the anastomosis apart from the region
near the C.V.S. The space between endothelial and cover cells is usually
occupied by a basal lamina which often disappears in regions of close
contact between the cell types (Plate 51). Near the C.V.S. it usually
disappears altogether and the endothelial cells make direct contact with

the interstitial space (Plate 52-3).
Nerves

Perpendicular to the general direction of the A.V.As run bundles of
nerve fibres containing mainly unmyelinated axons. The two ‘bundles either
side of the anastomosis are branches of a single large bundle normally
ruming parallel to the efferent filament artery. Partly or completely
naked axons are often in close contact with A.V.A. cover cells and also
occasionally with endothelial cell processes (Plétes 53-1, 2). However

no specialized synaptic contacts. have been observed. Although nerve endings
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containing synaptic vesicles have not been positively identified so far,
in relation to any specific A.V.A. structure, axonal varicosities are
seastimes found. These varicosities. contain numerous clear vesicles and
occasiongl mitochondria while neurotubules and neurofilaments are rare.

However the latter two elements are common along most of the axon length.
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Comparigon with Gill Vasculature

Microfil casts were made of gills from trout, perch and bass. The
general organisation of the fish gill is well known (see Review by
Hughes & Morgan 1973). Recently more de%ailed studies have been made
on the vasculature using conventional histological techniques and

microfil perfusion (Laurent & Dunel 1976).

The Arterio-arterial System

The arterio-grterial vascuiar system of the gill is similar to that
of the pseudobranch. The afferent branchial artery which runs from the
ventral to the dorsal side of the operculum corresponds to the primary
afferent artery of the pseudobranch, since it supplies blood to the
filament arteries, However in the gill this artery supplies two rows
of filaments (hemibranchs) (Plates 54~1, 2) as opposed to one in the
pseudcbranch. The afferent filament arteries depart at regular intervals
from the afferent branchial artery and run along the inner edge of the
filaments. In trout and perch the afferent filament artery has an
enlargement at the bifurcation of the two hemibranchs (Plates 55-1, 2),
in the most distal part of the septal area, roughly one third of the
distance from base W %tip of the filament. Thege enlargements of the
af’erent filament vessels were first noted in rainbow trout by Fromm (1974)
who called them 'blebs’'. In the septal region up to these swellings the
oppogsite filaments are joined together by adductor muscles which possess
a rich vascularisation. Distal to the 'blébs' the filaments separate
and remain free to their tips. There was no evidence of 'bleb-like!

swellings on the afferent filament vessels of the pseudobranchs examined.

As in the pseuddbranch the afferent filament arteries supply the

secondary lamellae by means of short lamellar arteries which may divide
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into two or three branches, each supplying a secondary lamella. The
vascular system of the gill secondary lamella is similar to that of the
pseudobranch, consisting of a network of véssels surrounding pillar cells
and a distinct marginal vessel bordering the lamells, The marginal
channel arises from the afferent lamellar vessel and connects with the
capillary network by means of channels whilst still retaining its own
individuality. In the gill, no casting of the marginal vessel alone

was ever observed.

The secondary lamellae are drained by efferent lamellar arteries
which are always shorter and of smaller diasmeter than the afferent
lamellar vessels. Usually a single lamella is drained by one vessel
only. The efferent lamellar arteries communicate separately with the
efferent filament artery which.runs on the external edge of the filament.
Finally all the efferent filament arteries independently connect to the

efferent branchial artery.

Arterio-venous System

In the gill arch

The arterio-venous syatem of the gill is somewhat different to that
of the pseudobranch. In the gill this system arises solely from the
efferent circulation whilgi that of the pseudobranch arises from bhoth
the afferent and efferent aystems. In the gill, it is the efferent
branchial artery which gives off numerous small arteries supplying the
tissues of the gill arch and filaments. This is in contrast to the
pseudobranch where the primary afferent artery performs this function.
Also, in the gill, the efferent branchial artery has direct connections
t0 numerous capillaries which surround the vessel, similar to those
surrounding the primary afferent artery of the pseudobranch. Similarly,

blood from this capillary network is collected in veins which drain into
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the branchial vein. In the gill another capillary system is loczted in
the proximal part of the efferent filament arteries near their connection

to the effereat branchial artery (Plates 54-3; 55-3; 56-2).

In the Filament

Two types of vessels supply blood to the arterio—venoué system of
the filament; (1) small arteries emanating from the efferent branchial
artery or the proximal part of the efferent filament artery and (2) direct
coanections between the efferent filament arteries and the central venous

sinus.

In the gills of trout, perch and bass the basé of the filament is
surrounded by & highly branched network of small arteries which arise
from the effereat branchial artery. Two arteries brancﬁ.from the trunk
on the filameant and run along each side of the efferent filament artery
(Plate 54-3). Near the base of the filament these arteries often
interconnect with neighbouring filaments. In the trout, small arteries

of identical origin also run parallel with the afferent filament artery.

The second arterio-venous pathway is made up of direct connections
between the efferent filament artery and the ceatral venous sinus.
Although not visible in microfil castings theses connections are clearly
visible in histological ssctions as sphincter-like structures similar
to the arterio-venous anastomoses (A.V.A's) found between the effereut
filament artery and the C.V.S. of the bass pseudobranch. Tney were
identified in the gills of trout, perch and bass where they appeared
frequently but at irregular intervals along the wall of the efferent
filament artery. Whilst most of the A.V.A's lead directly to tﬁe central
sinus some were also seen tb originate from small nutritive vessels which
are connected with the central éinus at numerous points along the filament.

No A.V.A's were found between the afferent filament artery and the C.V.S.
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As in the pseudobranch the central venous sinus is an irregﬁlarly
shaped channel occupying the central core of the filament for most of its
length. It lies mainly between the cartilage and the efferent artery
with branches extending around the cartilaginous process and the afferent
filament érteries. Shorter prolongations also form a network around the

efferent filament arteries.

The morphology of the sinus is not uniform from species to species.
In the bass the C.V.S. is a simple sac-like structure (Plate 56—4) whilst
in trout and perch the morphology is more complicated. In these gpecies
the C.,V.S. has a network of branches which extend towards the inside
part of each filament. These prolongations extend between the base of
the gecondary lamellae and partially surround the cartilage and afferent
filament artery. In the trout the C.V.S. is compact near the effereat
filament artery but becomes divided around the cartilage rod énd finger
shaped around the afferent filament artery. On the efferent side of the
filameat, shorter extensions form a vascular network around the efferent
filament artery and between the baze of the secondary lamellae, particularly

in the more distal region of the filament (Plate 56-3).

In trout and perch the jﬁnctions between the C.V.S. and the branchial
vein are made by veins running parallel to the afferent filameat arteries
of each filament (Plate 55-2). The branchial venous vessels have been
described by J. Muller (1839) who found that they leave the gill arch in

two directions and drain the blood back to the heart.

Choroid Rete Mirabile

In all cases the efferent pseudobranchisl artery gives rise to the
ophthalmic artery supplying the choroid rete mirabile at the back of the
eye. The ophthalmic artery has no communication with neighhouring

vessels so all the blood to the choroid rete has first to pass through the
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pseudobranch., The existence of the chorold rete mirabile is closely
dependent on the presence of a pseudobranch (Wittenberg & Haedrich 1974)
so there may be some functional relationship between the two. The

giructure of the choroid rete may give a clue to this relationship.

When the pseudobranch was injected with microfil via the ventral
aorta the choroid rete was also filled. The eyes were remgved from
microfil injected trout and the choroid rete was dissected out for

exanination.

The choroid rete mirabile is a large horseshoe-shaped capillary
network which lies in the choroidal layer of the eyeball (Plate 57-1).
It lies exterior to the retina and is separated from the sclera by an
intense black membrgne. There is no strong attachment of the rete to

structures other than blood vessels in the interior of the eye.

The ophthalmic artery pierces the sclera behind and dorsal to the
optic nerve and passes into the lumen of the wide ophthalmic ﬁenous sinus
that lies along the inner porder of the choroid rete (Plate 57-1).

Therein it divides into two branches which run along the inner border of
each 1im5 of the rete, giving'off parallel twigs into it so that clusters
of large capillaries grise almost directly from the thick-walled artery.
These capillaries radiate in almost parallel columns occasionally giving
off collateral branches towards the periphery of the rete from which they
pass into the choriocecapillaris network (Plate 97-2). The rete mirabile
proper is only a thin sheet consisting of many thousands of closely
arranged and parallel arterial and venous capillaries which cap an enormous
tangled array of coarse, intermediate vessels filling much of the back

of the eye.

Blood is returned from the choriocapillaris vessels by small vessels to
the venous capillarieg of the rete mirabile proper. These empty directly

into the ophthalmic venous sinus which drains into the large ophthalmic vein.
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INNERVATTON

The studies on the pseudobranch innervation were carried out primarily
on the trout pseudobranch which is richly innervated and has a readily
accesgible nerve supply suitable for'denervation and electrophysiological
gtudies. Structural studies were also made on the pseudobranchs of
carp, bass, mullet and perch although noane of these were as denssly

innervated as the trout pseudobranch.

Depending on the specles the pseudobranch is supplied by one or
several branches of the glossopharyngeal (IX) and/or facial (VII) nerves.
The exact position of the nerves varies between species with slight
variations even betweean indivuals (Laureat & Dunel 1965). Trout and carp
pseudobranchs are supplied solely by the glossopharyngeal nerve (Fig 17-1)
whilst perch and bass are suﬁplied by fhe glossopharyngeal and a branch
of the facisl nerve which joins with the gloasophéryngeal before entering
the pseudobranch (Fig 17-2). The nerve supply to the pseudobranchs of
species representing the main families is covered in an exfensive review

by Stork (1932).

In the trout the gl osscpharyngeal nerve runs ventro-medially in a
groove formed at the anterior margin of the opercular opening snd the body
wall (Fig 15, Plate 2-1). The nerve supply to the pseudobranch is
provided by the pretrematic branch of the IX nerve which leaves peripheral
to the ganglion (Fig 18). Near the pseudobranch it runs close to the
efferent blood vessel leaving the structure (Fig 18). Just before
innervating the pseudobranch the nerve divides into three main branches,
two of which run veatrally away froa the pseudobranch. The organ is
immervated by a horizoantal branch of the nerve and 1ittle branches which
gten from the trunk at several points. The branches entering the
pseudobrancih are surrcunded by adipose tissue and small nutrient blood

vessels (Plate 58-1, 2).
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Fig 17
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The main trunk of the ps=sudobranch nerve supply contains both large
and small myelinated fibres as well as bundles of unmyelinated fibres.
For degeneration studies, the normal intact nerve of one pseudcbranch
was coupared with the sectioned nerve from the contralateral pseudobranch

of the same fish.

Myelinated Fibres

The diameter and fibre populatioans of intact nerves fr&m five trout
(250 - 300 g) were measured. Sections of whole nerve were cut near
its entry to the pseudobranch, parallel with the primafy efferent artery
(Fig 18). The average diameter bf the nerve was between 140 and 165 mum
with a mean of 1219 (1014 - 1403) myelinated fibres. The diameters of
the fibres were measured and the percentage of the total fibre population
at each diameter was calculated and plotted on a histogrém. Most fibres
(85.,2%) were less than 4 mmin diameter with the majority between 1 and
2 um, Tne largest fibres were up to 14 mmin diameter (Plate 59-1, 2, 3;

Fig 19).°

The entire nerve is divided up into a& number of loosely connected
bundles containing fibres of various dismeters. Each fibre is surrounded
by a thin layer of Schwann cell cytoplasm and an outer layer of collagenous
fibres (endoneurium) oriented longitudinally parallel to the nerves
(Plates 60-1, 2). Schwann cell nuclei are occasionally seen in the
cytoplasn surrounding the fibres. The axoplasm of each nerve fibre
contains microtubules and neurofilaments with small numbers of mitochondria
(Plate 61-2). The whole nerve is ensheathed by loose connective tissue

(epineurium) and surrounded by large fat cells.

As the nerve is followed distally towards the pseudobranch there is
a gradual separation of the initially heterogencus population of fibres
into bundles within which the majority of fibres are of a similar diameter.

(Plate 59-3)
' 90









Sone bundles contain predominantly medium and large myelinated fibres
(4 - 14-mnﬂwhilst others contain mainly small myelinated fibres and
unmyelinated fibrés. _ At the base of the pseudobranch these bundles
become segregated and provide branches to different regions of the

pseudobranch and the surrounding tissues.

Unmyelinated Fibres

Although the main part of the nerve consists of myelinated axons
there are also small bundles of unmyelinated fibres which make up a
relatively small pari of the nerve. These bundles are situated between
the myelinated fibres and contain 5 - 20 unmyelinated axons 0.1 - 1.0 amm
in diameter (Plates 60-1, 2; 61-1). Each bundle is ensheathed by a thin
gsheet of Schwann cell cytoplasm and separated from the myelinated fibres
by the collagen fibres of the endoneurium. The unmyelinated fibres are
rich in neurotubules with occasional neurofilaments and small mitochondria

(PLate 61-3).

Primary Plexus

Close to the primary efferent artery at the base of the organ, the
pseudobranch nerve and its branches give rise to a large plexﬁs (primary
plexus) containing a complex network of myelinated and unmyelinated fibres
and large numbers of nerve cell bodies (Plate 62-3, 4). Serial sections
of pseudobranchs impregnated by Cajal's method revealed an extensive,
dense innervation (Plate 62-1, 2) which supplies the primary blood vessels

and the secondary plexus in the axis of each filament.

Myelinated Fibres

There are great numbers of small myelinated fibres, usually 1 - 2 a
in diameter and rarely greater than 4 a. They are usually found in
bundles accompsnied by groups of unmyelinated fibres (Plate 63-1). A
s1all bundle containing 5 - 10 myelinated fibres may contain ten times as
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wany unmyelinatedﬂfibres. Bundles containing only one or two myelinated
fibres together with a2 number of unmyelinated fibres form an extensive
branching system between the fat cells of the adipose tissue. Occasional
myelinated fibres or axons losing their myelin sheath are often seen

clogse to the nerve cell bodies. Myelinated axons are rich in microtubules
and neurofilaments, and occasionsl clusters of elongated mitochondria.
Vesicular or tubular profiles of agranular endoplasmic reticulum are

also seen.

Unmyelinated Fibres

A considerable number of unmyelinated fibres rangiﬁg in diameter
from less than 6.1/un¢o j.O/pmare found in the primary plexus. £ The
smaller fibres (0.1 - l.O/unﬁare usually arranged in bundles containing
up to 150 unmyelinated fibres investe& by extensive Schwann cell cytoplasm.
Unmyelinated fibres associasted with myelinated axong are usually larger
(0.2 = 1.5 /Jni)and surrounded by less Schwann cell cytoplasm. The
axopiasm,of the smallest fibres contains mainly microtubules with
occasiogal mitochondria and a few neurofilamants. The largest fibres
often.have a pale axoplasm with fewer neurctubules but larger numbers

of mitochondria and a more extensive agranular endoplasmic reticulum

(Plate 63-2).

Medium to large unmyelinated fibres (0.5 - 2/unﬂare usvally found in
snall bundles of 10 - 20 fibres whilst the largest fibres are often
found singly, sémetimes without any apparent Schwann cell cytoplasm. In
the regions of the plexus ﬁear the neuron cell bodies the unmyelinated-
finres show a considerable variation in size and morphology. There is
often little or no Schwann cell cytoplasm between individual axong with
the consequent formation of small groups of naked axons engulfed as a

single unit by a surrounding Schwann cell sheath (Plate 64-3, 4).
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The smaller axon processes (0.05 - 0.5/un0are rich in microtubules

(220 - 250 £ diam.) with occasional neurofilaments (75 - 100 & thick).
The larger processes (:»0.5/unOcontain few or no microtubules and
neurofilamnts but‘may possess clusters of clear vesicles (usually about
400 % in diameter, but up to 1000 X) and occasicnal dense core vesicles
(700 - 1000 £). Mitochondria and clusters of glycogen particles

( =300 R diam.) are often seen in these processes. Some are closely
apposed to the cell membrane of th2 neuron perikaryon where they form

axo-somatic synapses (Plate 64-2).

Synapses

The axo-gsomatic synapses are characterised by the formation of an
sxon bouton and its specialised membranous contact with the perikaryon of
a neuron. The boutons contain mitochondria and clear vesicles
( ~ 500 2 diam.) which accumulate at the pre~synaptic membrane of the
axon. (Plate 64-2) Both the axon and perikaryon cell membranes show
thickening with an accumulation of osmiophilic material which is denser
at the cytoplasmic aspect of the perikaryon post-synaptic membrane. The
thickened zone may be 0-3 - 0.4/unﬂong with an intermembrane synaptic
cleft of 220 - 250 R . Serial éections showed the presence of several

synaptic regions on the same neuron.
Neurons

The primary plexus contains a large number of neuron cell bodies
(perikarya) of variable morphology. They vary in gize but are usually
quite large (7 - 30/unin dismeter) and may be unipolar, bipolar or
multipolar with numerous dendritic processes (Plate 62-3, 4)., The greatest
numbers are found at the base of each filament where they may form large

agzregates containing up to 50 cell bodies (Plate 62-3).
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The cell bodies are surrounded by numerous dendritic and azonal
processes and their satellite and Schwann cell sheaths. They are
embedded in connective tissue which consists of thick layers of collagen
fibres and fibroblasts, especially around small groups of isolated
neurons (Plates63-3; 64-1). In large groups the individual neurons and

their processes are surrounded by only a thin layer of collagen.

The cytoplasm of .the neuronal perikarya contains chargcteristic
stacks of granular endoplasmic reticulum (Nissi substance) which may be
arranged in parallel cisferns as well as loosely scattered throughout
the cytoplasm (Plates 63-3; 64-1). Clusters of free ribosomes are
scattered abundantly throughout the cytoplasm as polysomal rosettes.
Profiles of Golgi apparatus are commonly seen as flattened membranous
sacs and cisternae with associated small vesicles. The cell body also
contains a large number of small, spherical or elongated mitochondria
(==O.2/undiam.). In addition less obvious neurofilaments form a fine
meshwork throughout the qyt0p1asm and occasional lysosomes are seenh.
The nucleus is large and rownd with evenly dispersed chromatin and a

round compact nucleoclus.

Innervation of Primary Blood Vessels

(a) Primary afferent ariery

The adventitia of the primary afferent artery is densely innervated
by a highly branching plexus of nerve fibres and their arborescent
endings (Plates 62-2; 65-1). The fibres are grouped in small bundles
containing unmyelinated axons 0.3 - l.S/Jnin diameter and frequently
accompanied by one or two myelinated fibres (Plate 66-1). The fibres
do not always contain microtubules and neurofilaments but may contain
mitochondria, clear and dense core vesicles and agranular endoplasmic

reticulum (Plate 66-3). Some of the larger fibres contain a very extensive
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agranular endoplasmic reticulum with irregularly branched tubular and
vesicular components (Plate 66=2). The bundles are surrounded by collagen

fibres and fibroblasts.

Towards their endings the fibres lose their Schwann cell sheath and
become naked axons separated from each other only by a narrow intercellular
space. These naked axons are 0.2 - O.B/wnin dismeter and contain few
microtubules and neurofilaments. Some contain clear and dense core
veaicles, mitochondria, profiles of agranular endoplasmic reticulum and
small clusters of glycogen particles. They may be found isolated in
the adventitia surrounded by collagen fibres (Plate 66-3) or situated

near the smooth muscle cells of the artery wall (P1ate 67-1),

(b} Primary Efferent Artery

Bundles of unmyelinated and naked axons similar to those in the
wall of the primary afferent artery, are found in the adventitia of the
primary efferent artery (Plate 67-2). Naked axons rich in vesicles and
mitochondria are often found amongst the collagen fibres or in close
proximity to the smooth muscle cells of the vessel. Occasionally a

neuron cell body is seen adjacent to the adventitia of the vessel (Plate 67-3).

Using Cajal's silver impregnation method a region containing short,
thick nerve processes was found around the primary efferent artery of the
trout pseudobranch (Plate 65-2). These processes (10 - 15/un&ong and
3 - 5/Mnmide) are polarised towards the lumen of the vessel. Some give
rise to a number of thinner extensions, They are found in a region close
to the exit of the vessel from the pseudobranch but it has not been possible

to locate it for electron microscope studies.
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Tanervation of Nutritional Vessels

Small bundles of fibres are often seen close to the nutritional
arteries within 0,2/wnof the smooth muscle cell layer (Plate 67-4). The
bundles usually contain 2 - 7 unmyelinated fibres 0.2 - 0.9/wnin diameter.
They are ensheathed by little or no Schwann cell cytoplasm and may
contain microtubuies and neurofilaments, clear and dense core vesicles

and agranular endoplasmic reticulum.

Secondary Plexus

The secondary plexus originates from the primary plexus and develops
in the axis of each filament parallel to the internal side of the efferent
filament artery. It extends from the base to the tip of the filament

as a complex network of nerve fibres and nerve cell bodies (Plate 68-1).
Ficores

The nerve fibres of the secondary plexus are mainly unmyelinated
although a few myelinated fibres are found at the base of the filament.
They are ﬁsually found amongét bundles of unmyelinated fibres running
between the secondary and primary plexes. However they soon disappear
and are absent for moat of the filament length. The unmyelinated fibres
vary in dismeter from 0.1 - l.O/wmwhilst the few, small myelinated fibres

are rarely more than 1.0/wm.
The arrangement of the fibres varies according to the filament region.

Running the length of the filament, between the efferent filament
artery and the central venous sinus is a single large nerve bundle
(up to 15/Wmacross) containing unmyelinated fibres and Schwann cells rich
ia granular endoplaémic reticulum, Golgi membranes, mitochondria and free
ribosomes {Plate 69-1, 2). Although the Schwann cells may be found at

the centre of the bundle the individual unmyelinated axons are generally
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separated by little or no Schwann cell cytoplasm, and are found as groups
of naked axzons with closely apposed cell membranes. The axons may contain
neurotubules and neurofilaments or may be devoid of these elements and
contain mitochondria and agranular endoplasmic reticulum. In the region
of the arterio-venous anastomoses in the bass, the bundle splits into

two branches running either side of the specialized endothelial Qells of
the anastomosis. Axonal varicosities containing clear vesicles may run

close to these cells (see Vascular System).

Around the outside of the efferent filament artery but still within
the central compartment are found small isolated groups of 1 - 4
unmyelinated fibres., Some of these are quite large (2 - 3/unin diameter),
and contain a clear cytoplasm with varying amounts of mitochondria, clear

and dense core vesicles, and tubular elements (Plate £9 =3, 4).

In the connective tissue of the central compartment between the
basement membrane and the central venoﬁs sinus there is a dense system
of unmyelinated nerve fibres, 0.l - l.O/pnﬂn diameter, found in bundles
which vary in composition from a few naked axzons to large bundles 5 - lO/xn
across (Plate 68-2, 3, 4)., Fibres in the larger bundles are usually
ensheathed by Schwann cells and their extensions whilgt the smaller bundles
have little or no Schwann cell cytoplasm and contain closely apposed naked
axons (Plate 68-4). These nalked axons may contain clear vesicles
(350 - 500 & diam.), dense core vesicles { = 1000 %), small mitochondria,
and tubular and vesicular profiles of agranular endoplasmic reticulum.
Neurofilaments and microtubules are sparse or absent. The fibres in the
larger bundles, however, contain mainly microtubules and neurofilaments,

with occasional mitochondria and a little agranular endoplasmic reticulum.

At the base of each secordary lamella bundles of unmyelinated fibres

supply the terminal plexus of the lamellae (Plate 70-1). These bundlesg
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are up to 5 - 12/umacross and contain fibres 0.1 - 1.0/wnin diameter
which are rich in microtubules, neurofilaments and a few mitochondria
(Plate 70-2, 3). One or two fibres may contain principally agranular
endoplasmic reticulum. The individual fibres (80 - 100 in a single
bundle) are unsheathed by a single Schwann cell and its cytoplasmic

processes.

The most complex arrangement of fibres of the secondary plexus occurs
in association with the nerve cell bodies in the filament axis and the
base of the secondary lamellae. Most of the fibres are unmyelinated
although a small myelinated fibre is occasionally seen amongst them.

Taey are ensheathed by varying amounts of Schwann cell cytoplasm, which
often disappears close to a neuron. The fibres are usually 0.1 - 1.0/wm
in diameter and cantain neurotubules and neurofilaments. However a
number of large dilated regions are found (1 - B/umacross) which pﬁssess
many mitochondria, clear and dense core vesicles (500 - 1000 R) and
agranular endoplasmic reticulum, in addition to microtubules and neuro-
filaments (Plate 71-1). Also, large processes (up to 4/umacrOSs)
containing mitochondria, Golgl spparatus, ribosomes and small lysosomes,
but lacking microtubules and neurofilaments, are found adjacent to some
nerve cell bodies. These may represent dendritic expansions of the

latter (Plate 71-3).

Neurons

Two distinct types and possibly a third are recognisable.

(a) Large neurons

These may be multipeolar or bipolar and measure 10 - 20/mmin diameter.
They are usually spherical and similar to those found in the primary
Plexus at the base of the organ. The cytoplasm is rich in Nissl substance,
clusters of ribosomes, Golgi membranes and mitochondria. They give rise
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to a highly branched dendritic system which forms part of the population

of unmyelinated fibres in this plexus.

(b) Small neurons

There is a large population of small neurons, measuring 4 - 8/unﬁn
diameter, located principally at the base of the secondary lamellae on
the efferent side of the.circulation. Some penetrate the secondary
lamellae where they are surrounded by fibrous, interstitial tissue. They
may be divided into two possible types:
(1) Regular, ovoid cell bodies with large roundéd nuclei. The cytoplasm
is rich in Nissl substance, occasional Golgi profiles, mitochondria and
a few lysosomes. Occasionally small groups of smooth surfaced vesicles
(600800 £ in diam.) with homogenous electron dense cores are seen in
these neurons. Some of tﬁe dense cores gppear to be in tubules of smooth

endoplasmic reticulum rather than in vesicles (Plate 72-1).

Specialized regions of contact are sometimes seen between neighbouring
neurons. These regions (0.3 - 0.5/unﬂong) appear to be gap junctions with
an accunmulation of dense osmiophilic material on the cytoplasmic side of

each of the closely apposed membranes (Plate 72-2).

(2) Irregularly shaped cell bodies with an elongated or irregularly shaped
nucleus (Plate 71-2, 3). The cytoplasm is pale and contains a less
organised Nissl substance than the type I neurons, but has a well developed
Golgi apparatus with numerous tubular and vesicular elements. There may
be large numbers of lysosomes of various ‘sizes (O.l - l.O/wmin diam.) and
mitochondria 0.4 - O.B/wmin diameter. Some of the larger lysosomes
contain whorls or stacks of membrane-like material. This type of neuron
is often surrounded by large, pale cytoplasmic processes which may be
devoid of organelles or contain mitochondria (= O.B/um diam,), free

ribosomes, small lysosomes and sometimes Golgi apparatus (Plate 72-3).
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These processes do not contain microtubules or neurofilaments, but
groups of unmyelinated fibres (0.1 - 1.0 /umdia.m.) containing both these
elements as well as clear vesicles and mifochondria may be seen in cleose

proximity (Plate 71-3).
Sygapse§

Axo-somatic synapses similar to those described in the primary
plexus are occasionally seen on the large neurons, but could not be
identified on the small neurons. No axo-dendritic or axo-axonic

synapses could be found in the secondary plexus.

Innervation of filament blood vessels

Both the afferent and efferent filament arteries are densely
innervated by small unmyelinated fibres (0.1 - O.T/Dindiam.). They
are found in small bundles in the adventitia of the vessels surrounded
by collagen fibres or close to the smooth muscle cells (Plate 73-3).
The individual axons are surrounded by little or no Schwann cell cytoplasm
and contain.varying amounts of agranular endoplagmic reticulum, micro-
tubules and neurofilaments (Plate 73—2). Groups of naked axons rich
in clear vesicles, mitochondria and glycogen particles are found near

the smooth muscle cells of the vessel wall (Plates 74-1, 2).

Bundles of nsgked axons are alsc found close to the walls of the
afferent lamellar arteries near their origin from the afferent filament
artery. These agxons contain mainly microtubules and rzurofilaments

although some contain clear vesicles (=500 & diam.) and mitochondria.
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In the axis of the filament, small nutritional arteries are often
accompanied by bundles of naked azons cort aining micrétubules, neuro-
filaments, clear and dense core vesicles, and mitocﬁondria. (Plate 74-3).
They are found close to the smooth muscle cell layer, often separated only .

by an intercellulsar space 0.05 - O.Z/nmdde.

Terninal plexus

The terminal plexus is made up of those cell bodies, fibres and their
eadings within the secondary lamellae of the pseudobranch (Piates 75-1, 2, 3).
This interlamellar plexus is located at the antivascular pole of the
pseudobranch cells and is common to two contiguous lamellar in the case of
buried, covered and semi-free pseudobranchs. It is located in the fibrous
interstitial issue which separates two neighbouring layers of'pseudobranch'
cells. In the free pseudobranch the plexus is sifuated between the
'pseudobranch' or 'chloride' cells and the epithelial cells. The lower
epithelial cells correspond to the interstitial tissue in this case. The
secoadary lamellae of free pseudobranchs (e.g. in bass) are fairly sparsely

innervated and no definite endings could be found.

The interlamellar plexus is made up of numerocus unmyelinated fibres
and dendritic expansions of the small neurons at the base of the lamellae
and in the filament axis. The nerve processes may be found as bundles

of naked axons or isolated fibres devoild of all Schwannian elements.

Fibres

A1l the fibres of the interlamellar plexus are unmyelinated aithough
these may vary cénsiderably in size and morphology. The majority of
fibres are between 0.1 and l.O/umin diameter and contain varying amounts
of neurotubules, neurofilaments, mitochondria, agranular endoplasmic
reticulum and clear and dense core vesicles. Larger processes (up to B/Wm

in diam.) are also found particularly at the base of the secondary lamellae
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and near nerve cell bodies. These large processes usually lack neuro-
tubules and neurofilaments and may contain a clear cytoplasm or a complicated
agranular endoplasmic reticulum with tubular and vesicular profiles, large
and small vacuoles and lamellar whorls, They may also contain mitochondria
or‘free ribosomes. Serial sections showed many of these processes to be
expansions of smaller fibres containing neurotubules, mitochondria and

veasicles.

At the base of the secondary lamellae the unmyelinated fibres are
grouped in bundles which penetrate the interstitial tissue between the
'bseudobranch type' cells (Plate 75-3; 76-1}. These fibres lose their
Schwann cell sheath as they penetrate the scondary lamellae and become
arranged in small bundles of naked fibres. These graduzlly branch and
separate into small groups or individual fibres. Some fibres have a
thick and thin appearance due to expansions found along their length
(Plate 76-1, 2). These thick portions (1 - 2/umloﬁg) appear as varicosities
measuring 1 pmor more in diameter and filled with small clear vesicles
(350 - 500 & diam.), occasional dense core vesicles (500 - 1000 %) and
mitochondria. Some expansions may be filled with small, dense or whorled
mitochondria whilst others contain mainly agranular endoplasmic reticulum
and whorled membranocus structures (Plate 77-1). The thin inter-varicose
parts can be as thin as O.l/pmdn diameter and mainly contain microtubules

and neurofilaments (Plate 76-2).

The fibres run very close to the 'pseudobranch type' cells and may

be separated only by an intercellular space or a little irierstitial tissue.

Although they contain microtubules for much of their length, in some
regions there are large accumulations of fibre expansgions and pecssible

endings. These fibre expansions are often found closely apposed to the

102



'pseudobranch type'! cells and may contain a variety of elements:
a. Clear vesicles (350 - 500 {) and mitochondria (Plates 76-2; 78-1, 3).

b. Clear vesicles, a few dense core vesicles (500 - 1000 X) and
mitochondria {Plate 78-2).

¢. An accumulation of small dense mitochondrig (0.15 - 0.2/unin diam.),
clear vesicles and glycogen particles (Plates 77-2; 78-4).

d. An accumulagtion of mitochondria and whorled membranous structures
(Plates 77-1; 79-1, 3).

e. A highly branched network of agranular endoplasmic reticulum,

vacuoles, vesicles, whorled membranous structures and mitochondria

(Plate 79-2, 4).

f. A variety of large vesicular and tubular elements (500 - 3000 % diam.)
of varying electron density, agranular endoplasmic reticulum and
mitochondria (Plate 76-3).

Large accumulations of glycogen particles are also often associated

with endings containing mainly clear vesicles and mitochondria (Plates 77-2;

78-1).

All these nerve processes may be found in close contact with the
apical membrane of the 'pseudobranch type' cells, or surrounded by the
fibrous cytoplasm of the interstitial cells. In the perch these processes
may also be found isolated in small extracellular spaces between the

'pgseudobranch type' cells.

In the 'free' pseudobranch of the bass, small numbers of isolated
fibres containing microtubulés, clear vesicles and mitochondria are found
close to the 'pseudobranch type' and 'chloride type' cells but they are
generally small (< 190/xnh1diam.) and no large accumulations of fibre

expangions or endings could be found.
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Synapses

Although there were large numbers of endings and varicosities per
section, regions of specialised membrane contact with 'pseudobranch type'
cells were found only occasionally. They were always of one type,
characterised by an accumulation of clear, spherical vesicles (350 - 500 X
diam.) at the thickened membrane of the nerve ending. One or two
mitochondria and a few dense core vesicles (=700 & diam.) were also
sometimes present. The membrane of the nerve ending always bore a number
of small dense areas whilst that of the 'pseudobranch type' cell showed
a slight uniform thickening (Plates 80-1, 2). Occasionally, opening of

a vesicle into the synaptic cleft was seen (Plate 80-3).

Very rarely nerve endings were found to make possible synaptic contacts
with another nerve or nerve ending. An ending containing principally
¢lear vesicles and a few dense cored vesicles is shown in close contact
with a small ending containing mitochondria in Plate 73-1. Although
there appears to be a dense region at the point of contact it is difficult
to establish as a synapse since there is poor definition between the

apposing membranes.

Degenerative and Regenerative Changes following Nerve Section

Pseudobranch Nerve

Nerves examined 24 hours and 72 hours after section showed no apparent
degenergtive changes but after 7 days obvious signs of damage were present
in many of the myelinated fibres. At this stage many axons contained
accunwlations of large and small membrane bound vacuoles within the -
axoplasm (Plate 81-2). In some cases the axoplasm appeared to be disinte-
grating leaving large spaces containing amorphous or granular material.
Sume distortion and fraémentation of the myelin sheath was evident although

" the extent of this varied from fibre to fibre (Plate g81-1, 2). The laminar
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disintegration‘of the myelin seemed to commence at random without any
preferred site of initiation. Fragmentation was evident near the surface
adjacent to the Schwann cell cytoplasm or deep and close to the axon remnant.
Tae lamellae tended to separate from each other somewhat haphazzardly,
creating spaces, often of considerable size, and commonly filled with a
dispersed ‘amorphous material. Isolated globular masses of degenerating

myelin were evident in the axoplasm of some axons (Plate 81—3).

The unmyelinated axons did not show any convincing structural damage
which could be said to be distinet from possible fixation artefacts.
Some of the larger axons contained occasional vacuolated mitochondria but

!
these were often found in fibres from normgl intact nerve.

By the third and fourth weeks after section most of the myelin sheaths
had disintegrated and disappeared. Only occasional profiles of
disintegrating myelin were observed (Plate 82-1). However clear
regenerativé'procesées were well underway by this time. Cords of Schwann
cells were observed in various stages of innervatﬁon with the beginning of
myelination in some regenerating axons. As well as proliferation of new
Schwann cells, many cells appeared to have been previously associated with
myelinated axons, as suggested by the debris in the cytoplasm. Although
reinnervation was not observed in all the Schwann cells, many were
reinnervated by multiple axons which varied in diameter from 0.05 - 1.0/wn
The proliferating Schwann cell cords possessed highly folded basement
membranes and the axons become embedded in gutters with the consequent
formation of mesaxzons {Plates 82-2, 3). In most Schwann cell cords st
this stage it wes difficult to distinguish genuine unmyelinated fibres from
axon sgprouts awaiting myelination. Each Schwann cell destined to envelop
a myelinated fibre may be initially reinnervated by numerous azon sprouts,

although only one of these will become myelinated. Another difficulty

arises in trying to distinguish regenerating axons from proliferéting Schwann
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cell processes and their overlapping profiles.

Because of the large number of regenerating éxon sprouts per Schwann
cell the total ﬁerve fibre population at this stage is far greater than in
the normal nerve, although most of the axons are below l.fmﬁn diameter.
However because of the difficulties of distinguishing unmyelinated fibres
from potential myelinated fibres it is difficult to estimate the different

fibre populations.

A common observation at this time was the occurence of small electron
de:ige droplets (500 - 5000 X) in the axons or the surrounding Schwann cell
cytoplasm (Plates 82-2, 3). .Although initially resembling staining
artefacts they were found in identical positions in serial-sections and
were absent from other areas of the section without Schwann cells and their

axong.

Besides the increase in Schwann cells and axons there was also an
increase in the amount of collagen fibres which formed uniform, dense bands

around the Schwann cells (Plates 82-1, 2).

Remyelination of some axons was fairly advanced in nerves examined
after 8 and 10 weeks although the numbers undergoing myelination was small
compared with the total axon population (Plates 83-1, 2), Occasional
fragments or globules of degenerating myelin were still observed in some

Schwann cells.

There was a general increase in the diameter of the axons, with the
largest up to 3}pmacroas. Only the larger fibres (1 - B)UHJwere under-
going myelination and some of the smalier axons appeared to be breaking

down (Plates 83-1, 2).

The morphology of nerve examined 15 weeks after section was nearly
normal and the regeneration process was essentially complete in most fibres

(Plates 84-1, 2). However some Schwann cells still contained degenerate
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myelin debris and showed no evidence of undergoing reinnervation (Plate 84-3).
The number of myelinated fibres was significantly less than in normal nerve
(about 20% of the normal value) and none were found above 4 pumiin diameter.
There was an apparent increasé in the numbers of unmyelinated fibres

although some of these may still underge myelination or resorption.
Neurong

Changes were nated in the perikarya of all neurons 3 - 7 days after
necve section. In some large neurons the granular endoplasmic reticulum
was disorganised with a marked fragmentation and swelling of the cisternae
(Plate 85-1). The cytoplasm appeared darker and there was a marked increase
in the number of free ribogomal clusters. Many of the mitochondria were
ruptured or vacuolated and there was an increase in the ﬁumber of electron
dense, lysosyme-like bodies. In some cells the nucleus had lost its
rounded appearance and showed deep infoldings (Plate 86~1). Similar changes
were noted in small type I neurons, as well as dilation and disintegration

of the nuclear envelope.

In some cells the changes were not as obvious since there was no
swaelling of the granular endoplasmic reticulum, although it was often
dispersed into haphszzardly arranged, short segments. Also, the mito-
chondria were usually swollen and vacuolated and there appeared to be an

increase in the number of free polysomes (Plate 85-2).

In the small type 2 neurons the small amount of granular endoplasmic
reticulum was only slightly dilated but there was a large increase in the
number of dense, lysosome-like bodies. The Golgi zone appeared very active,

giving rise to numerous vesicles and small, dense bodiés (Plate 86-2).

After 4 weeks some of the large neurons still showed fragmentation
and dilation of the granular endoplasmic reticulum, whilst others showed
a complete loss of ribosomes even though the endoplasmic reticulum cisternae

were arranged in an orderly, parallel manner (Plate 86-3). In the latter
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case the cytoplasm is filled with a 'powdery', flocculent material which

ig densest between the cisterns of the endoplasmic reticulum. The Golgi
apparatus occupies a central or supranuclear position and is highly
vesiculated. Small dense vesicles and lysosome-like bodies are associated
with it. There are a few dilated cisternae, some of which contain dense
vesicles. The mitochondria are swollen and vacuolated, and the dense
nucleus is irregularly shaped. Neurons showing these characteristics

could not be found in tissues examined 8 weeks (and beyond) after section.
Most neurons observed between 8 and 15 weeks after section still showed
fragmentation and swelling of the granular endoplasmic reticulum, and
vacuolation of the mitochondria. In some cells the ribosomes éppeared

to be dissociated from the E.R. membranes and were distributed free or in
clusters throughout the cytoplasm. There was also an increase in the
electron density of the cytoplasm which was particularly noticeable 15

weeks after section. These cells have a much denser c¢ytoplasm than normal
cells as well as a much larger population of free polyribesomes (Plate 87-1),
In some cells there was evidence of organisation of the G.E.R. cisternae
into parallel arrays (Plate 87-2). The nucleus appeared uniformly electron

dense at this stage and showed no signs of distortion (Plate 87-1).

The typé 2 neurons examined 15 weeks after section appeared atrophied
with almost total disappearance of the granular endoplasmic reticulum and
a marked reduction in other cellular organelles such as mitochondria, Golgi
apparatus and dense bodies (Plate 88-1). The nucleus was electron denge
with a darker peripheral region and the nuclear envelope was distended in
some cells. The cytoplasm was pale and filled with single ribosomes, small
vesicular and tubular profiles containing material of varying electron
density, multivesiculér bodies and lysosome-like, dense bodies containing
either a homogenous granular matrix or stacks of membrane-like material.

Occasional neurotubules and neurofilaments were also seen.
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Nerve fibres and endings

The earliest changes seen in fibres within the pseudobranch were
found in myelinated fibres associated with the large type I neurons.
Seven days after section the axoplasm of many was vacuolated and the
myelin sheath showed signs of folding and disintegration}(Plate 85-1).
Similar changes were seen in the myelinated fibres of mixed nerve
bundles in the secondary plexus (Plate 88-2). Definite degenerative
changes were difficult to identify in the secondary and terminal
plexus although some fibres did show vacuolation of mitochondria and
the formation of irregular membranous profiles (Plates 89-1, 2, 3, 4).
Ciumping of vesicles was observed in some fibres (Plates 89-2, 4).

In ofhers, electron dense lysosomal bodies appeared to arise from
tubules of smooth endoplgsmic reticulum, or sometimes from degenerating
mitochondria which showed an increased electron density (Plate 90-1).
It was not usually possible to positively identify nerve endings since
they were not characterised by a synapse with another cell. Also,
varicosities containing mitochondria and vesicles were found at regulaxr
intervals along most fihres and not just at the terminal. Mltra-
structural changes were seen along the length of unmyelinated fibres
but initially these were most obvious in the varicosities containing
mitochondria and vesicles. Changes were seen in fibres associated
with 'péeudobranch type' cells as well as fibres close to the pseudo-

branch vasculature.

No obvious ultrastructural changes were noted in !pseudobranch
type' cells 7 days after denervation. This was true for the majority

of 'pseudobranch type' cells over a period of 15 weeks, but in a few
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cases degeneration of nerve fibres was accombanied by breskdown of the
plasma membrane of the 'fseudobranch type! céll. This was particularly
noticeable 4 weeks after denervation and usuzlly occured in regions

where the 'pseudobranch type' cell was in close apposition with a
degenerating nerve fibre or terminal which also showed breakdown of its
plasma membrane (Plate 90-2). No breakdown of other cell membranes

was observed and such phenomena was never observed in normal pseudobranch
materisl. 1t therefore seems unlikely to be an artefact of fixation

or tangentidl sectioning and is probably a true breakdown of the membranes
in question (or, some localised change in them that‘prevented viéualisation
in the electron microscoPe). Furthermore a similar effgct was produced
within 4 hours of an intraperitoneal injection of the false transmitter

5-Hydroxydopamine (5-OHDA) (see later).

Apart from breakdown of the plasma membrane the nerve fibre or
terminal zlso showed degeneration of mitochondria and the formation of
'iyelin' figures which may arise from autolysed mitochondria (Plate 90-3).
Occasionally all the organelles aggregated into a dense mass to form
large osmiophilie lamellar structures. Myelin figures were also sometimes

seen in the associated 'pseudobranch type' cell (Plate 90-4).

Further degenerative processes observed between 4 and 15 weeks after
denervation included fragmentation and disorganisation of neurotubules and
néurofilaments (Plate 91-1, 2), vacuolation of the fibre cytoplasm
(Plates 91-2; 92-1; 093-1), disintegration of the plasma membrane and
complete dissolution of fibres (Plate 93-1). Some large unmyelinated
fibres appeared to lose most of their organelles and appeared as large pale

structures with only an occasional dense body or mitochondrion and a few

110



scattered neurotubules (.Plate 93—2)_. The ultrastructural changes were
extremely variable between fibres. Some fibres were apparently wmaffected
‘and remained intact throughout the experimental period. Unaffected fibres
were usually under 1.0 pmin diameter and belonged to a population of fibres
which made close contact with the *pseudobranch type' cell and often
contained large numbers of clear vesicles (Plate 91-3). A synapse between
this ty-pe of fibre and a 'pseudobranch type' cell was observed 15 weeks
after denervation (Plate 92-3). Fibres above 1.0,pmin diameter invariably
skhowed some degreé of degeneration or ultrastructural change. This was
particularly true of fibres containing large numbers of mitochondria or

a network of smooth endoplasmic reticulum (Plate 92—2).

Il

111



CYTOCHEMISTRY

The pseudobranchs of freshwater and seawater fish were compared in
their reactions to various staining procedures and histochemical tests at
tne light and electron microscope level. Seawater bass and freshwater
trout were used for most tests, although seawater mullet and freshwater
carp were sometimes used when available. The reactionsg of the four
principal cell types at the light microscope level are summarised in

Table 7.

1)  Light Microscopy

(i) ‘'Pseudobranch type' cells

The 'pseudobranch type' cells of freshwater and seawater fish were
uastained by P.A.S. and alcian blue indicating the absence of carbohydrate
and acidic mucosubstances (Plate 94—1). The negative result to Schiff's
reagent without previous oxidation indicates the absence of free aldehyde.
“Lipid is present as shown by the moderate staining of the central and basal
region of the cell by Sudan black B. There is also a very strong succinic
dehydrogenase and weak alkaline phosphatase activity in this region
(Plate 94-3). No significant amounts of chloride reaction product were
sean in these cells although small amcunts were occasionally seen adhering
to the apical membrane.

(ii) 'Chloride type' cells

The 'chloride type' cells in the pseudobranchs of geawater fish contain
sone carbohydrate material since they are stained lightly by the P.A.S.
test (Plate 94-1). The weak staining reaction of the apical region to
alcian blue at pH 0.5, 1.0 and 2.5 indicates the presence of acidic
mucosubstances containing both sulphated and carboxylated material, The
extinction of staining at a critical electrolyte concentration of 0.2 M
Mg Cl2 in aleian blue, pH 5.7, indicatez the presence of polycarboxylates
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and weakly oxidised sulphomucing, but the absence of most sulphated
nucosubstances, The absence of free aldehyde is shown by the negative
result to Schiff's reagent without previous oxidation. The central and
basal regions of the cell are stained moderately by Sudan Black showing
the presence of lipids. Strong succinic dehydrogenase activity was
present throughout the cell but no alkaline phosphatase activity could be
found (Plate 94-3). Significant amounts of chloride reaction product
were localized in the apical region of the cell as a dark brown or black
precipitate outlining the apical pit (Plate 100-1). Precipitate was

rarely geen on the free surface of the filament or the lamellar epithelium.

(iii) Mucous cells

The mucous cells at the epitheliasl surface were stained strongly by P.A.S.
in both seawater and freshwater fish (Plate 94-1). The acidic nature of the
mucopolysaccharide material was confirmed by_the gtrong staining reaction
of alcian blue at pH 2.5. The mucous cells of bass showed a higher degree
of sulphation than those of trout. Bass cells were stained by alcian blue
at pH 1.0 and in the range 0 - 0.4 M lg Cl2 in the alecian blue C.E.C.
series, Trout mucous cells were only weakly stained in alcian blue at

pH 1.0, and only stained from ¢ - 0.1 M Mg €1, in the C.E.C. series,

2

indicating the presence of polycarboxylates but absence of most sulphomucins.
(iv) Rodlet cells

The rodlet cells of the bass pseudobranch gave a strong positive
reaction to the P.A.S. test, with both the rodlets and the wall staining
(Plate 94-2). However, they do not comtain acidic mucosubstances since
they failed to stain with alcian blue at any pH or critical electrolyte
concentration. They were unstained by the $udan black method for lipids
and showed no alkaline phosphatase activity. They did show some succinic

dehydrogenase sctivity near the apex of the cell.
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Table 7T

Test 'Pseudobranch| 'Chloride Mucous cell Rodlet cell
type' cell type' cell
P.A.S. (Bass) - | (Bass) + + (Bass) + + + (Bags) + + +
(Tyout) - (Trout) + + +
Alcian blue pH 0.5|(Bass) - (Bass) + (Bass) + (Bass) -
(Trout) - _ (Trout) +
pH 1.0 (Bass) - (Bass) + (Bass) + + (Bass) -
(Trout) - (Trout) +
pH 2.5 (Bass) - (Bass) + (Bass) + + .(Bass) -
(Tvout) - (Trout) + + +
Alcian blue C.E.C.
0.00 M MgC1, (Bass) - (Bass) + (Bass) + + + (Bass) -
Teout) - (Trout) + + +
0.05 M (Bass) - (Bass) + (Bass) + + + (Bass) -
(Trout) - (Trout) + + +
0.10 M (Bass) - (Bass) + (Bass) + + + | (Bass) -
(Trout) - (Trout) + + +
0,20 M (Bass) - (Bass) = (Bass) + + + (Bass) -~
(Trout) - (Trout) -
0.30 M (Bass) - (Bass) - (Bass) + + + (Bass) -
(Prout) - (Trout) -
0.40 M (Bass) - | (Bass) - (Bass) + + (Bass) -
(Prout) -~ | (Trout) -
Sudan Black (Bass) + + (Bass) + + (Bass) - (Bass) -
(Trout) + + (Trout) -
Schiff's Reagent (Bass) - (Bass) - (Bagss) - (Bass) -
without oxzidation
with periodic acid {(Trout) - (Trout) -
Chloride (Bass) - (Bass) + + + | (Bass) - (Bass) -
apical
(Trout) - region (Trout) -
Alkaline (Bass) + (Bass) - (Bass) - (Bass) -~
phogphatase
Suecinic (Bagss) + + +| (Bass) + + (Bass) - (Bass) +apical
ijehydrogenase (Trout) + + + (Tpout) - region%
Key: ~ No reaction + Weak reaction + + Moderate reaction + + + Sirong
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2) Electron Microscopy

(i) '"Pseudobranch type' cells
(a) Localisation of Chloride ions

Occasional clumps of precipitate were seen adhering to the inner or
outer surface of the cell membrane at the apical pole of the cell (Plate 95-1).
Small amounts of precipitate were also found around small nerve fibres
abutting againgt the apical membrane of the cell. These fibres often
contained clear vesicles (Plate 95-1). Little or no precipitate was seen
in the main body of the cell, apart from a small number of random dense

particles.

The overall appearance of pseudobranch tissues fizxed in silver-acetate
osmium tetroxide solution was comparable to, but not of the same high
quality as material fixed in glutaraldehyde-osmium tetroxide. There were
certain obvious signs of cell damage. The cytoplasm was partially
extracted so the ground substance appeared less dense than it does after
coaventional glutaraldehyde fixation. The Golgi cisternse and to a
lesser extent the intracellular tubules occasionally showed varying degrees
of swelling although the extent of this varied from cell to cell. Extraction
of the nucleoplasm and fragmentation of nuclear material indicated some

nuclear damage.

(v) Localisation of Sodium ions

Tigssue fixed in pyroantinomate-osmium tetroxide solution was of poorer
quality than that fixed in glutaraldehyde and osmium tetroxide. The cells
showed signs of damage and extraction of the cytoplasmic ground substance.
The mitochondrial cistae appeared disorganised and the cytoplasm was

.vacuolated in some regions, particularly near the apical pole.

A considerable amount of precipitate was found in the cytoplasm of

mullet 'pseudobranch type' cells (Plate 95-2), Small deposits were also

115



found in the mitochondria, and vacuolated areas of the cytoplasm, A

very fine precipitate of small particles was found in the nueclei,

particularly around the periphery in the region of the heterochromatin

(Plate 95-3). No precipitate was found in the basement membrane or

lateral membranes, or in the tubular network surrounding the mitochondria.

In 'dark’ pseudobranch type cells a large number of dense particles were
associated with the tubular system. These particles are clearly visible

in unstained sections (Plate 95-4) but become much denser when stained with
lead citrate. Their position corresponds to that of glycogen granules observed

in glutaraldehyde-osmium tetroxide fixed tissues.

(c) Localisation of alkaline phosphatage activity

Localisation of reaction product as a fine granular deposit was
observed within the tubules of the basotubular membrane system (Plates 96-1,2).
Tae deposits were lacalised in the centre of the tubules within the border
of an intracisternal tubular system inside the main tubules (Plate 96-2).,
This intracisternal system has not previously been obgerved after normal
preparation and fixation procedures so it is possible that this observation
iz due to an artefact. It could be due to contraction of the 'inner
leaflet' of the unit membrane, zlthough preservation of other membranes
(basai and lateral plasma membranes, mitochondrial membranes) generally

appeared to be normal.

No other localisation of reaction product was found although a very
fine peppering of particles was often present over the cell. Very little
precipitate was found in control sections, and there was no localisation

of deposits (Plate 96-3).

() Localisation of carbonic anhvdrase activity

In the trout pseudobranch, reaction product was associated mainly

with the tubular system near the basement membrane (Plates 97-1, 2, 3).

Preservation of fine detail was rather poor in unstained sections but the
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depoasits appeared to be associated with the outer membrane of the tubules
(Plate 97-3). A fine precipitate of small individual particles was also
present over much of the cell. Fine deposits of this nature were also
found in the covering epithelial cells-but were absent from endothelial
cells, pillar cells and blood cells. Small amounts of precipitate were

found in control sections but there was no localisation of deposits.

(e) Localisation of adenosine triphosphatase activity

In trout and bass pseudobranch reaction product was located mainly
at the antivascular pole of the 'pseudobranch type' cell within the inter-
cellular spaces of the lateral and apical membranes (Plate 98-1), A
fine precipitate was also present over most of the cells, being particularly
dense in the covering epithelial cells of the bass pseudobranch. Reaction
. product was not obviously associated with tﬁe tubular system or

mitochondria of the 'pseudobranch type' cells.

When A.T.P. or magnesium was cmitted from the reaction mixture, reaction
product did not appear in any cells of the pseudobranch. No appreciable
reduction was observed in the amount and distribution of precipitate after
omitting NaCl and KC1 from the reaction mixture or after addition of
ouabain to the mixture. This indicates the insensitivity of the Wachstein-
Meisel method for the localisation of ocuabain sensitive, Na', K -activated

A T.P.ase.

(£) Staining with osmium tetroxide

Prolonged immersion of carp pseudobranch tissues in osmium tetroxzide
selectively stained smooth and granular endoplasmie reticulum, the nuclear
envelope and Golgi apparatus of-the 'pseudobranch type' cells (Plate 98—2).
Depogits were occasionally found in mitochondrial vacuoles and cristae,
although this was not common and usuwally occured in mitochondria containing
tubulovesicular cristae {Plate 99-2), Other staining features included
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large homogenous droplets containing osmium black enclosed by a unit
membrane, or vacuoles outlined by osmium black deposits (Plate 99-1).
These possibly arise from swelling of the endoplasmic reticulum or Golgi
vesicles. Occasionally some areas encloged a number of densely stained
granules which may be vesicles of multivesicular bodies (Plate 99-4).

The intracellular tubules were mainly ungtained as were the basal and
lateral plasma membranes. Staining amongst the tubular system seemed to
be due to gscattered elements of the Golgi complex and smooth endoplasmic
raticulum, although the heavy deposits prevented clear identification.
This staining amongst the tubules was particularly heavy in 'dark' ‘pseudo-
branch type' cells where the deposifs appeared to surround the tubules

(Plate 99-3).

The unusual organelle associated with the nuclear envelope of carp
tpseudobranch type' cells (see Fine Structure) was also stained by this
method, although it was sometimes difficult to recoghise because of swelling

of the cisternae (Plate 99-4),

Osmium black was not generally found in extracellular or vascular

spaces and other cells in the epithelium were mostly unstained.

(ii) 'Chloride type' cells

(a) Localigation of chloride jons

In both stained and unstained sections, reaction product could easily
be seen in the cytoplasm bordering the 'chloride' cell apical pit
(Plates 100-2, 3, 4). The precipitate is in the form of granules which
vary considerably in size, from less than 150 £ to several thousand Angstroms.
While individual granules are usually small and spherical, collectively
these appear as large irregular shaped clumps (Plates 100-2, 3, 4). In
éites where the reaction product was particularly concentrated, holes were

gsesn in adjacent areas of the embedding matrix (Plate 100-2), This may
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be due to the dense precipitate absorbing excessive amounts of energy from
the electron beam and the consequent heating melted the resin matrix.

Because of this and the density of the large clumps it was difficult to
evaluate accurately the specific localisation of reaction product in relation

to the apical plasma membrane.

Whilst some precipitate was seen adhering to the outer surface of the
plasma membrane, most of it was localised on the cytoplasmic side of the
membrane and closely followed the contour of the apical pit (Plates 100-2, 3).
Occagional small clumps of reaction product were associated with the
vesicles and tubules in the apicgl cytoplasm. In some cells the precipitate
was located primarily at the apical junctions between chloride and accessory
cells (Plate 100-4). However it was impossible to tell whether the
reaction product was actually in the intercellular space or adhering to the

membranes.

In stained sections an amorphous material was often seen within the
apical pit (Plate 100—4), although it was not apparent in unstained sections.
Since the material lacked the required density to be seen in unstained
sectionsg it can be concluded that silver ions do not react with it. On the
other hand, dense granules and aggregates of reaction product were frequently
associated with the vesicle like inclusiohs found embedded in the amorphous

meterial (Plate 100-4),

In most thin sections examined a random peppering of fine, dense
particles could be seen over much of the 'chloride type' cells. These
'background' particles are fairly evenly dispersed over nuclei and cytoplasm

and show no tendency to aggregate.

(v} Localigation of sodium ions

Pseudobranch 'chloride type' cells from seawater adapted mullet were

conpared with gill 'chloride' cells from the same fish, and with 'chloride'
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cells from the gills of freshwater carp.

In the mullet pseudobranch a large amount of precipitate was found in
the cytoplasm of the ‘chloride type'! cells, especially near the base of the
cell around the network of narrow saccules (Plate 101-1). The electron
opaque precipitate consisted of small, individual particles which varied

in size from 200 to 700 R diameter.

Small numbers of particles were found in the matrix of the mitochondria
but no precipitate was found in the saccules or the connecting network of
intracellular tubules. No precipitate was observed in the basement or
latera]l membranes, or in the invaginations of the plasma membrane. In the
apical region, precipitate was found mainly in the cytoplasm and some of
the larger vacuoles {Plate 101—2); A considerable deposit of much smaller,
dense particles was observed in the nueclei, especially in the region of the

heterochromatin {Plate 101-3),

The pattern of pyroantinomate deposition was similar in the 'chloride'
cell of the mullet gill but very little precipitate was found in the
'chloride' cells of carp gill.r In the latter case, depogits were found
rainly in the nucleus with occésional particles in the mitochondria and

vacuoles of the apical region,

(=) Localisation of alkaline phosphatase:activity

Small amounts of precipitate were associated with the lateral membranes
in the apical region of the 'chloride type' cell of the bass pseudobranch
(Plate 101-4). VHowever no localisation of reaction product could be found
in the basal membrane, intracellular tubules or cytoplasm of the cell,
Occasionally a fine 'background' precipitate was found over most of the

fchloride' c¢ell organelles and cytoplasm, but showed no distinct localisation.
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(iii) Mucous cells

The mucous cells of the bass pseudobranch were compared with rodlet
cells from the same tissue in their reactions to staining by phosphotungstic

acid (P.T.A.).

(a) 15% P.T.A. (pH 2)

The membranes of mucous cell globules were densely stained by treatment
with 15% P.T.A. after previous hydrogen peroxide oxidation. The globules
showed varying degrees of staining with the central region often paler
than the rest of the globule (Plate 103-1). No other cells in the
pseudobranch epithelium were stained by this method which is reported to
selectively stain membrane, gcid mucopolysacchgrides (Marinozzi 1967, 1968;

Pease 1970).

(v) 1% P.T.A. in chromic acid (pH 0.3)

The membranes of mucous cell giobules were densely stained after this
treatment. The globules were lightly stained and often contained a densely
stained central region (Plate 102-1). This method has been reported as a
selective stain for glycoprotein {Tsuchiya & Ogawa 1973) and for sialic

acid (Rambourg 1967; Rambourg, Hernandez & Leblond 1969).

(iv) Rodlet cells

(a) 15% P.T.A. (pH 2)

All membranes and organelles of the rodlet cell were unstained
(Plate 103-1). This confirms the absence of acid mucopolysaccharide

material as deduced from light microscope studies.

(o) 1% P.T.A. in chromic acid (pH 0.3)

Rodlet sacs were stained densely using this method, which indicates
the presence of glycoprotein (Plate 102-2). However this material is

"apparently absent from the central core of the sac since this region remains



unstained. The fibrous wall of the cell was lightly stained with denser
staining bands beneath the plasma membrane. The vesicular network of the

cytoplasm was poorly stained or unstained.
(¢) Alkaline phogsphatase activity
No alkaline phosphatase activity was found in these cells.

(4) Carbonic anhydrase activity

Reaction product was localised in the intercellular spaces'of the
lateral membranes in the apical region, and associated with the mito-
cnondrial membranes {Plate 103—2). In some cells precipitate was also
found outlining the membranes of the apical vesicles (Plate 104~1). The
rodlet saes, Golgi, endoplasmic'reticulum and fibrous border contained no
localised deposits although a very fine background precipitate was present

which was also found in controls.

Miscellaneous

The staining reactions of epithelial cells, endothelial cells, pillar.
cells and blood cells were also noted in the course of examining the

principal cell types.

(i) Epithelial cells

Occagional small clumps of silver chloride reaction product were
found adhering to the surface membrane of bass epithelial cells but there

wag no clear localisation of deposits.

In the localisation of sodium, small amounts of precipitate were found
in epithelial cells from seawater and freshwater fish. The amount of
precipitate varied from cell to cell and was virtually absent from some
cells (Plate 104-2). Only in the nucleus was a precipitate of fine
particles always found (Plate 104-3). The cytoplasm and mitochondria

occassionally contained a denser, globular precipitate (Plate 104-2), In
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gsome cases the surface membrane of the cell was densely stained (Plate 104-2),

The surface membrane and glycocalyx were strongly stained by 15%
P.T.A. {pH 2) and 1% P.T.A. (pH 0.3) to show the presence of acidic
carbohydrates and glycoproteins. The very strong s%aining reaction of the
glycocalyx to staining with periodic gecid-chromic acid-silver methenamine

also shows the presence of polysaccharides {Plate 16-3).

No alkaline phosphatase activity could be found in epithelial cells
although there was evidence of carbonic anhydrase and adenosine triphospha-

tase activity in the basal and lateral membranes.

(ii) Endothelial cells

No chloride reaction product was found in these cells but the
pyroantinomate stain for sodium revealed a large number of individuzl dense
particles., However these seemed to be associated mainly with the
ribosomes which are common in these cells. No acidic carbohydrate material

or enzyme activity was found in the endothelial cells.
(iii) Pillar cells

No chloride was found, but like the endothelial cells, pyroantinomate
precipitate was scattered throughout the cell in association with ribosomes.
A fine deposit of particles also covered the nucleus. There was no

evidence of acid carbohydrates or enzyme activity.
(iv) Blood cells

Using the pyroantinomate stain for gsodium, the nuclei of red and white
blood cells were densely stained especially around the nuclear membrane of
red blood cells (Plate 104-4), The rest of the cell was unstained., Blood

cella were not stained in any of the other procedures used.
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EXPERIMENTAL INVESTIGATIONS

Effect of Salinity Changes on Specific Cell Types

1)  Chloride type cells

(a) Exposure to 0.34%:salinity

When Dicentrarchus labrax was exposed to water of 0.34%ssalinity,

without previous acclimation, the 'chloride type' cells of the pseudobranch
skowed a number of ultrastructural changes. After 5 hours the mitochondria
were distended and often vacuolated (Plate 105-1).. They usually possessed
fewer cristae and were less electron dense than those from full seawater.
The number of intracellular tubuies increased and they became more
extensively branched. In some cells the tubules showed a more orderly
arrangement around the mitochondria, although nowhere near the extent or’
rggularity shown in normal 'pseudobranch type' cells. The cisternse of
the granular endoplasmic reticulum became very dilated (Plate 106-1). The
narrow saccules neér the vagcular border were less extensive and tended to
be arranged parallel to the basement membrane rather than at right angle;
‘as in the norﬁal 'chloride type' cell. In some cells the saccules had
completely disappeared (Plate 105-2). Large numbers of smooth vesicles
appeared at the apex of the cell and the apical pit had disappeared from
many cells., The pits were either much smaller and rounded off, or were
completely covered witﬁ overlapping epithelial cells (Plate 105-1). The
accessory cells lose contact with the external milieu and sink beneath

the overlapping epithelium. Occasionally, dense lysogsome-like bodies

wsre found within the epithelium (Plate 106-2),

There was little further change after 10 hours but after 24 hours
sprerical dense inclusions had appeared within the éells. The membrane
bound inclusions were smaller than the mitochondria with a diameter of

0.4 - 0.8 um, and contained no apparent substructure (Plate 106-3),
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Fish showed clear signs of distress after 36 hours, by which time they
were very dark and producing copious amounts of mucus on the gills and
body surfaces. Many of the 'chloride type' cells appeared to be
degenerating after this time and had become much darker with rounded
mitochondria and clear vacuolea. The nucleus was densely staining and
contracted, and the tubular network was thrown into lamellar whorls in
the basal and lateral regions of the cell (Plates 107-1, 2). The
cytoplasm and tubules showed a similar electron density. No apical pits

were seen in thege cells.

Further signs of degeneration were seen in the celis of the last
surviving fish examined after 48 hours exposure. The degeneréting cells
became highly irregular iﬁ shape and were pushed to the surface of the
epithelium (Plate 107-3). The nucleus became hyperchromatic end the
vacuoléted cytoplasm was very electron dense. The tubular sysfem
disappeared and the cell became full of degenerating mitochondria and
vacuoles. Eventually, thérdegenerate cell becomes elongated and flattened
at the epithelial swrface (Plate 107-3) before (presumsbly) being sloughed

off.
(b) Gradual acclimation to changing salinity

No significant changes were seen in ‘'chloride type'! cells of Ogmerus

eperlanus or Dicentrarchus labrax held in water of 24%e or 16%o salinity.

Cells from fish adapted to 8%c salinity contained a more highly branched
tubular system but were still distinet from 'pseudobranch type' cells.,

In fish adapted to freshwater the epithelial sheet covering the lamellae
became more extensive and frequently covered the 'chloride type' cells
completely, so that no apical pits were present. Where there was a gap
in the epithelial layer, instead of a pit, the cytoplasm of the cell often

protruded beyond the edges of the epithelial cells (Plate 109f1). These
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protrusions of the cytoplasm sometimes had an irregular surface and
comtained elements of the tubular system, along with an amorphous, sometimes

granular ground gubstance.

Fish held for 36 hours or more in freshwater possessed degenerating
'chloride type' cells similar to those described in water in 0.34%c

salinity.

2)  'Pseudobranch type' cells

(a) Exposure to 0,34%< salinity

'Pseudobranch type' cells of Dicentrarchus labrax showed very little

wltrastructural change after an exposure of 5 - 10 hours, apart from a
slight increase in the number of glycogen particles. After 24 hours

there was a large increase in the number of glycogen particles, and many
spherical electron dense inclusions had appeared (Plates108-1, 2, 3)., The
inclusions were similar to those found in the 'chloride type' cell but were
far more numerous in the 'pseudobranch type' cell. They tended to aggregate
at the antivascular pole of the cell and were often vacuolated. These
cells were stained by Sudan Black, indicating the presence of lipid. The
mitochondria became rounder with irregular cristae and a less electron
dense métrix. The tubular system was disorganised and more randomly
branched than that of the cells from full seawater. Large, clear vacuoles
similar to thoge in the 'pseudobranch type' cells of freshwater fish

appeared in some cells.

(b) Gradual acclimation to changing salinity

(i) Seawater fish

No major ultrastructural changes occured in the !'pseudobranch type!

ceclls of Osmerus eperlanus and Dicentrarchus labrax graduslly acclimated

to freshwater, gpart from the appearance of a few lightly staining, spherical
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inelusions. These were less electron dense, and far fewer in number than

those found in fish from 0.34%e salinity.

(ii) Freshwater figh

The '"pseudobranch type'! cells of Salmo galrdneri kept in water of

0 to 34%ec salinity showed little or no ultrastructural change. At 34%.,
42%e and 60%ec salinity the cells still retasined their characteristic
appearance although some cellg appeared to be degenerating with>vacuolation
of the mitochondria and cytoplasm. In the higher salinities the cells |
appeared'to be contracted and the lateral membranes became widely separated
in the region of the desmosomes (Plate 110-1).” A few cells showed
reorganigation of their cytoplasmic contents. Most noticeable was the
more highly branched, random appearance of the tubules.(Plate 110—2),
(contrasting with the orderly, parallel arrangement characteristic»of
normal 'pseudobranch type' cells), and the disruption of the plasma membrane
at the vascular border with loss of communication to the blood channel

(Plate 109-2).
3) Rodlet cells
Exposure to O. ¢ salinit

Only the rodlet cells of Dicentrarchus labrax exposed to diluted

seawater (0.34%. salinity) were examined.

After 5 hours exposure, rodiet cells in the gills and pseudobranch
could not be identified with any degree of certainty in the light microscope.
Under the electron microscope only a tentative identification éf rodlet
cells could be made since no cells containing rodlets were found, but a
number of cells with contracted fibrous borders were present (Plates 110-3,4).
After 24 hours exposure, no rodlet cell structures could be identified and

many of the epithelial cells were disrupted and vacuolated (Plate 110-5).
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Effect of galinity changes on denervated trout

The survival of rainbow trout in 50% seawater was unaffected by
bilateral denervation of the pseudobranchs. Operated fish were able to
survive at this concentration with or without previous acclimation and
showed no differences in feeding or behaviour to control, unoperated figh.
No ill effects were produced by transfer of operated fish from 50% to

100% seawater or from 50% seawater to freshwater.

Pssudobranchectony

In all fish bilateral pseudobranchectomy caused complete body darkening
and blindness (judged by the failure of the fish to respond to hand movements
above the tank) within 2 — 3 hours of the operation, whereas unilateral
pseudobranchectomy had no such effect. The body darkening and blindness
were permanent and associated with a gradual increase in opacity of the
eyes over a period of several months. It was noted that the operculum of
paeudobranchectomised fish was held further away from the buceal cavity
than in normal fish. This could be due to damage of the opercular
musculature incurred during removal of the pseudobranchs. Fish exzamined
one week after the operation had a slightly increased ventilation rate
w.th an average 12% increase in the number of opercular movements per
minute compared with normgl fish. However this effect appeared to be
temporary since the ventilatlon rate had returned to a normal value in
fiéh examined after 3 weeks. The only other obvious change in the fish
was a reduction in activity of the fish, which spent long periods of time
in an almost static position. This may be due to a reduction in meiabolic
activity after the operation, or more likely due to interruption of an
important source of external stimuli (sight). The fish were able to feed
however and survived long periods of time (up to 12 months) with no other

apcarent ill-effects.
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Acetszolamide injection

General observations

The effect of acetazolamide injection was initially comparable to
that of bilateral pseudobranchectomy since it caused body darkening and
‘blindness of the fish. At the highest concentration used (5 mg/kg) this
occured within 1 hour of injection and lasted about 72 hours i.e. the
effect is reversible. The onset and disappearance of the effects appeared
to be dose related since body darkening took 3 - 4 hours to appear in
fish injected with 1 ng/kg acetazolamide, and had almost disappeared

within 48 hours.

E. M. obgservations

Some ultrastructural changes were seen in the trout pseudobfanch
4 hours after injection of acetazolamide (1 - 5 mg/kg). In some cells
the mitochondria had rounded up and become much denser (Plate_lll—l). A
number of lipid-like droplets and small, round, electron dense inciusions
also appeared within the cells. After 24 hoﬁrs the number of lipid-like
droplets (1.0 - l.S/W#diam.) had increased and appeared similar to those
found in osmotically stressed fish (Plate 111-2). The droplets were often
surrounded by profiles of tuﬁular reticulum adhering to the interface
membrane of the droplet (Plate 112-1). Occasionally they were éssociated
with expanded regions of granular endoplasmic reticulum contaiﬁing an
amorphous, medium electron dense material (Plate 112-2), The tubular
system wés disorganised in some cells and the clear cytoplasmic region of
the cell was sometimes vacuolated and contained large clegr areas and
broken membranes (Plate 112—3). Similar changes were seen in trout
'pseudobranch type' cells 4 hours after an intraperitoneal injection of
0.5 ml of 107N EC1 (Plate 112-4). However all these effects were
temporary since most cells appeared normal when examined 96 hours after

injection.
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Injection of S-hydroxydopamine (5-0HDA)

Ultrastructural changes were noted in 'pseudobranch type' cells and
many nerve fibres within 4 hours of administering 5-OHDA. Most ultra-
structural changes in the nerve fibres were associated with those fibres
adjacent to a 'pseudobranch fype' cell, In many cases the contiguous
membrane betﬁeen‘a nerve fibre and 'pseudobranch type' cell appeared to be
bresking down so that the cytoplasm of the nerve fibre and 'pseudobfanch
type' cell were in direct contact (Plate 113-1). A large pale cytoplasmic
region surrounded by a .broken membrane often appeared in the apical region
of the 'pseudobranch type' cell where it made contact with a nerve fibre
(Plates 113-1, 2). Sometimes large pale cytoplasmic expansions appeared
to arise from the end of a nerve fibre (Plates 114-1, 2), Serial sections
revealed the presence of small dense bodies and myelin figures in these
regions (Plates 114-1, 2}, There was no obvious increase in the number of
dense core vesicles in the nerve endings, although small dense lysosome-like
bodies and electron dense lamellar structures appeared more common than in

normal fibres.

Ultrastructural changes in the large type I neurons of the pseudobranch
were also noted 4 hours after injection of 5-OHDA. These included
vacuolation of mitochondria and fragmentation of the granular reticulum
(Plate 115-1), as well as some breakdown of membranes between the neurons
and surrounding nerve fibres (Plate 115—2). Some of these fibres were
vacuolated and contained small dense bodies or myelin figures. After 24
hours the neurons showed further degenerative-type changes with complete

vacuolation of the mitochondria and swelling of the G.E.R. (Plate 115-3).

Injection of 6-hydroxydopamine (6-OHDA)

Pseudobranchs examined 24 hours after injection of 6~0HDA showed serious

ultrastructural changes. Many terminal fibres appeared to have degenerated
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leaving broken membranes and vacuolated areas in the interstitial tissue
(Plate 116-1). Numerous lipid-like bodies were observed within the

' pseudobranch-type' cells whose apical region was vacuolated and filled
with broken membranes, dense lamellar and myelin figures, and lysosome-
like bodies (Plate 116-1, 2). The orderly arrangement of the tubular
system was disrupted in many cells. After 48 hours the number of 'lipid'
droplets had increased and in some cases were coalescing into larger
droplets (Plate 116-3). No observations were made orn any neurons after’

injection of 6-0HDA because of failure to locate them.
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ELECTROPHYSIOLOGICAL STUDIES

1) Spontaneous discharge of the pseudobranch nerve

Spontaneous discharge of electrical activity from the pseudobranch
nerve occured when the isolated perfused pseudobranch-was perfused with -
standard teleost ringer at a PO, of 220 torr at 15°C. The overall afferent
electrical activity from the whole nerve could be differentiated into two
types, characterised by the amplitude and the shape of their compound
action potentials:

Type A: characterised by a diphasic spike-like potential (aﬁplitude'SO—
250,uV) of less than 2 ms duration, with an impulse conduction veloccity

>10 ms-1. (Plates 117-1, 3, 4; Plate 118).

Type B: characterised by an irregular complex wave of lower amplitude
(50 MV down to noise level) of longer duration (2 - 5 ms), and impulse

conduction veloeity 2 - 3 ms~'. (Plates 117-2, 5, 6).

Without doubt, many of the B impulses were not detected because they were
indistinguishéble from the background noise. Also, the absolute number

of A and B impulses were difficult to estimate since it was not always easy
to distinguish the two types of activity. However the appearance of one
or other activity in response to different stimuli does provide proof of

their separate existence.

The level of spantaneous activity was usually very high and irregular
for the first 15 - éO minutes before becoming more stable, although it
remagined irregular apart from brief bursts of regular type 4 activity.
Most of the initial activity appeared to be type B with occasional type A
spikes (Plate 117—2). The activity was similar to that obtained under
conditions of hypoxia (Plate 11755). Initially the total discharge rate
of activity A + B was sometimes as high as 460 impulses/second although it

usually varied between 210 - 350 impulses/second. After the initial high
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activity the discharge rate dropped to a level between 55 - 130 impulses/
second . The gmount of activity varied between preparations, and in some
cases the activity remained high, in which case the‘preparation was
discarded. Occasionally the type A activity would show rhythmic bursts

of activity either as single regular spikes or volleys of gpikes (Plate 118).
Sometimes the number of spikes/volley gradually increased then decreased in
number. There was no experimental stimulus applied at these times but it
seems possible that they were caused by brief pulses in perfusion pressure
and the recruitment of new units which had until then remained inactive.
Similar bursts of activity occured when the perfusion pressure was raised
between 15 and 80 torr. The initial dynamic burst of activity duriné

the raising of the pressure was followe& by a static phase at steady
pressure. Bursts of type A activity could also be induced by stroking
with a glass rod, the primary afferent arfery and the proximsal part of its
left and right branches (Plate 117-3). Similar results could not be

ottained in other areas of the pseudobranch.

2) Effect of temperature variation

The gpontaneous activity of both A and B were affected by temperature
(Fig 20a). No activity was found below 5°C. Above this temperature
type A activity increased gradually in an almost linear fashion while

type B activity increased rapidly at first before levelling off at about 20°¢.

3) Effect of PO

2

When the preparation was perfused with hypoxic solutions (5 - 100 torr),
the reduction in PO2 caused activity B to increase in a hyperbolic way
(Fig 20b). Since the absolute value of impulses per second varied between
preparations the activity at each P02 level was expressed as a function of

the impulse frequency under standard conditions for that particular

preparation: i.e. freguency under experimental conditions fe
frequency under standard conditions fs
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Similerly a rise in temperature from 10 to 20°C at pH 7.8 causes

only a slight increase in activity B at low PO2 while g similar rise at

high PO2 causes a larger increase in activity (Fig 22b). The increases

in activity are less marked at pH 7.2 (Fig 23&). The results probably

indicate an additive effect of P02, pH and temperature, particular

combinations of which can cause eventual saturation of the receptors.

7) Effect of osmotic pressure and NaC] concentration

Activity A showed a large increase in activity with increasing Na C1l

concentration between 62.5 and 250 m M

(Plate 117-4, Fig 23b). The

activity increases more rapidly above 125 m M ., This was not due to an

increase in osmotic pressure because a similar increage in osmotic pressure

by addition of mannitol did not cause a similar rise in activity. The

effect was shown to be due to Na© ions alone since replacement of the Na Cl

fraction above 125 m M in the hyperosmotic solution by choline chloride

suppressed the activity, whereas sodium propionate did not affect the

response.
Table 11
fe
NaCl (mM) o S.E.
62 ..5 0!24 0-06
94 0.86 0.07
125 1.0 -
187.5 2,63 -0.17
250 4.56 0.24
Effect of Na Cl concentration on activity A Mean of four e eriments)
Activity B changes very little above 270 m Osm but increases

rupidly as the osmotic pressure is lowered (Fig 24a). When the osmotic

pressure was maintained at 270 m Osm

while decreasing the Na C1l

coacentration, the activity remained unaffected. Thus activity B is not
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stimulated by the Na' econcentration but by the osmotic pressure itself.

Table 12

! Osmotic pressure fe S.E.
(m Osm ) 7 Is
300 . 1.02 0.11
270 . 1.0 -
225 ' - 1.23 0,08
190 2.06 0.18
155 2.74 0.27

ffect of osmotic pressure on activity B (Mean of four experiments)

8) Combined effect of osmotic pressure and PO,
The activity of B under hypoxic conditions was considerably redﬁced

wren the péeparation was perfused with hypotonic solution (120 m Osm ).

A decrease in the absolute value of the activity was observed which was not

much higher than under 'nmormal' conditions (Table 13, Fig 24b). Restoring

the osmotic preésure with mannitel caused a return of the sensitivity of

activity B to hypoxia. Restoring the PO, to normal (200 - 220 torr) in

the hypotonic solution also caused an increase in activity B. Thus it

appears that the responses to osmotic pressure and hypoxia are inter-

dependent and related to the correct maintenance of one or other factor.

Table 13
[ Osmotic pressure (m Osm )
PO, (torr) 120 270
. | -

5 - 10 1.22 (0.14) 2.45 (0.19)
40 - 50 1.36 (0,11) 1.87 (0.24)
90 - 100 2,06 (0,18) 1,04 (0,19)

140 - 150 2.21 (0,25) 1.18 (0.08)

200 - 220 2,57 (0.21) 1.0 (- )

fe . op .
EE values + standard error at different ogmotic pressures and PO. levels
(Maon Af Frrir svnersmandta ) [=




9) Effect of acetazolamide

Addition of acetazolamide (1077M) to the perfusion solution caused
a slight increase in activity B at pH 7.8 and pO2 220 torr. However
the activity was not significantly altered when the pH was lowered to

7.0 nor when the pO, was reduced to 10 torr, indicating a densensitisation

2

of the receptors to B ions and p0,.

10) Effect of 2 — 4 — dinitrophenol

u

4

Concentrations of 2 - 4 ~ dinitrophenol between 10_7 and 10
caused an increase in asctivity B. At concentrations between 107" and
10-6M there was an initial increase in activity followed quickly by

almost complete suppression. Activity A was unaffected.
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DISCUSSTON

The diverse nature of the psesudobranch structure in teleosts poses
problems in trying to attribute a common function to this organ. However
all teleosts examined possess specific 'pseudobranch type' cells which

mey indicate at least one common function between species.

Some confusion in the literature regarding the likely function of
the pseudobranch has arisen partly from false assumptions about its
structure, including the failure to distinguish between 'chloride' and
*pseudobranch type' cells (Parry & Holliday 1960; Holliday and Parry
1962; Parry 1966). The results of this study indicate that differences
in structure are related to differences in‘habitat and the presence or
absence of 'chloride type' cells. Fish which possess these cells usually
have 'free' or 'semi-free' pseudobranchs and live in salt or brackish

water (an exception is the perch {Perca fluviatilis)). Fish which lack

'chloride type' cells have 'buried' or 'covered' pseudobranchs and usually
live in freshwater. However there are exceptions to the rule, e.g. the

seawater garfish (Belone belone) and pollack (Pollachius pollachius) have

'buried' pseudobranchs and do not possess 'chloride type' cells. There
do2s not appear to be any obvious environmental or phylogenetic reasons

for such exceptions.

The results of this study agree with Granels' (1927) classification
of four main pseudobranch types, although there is evidence to suggest
that all possible transitions probably exist between 'free' and *buried!

pseudobranchs.

The gcanning electron microscope is particularly useful for classification
of péeudobranch types since it provides a quick and accurate method of
assessing the degree of lamellar fusion and the extent of epithelial covering.

Even in the apparently 'free' pseudobranch of the bass, a certain amount
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of epithelial fusion between lamellae was seen on the buccal (leading)
2dge of the secondary lamellae. This fusion has progressed much further
in 'semi-free' pseudobranchs (e.g. mullet), leaving only a small free

area on the opercular (trailing) edge of the lamellae. In 'free' or
'semi-free' pseudobranchs the degree of fusion and epithelium covering

is limited to allow the 'chloride type'! cells free access to the water.
This they achieve by openings in 'free' regions of the lamellar epithelium
on the opercular side of the secondary lamellae. In freshwater teleosts
such as rainbow trout; the 'chloride type'bells of the pseudobranch are
lost, the secondary lamellse become completely fused and the whole organ
is covered with an epithelial layer. This modification has been carried-
a step further in the carp pseudobranch which is buried deep within the
surrounding connective tissue. It can be seen therefore that the
pseudobranch of teleosts shows progressive structural modification from
the respiratory branchial arches, ranging from a gill-like structure
projecting into the buccal cavity to a 'glandular' structure buried in a
mass of connective tissue. Although modified, the pseudobranch gtill
retains many gill-like features, particularly in its circulatory pattern,
secondary lamellae, epithelial covering and the presence of 'chloride
type' cells in some pseudobranchs. However one of the most important
differences is that the pseudobranch epithelium is always much thicker
than that of the corresponding gill. This is due to a layer of speclalized
epithelial cells ('chloride' or pseudobranch type' cells) which are always
interposed between the blood channels of the secondary lamellae and the
outer epitheligl layer. This is true even in the 'free' pseudobranch
but is far more pronounced in the 'buried"pseudobranch where the
specialized cells are also covered by connective tissue. Thus the
capillary blood of the pseudobranch secondary lamellae is less likely to

be involved in gaseous exchange. This is linked with the fact that the
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blood to the pseudobranch is already oxygenated at the gills which

precludes the necessity for a respiratory function in this organ.

Tha ‘topography of the 'free' and 'semi-free! pseudobranchs provided
an interesting comparison with that of the gills, bearing in mind the
péeudobranchs' apparent lack of respiratory function but possible role
in osmoregulation due to the presence of 'chloride type' cells. The
surface structure of these pseudobranchs was found to bear a close
sililarity to that described for the gills of teleosts (0Olson & Fromm 1973;
Rajbanshi 1977; Hughes 1979; Kendall & Dale 1979) and lampreys (Lewis &
Potter 1976). The.provision of an increased surface area for gas exchange
die to thé microridges has been suggested for gills (Olson & Fromm 1973;
Lewis & Potter 1976) but this is likely to have no functional significaﬁce

for the pseudobranch which lacks an apparent respiratory function.

It has been shown previously that microridges are not restrieted to
respiratory structures, such as the gills, since they have been found on
the epidermal cells of the body and fins of teleost fish (Lanzing &
Higginbotham 1974; Dobbs 1975; Hunter & Nayudu 1978; Bereiter-Hahn,
Osborn, Weber & Voth 1979). The presence of microridgeé on a variety of
teleost epithelial cells probably indicates a common fumction such as the
anchorage of mucus suggested fy Huéhes & Wright (1970), This hypothesis
is supported by Sperry & Wassersung (1976) who sgggest that the complex
curved or whorled a;rangement of microridges facilitates the spread of

mucus away from mucous cells.

It is still umcertain if a mucus film always covers the skin and gill
surfaces but it is probably necessarf to serve a number of functions,
Apart from its possible affect on gas exhange, it is likely to reduce
surface friction, to provide protection against mechanical abrasion and

infection, and may be important for normal regulation of ionic exchange.
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Hughes (1979) thought that the most probable situation was that mucus
occupied the spaces between ridges thus presenting a flat interface with

the water.

The thickness of the mucus film covering the filsments and secondary
lamellae of the pseudobranch may vary from area to area. This is
indicated by reéions of different mucous cell density and differences in
the microridge pattern which may affect anchorage of the mucus. Altﬁough
there is no clear correlation between mucous cell density and microridge
pattern, the average height of the microridges is usually greater where
there are large numbers of mucous cell openings or 'chloride' cell
openings. The diséribution of mucous cells and thickneés of the mucus
film may be related to the speed and direction of the water flow together
with +the changes in resistance that occur over the filaments and between
the secondary lamellae. It is noticeable that in both 'free! and 'semi-
free! pseudobrancﬁs the highest concentration of mucous cells oécurs oﬁ
the:0percﬁlar edge of the filament where there is likely to be high

reagistance to water flow between the filaments and operculum.

Although gnchorage of mucus seems to be the mogt likely function of
the microridges they have alsc been considered as the structural result
of the water flow itself (Hughes 1979), or as providing a.region of
microturbulence immediately above the secondary lamellae to enhance gaseous
ezchange (Lewis & Potter 1976). In the mullet pseudobranch the !'free!
region of the secondary lamellae is particularly ridged and convoluted.
This is likely to cause a region of microturbulence, with continual mixing
of water layers immedigtely ahove the 'chloride' cell openings which might

facilitate ionic exchange rather than gas transfer.

The 'chloride type' cell of the marine pseudobranch is similar to the

'chloride’ cell of the corresponding gill, including fthe presence of an
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apical pit. However one interesting feature of the 'chloride type' cells
of the pseudcbranch is the presence of numerous narrow saccules interposed
between the plasma membrane at the base of the éell and the branched
tubular system. These saccules have‘not been reported in the 'chloride!
cells of the gill and the possibility that they reflect a morpho;ogical
adaptation to an additional or new function will be discussed later.

In all other respectsthe structure of the ‘'chloride type' cell of the
pseudobranch is e$sentially the same as that of the 'chloride' cell in

the gill. Both cell types are characterised by a highly Branghed tubular
system arising from basolateral invaginations of {the plasma membrane.

They alsc possess abundant mitochondria in the basal and central regions
of the cell, and a clear apical gone filled with vegicles. The prominent
tubular system and numerous mitochondria are highly characteristic of
ilon~transporting epithelia from a wide variety of vertebrate and inverte-

brate animals (Berridge & Oschmann 1972),

The apical plasma membrane. of the 'chloride type' cell of the
pseudobranch differs slightly from that of the gill since it is uwsually
smoother with fewer microvilli-like projections. Also, the apical pit
is often much shallower and less distinct, With.the 'chloride type' cell
surface flattened and zlmost level with the surface epithelial cells.

This was found particularly in the mullet and smelt but was only occasionally

found in the bass.

The lack of a clear apical pit in the 'chloride type' cells of mullet
and smelt pseudobranch may be a reflection of these species adaptability
to euryhaline environments; a number of studies have shown loss of apical
pits in gill ‘'chloride! cells during adaptation to freshwater (Copéland
1950; Kessel & Beams 1962; Philpott & Copeland 1963; Threadgold &

Houston 1964; Shirai & Utida 1970; Fearnhead & Fabian 1971).
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The multicellular composite apex of 'chloride type' cells and inter-
digitating accessory cells described in this study for the seawater
pssudobranch and gill was first noted by Dunel & Laurent (1973) in the
pseudobranch of various salt water adapted teleosts. A similar organisation
was later found in the gills of seawater teleosts (Sardet et al 1979;
Hootman & Philpott 1979) and the skin of the freshwater glass catfish
(Korte 1979). Korte (1979), who only found a one to one relationship of
'chloride' and accessory cells, proposed that the accessory cell was a
resting or non-functional 'chloride' cell whilst Sardet et al (1979)
suggested that they were young "chloride' cells. - However Hootman &
Philpott (1979) could find no recognisable intergrades between accessory
cells and 'chioride' cells, and suggested that the former were not
replacement cells for the 'chloride' cell population. They suggested
that accessory cells represented chloride cells that had undergone regression
because of the common observation of autophagic lysosomes within these cells.
Although sutophagic lysosomes were occasionally found in the present study
there was no other evidence of regression such as mitochondrial degeneration
and fragmentation of the tubular network previously described by Shirai &
Utida (1970) and Doyle & Epstein (1972). 1In agreement with Sardet et al
(1979) the 'chloride' cells of the gill in freshwater fish were found as
isolated cells, unaccompanied by accessory cells, and surrounded only by

regpiratory epitheligl cells.

The difference in shape of the apical cavity gs well as the size of
'chloride' cells in the gills of freshwater or seawater adapted fish may
be a direct consequence of the development of the multicellular 'chloride!’
cell complex. If one examines previously published micrographs of 'chloride'
cell apices in seawater, 1t can be seen that extensions of interdigitating
accessory cells are present, although unrecognised as such (e.g. Philpott
& Copeland 1963, Figs 5 & 6; Petrik, 1968, Fig 2; Shirai & -Utida 1970,

Fig 9). However several authors have reported 'dense! and 'light! forms
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of 'chloride' cells in the gill, with increases of 'dense' form cells
during adaptation to seawater (Doyle & Gorecki 1961; Threadgold &
Houston 1961, 1964; Newstead & Conte 1969: Shirai & Utida 1970), This
could be due to the reorganisation of 'chloride' cells with the appearance
~of the denser,young chloride' cells adjacent té mature cells. Conte

and Lin (1967) utilised a labelling technique to show that the turnover
rate of labelled D.N.A. in seawater gill epithelium was almost 3 times
faster than in freshwater. USiﬁg an autoradiographic technique they
showed that the site of cellular renewal in the gill filament of

Onchorhyncus kisutch is principally in the interlamellar region of the

gill filament, corresponding to the position of the 'chloride' cells.

The development of a multi cellular ‘chloride’' cell complex in the
scawater gill and pseudobranch also appears to involve a new type of
Junction between the cells of the complex. At the apex of the 'chloride'
cell, shallow junctions are established ?etween the main cell and the
interdigitations of the adjacent developing cells. Sardet et al (1979)
found that these junctions allow lanthanum to penetrate while the other
epithelial junctions do not. They are typical one strand junctions
resembling those of low resistance epithelia e.g. the thin part of Henle's
loop, or proximal tubules of mammalian or amphibign kidney (Boulpaep,

1971; Claude & Goodenough 1973; Humbert, Grandchamp, Pisam, Perrelet

& Orei, 1976). Thus Sardet et al (1979) suggested that salt water
adaptation triggers a cellular reorganisation of theepithelium in such

a way that leaky junctions, acting as a low resistance pathway, appear

at the apex of the 'chloride' cells. Since the leaky junctions have
connections to the tubular network they represent a permanent communication
channel from the blood side to the external milieu. Therefore they are
ideallj situsted to allow ions and possibly small molecules to pass between
the blood and the water. There are good recent discussions by Kyte

(1976) and Ernst & Mills {1977) on how epithelial cells could secrete
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or absorb salt deperding on the degree of leakiness of their apical

junctions.

The key to the cell function is in the understanding of what ions
are pumped in and out of the tubular system and how they flow toward the
external or internal environment. In salt water, sodium and chloride
are excreted asgainst large concentration gradieats. Excretion is the
result of large in-and-out fluxes, a major part of which is the Na+/Na+
and C17/C1” exchange diffusion component (Maetz 1971; Motais and Garcia
Romeu, 1972). Numerous investigators have measured the isotopic Né+
and C1~ fluxes across the gills of intact seawater adapted teleosts and
have demonstrated relatively large unidirectional fluxes of these ions
which resulted in small net secretions of both N;+ and C1~ (see Meetz &
Bornancin 1975). Sodium and chloride secretion can be considered
separately since transport of Né+ and C1~ occurs independently but in

parallel (Maetz 1971).

The nature of Na+ movements across the gills of seawster adapted
teleosts is unsettled and represents a major controversy concerning ion
movements across this tissue. Cwrrently the models for NaCl secretory
mechanisms by the gill 'chloride' cell propose an important role for
Na', ¥ - activated ATPase, either directly (Maetz 1969, 1971) or
indirectly (Kirschner 1977; Silva et al 1977). The enzyme is thought
to be involved in the branchial Né+ extrusion mechanism in seawater teleosts
and most of the species studied show high activity levgls corresponding to
high Na' turnover rates (Maetz 1974). During salt adaptation there is
an increase in Na' K - activated ATPase zectivity and oyabzin binding
sites of the gill tissue (Epstein, Katz & Pickford, 1967; Kamiya & Utida,
196é; Karnaky et al, 1976 (b); Sargent et al, 1975)., These changes are
probably due to increases in the number of 'chloride' cells and development

of their tubular system since Na® K - activated ATPase is thought to be
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associated with the tubular membranes (Mizuhira et al 1970, Utida et al
1371, Shirai 1972,-Karnaky et al 1976 (b), Hootman & Philpott 1979).
However these modifications alone do not explain satisfactorily why ions
are absorbed in freshwater and excreted in salt water, neither do they
provide an explanation for thé greatly increased salt permeability of

the gill epithelium in salt water adapted fish (Maetz 1971). The presence
of leaky junctions in the 'chloride' cells of seawater fish and absence

in freshwater fish may provide.a structwsal basis for the greater ionic

permeability of the seawater gill.

Sardet el al (1979) proposed a model for the extrusion of sodium in
secawater 'chloride' cells, whereby Né+ is pumped intc the tubular system
and secreted via the leaky Jjunctions using the driving force generated

due to the blood being electropositive with respect to the external milieu,

Shirai & Utida (1970) demonstrated the localisation of sodium in the
tubular system of the gill of the seawater Japanese eel using a potassium
pyroantimonate method based on that of Komnick & Komnick (1963). Using
a2 similar method in this study no clear localisation of sodium could be
found in the 'chloride' type cells of the gill or pseudobranch in the
millet and carp. The validity of this method for demonstrating sodium
inoas has been questioned since it also precipitates potassium and calcium
ions as well as forming precipitates with cellular components such as
histones, glycogen and biogenic amines (Pearse 1972; Garfield, Henderson
& Daniel 1972; Lewis & Knight 1977). Also, potassium pyroantinomate is
itself precipitated during dehydration and the distributiOn of reaction |
product varies with the type of fixative (Bulgef 1969) . In the present
study much of the reaction product appeared to be associated with glycogen
particles whoge position was visualised in cells fixed using the
coaventional glutaraldehyde- osmium tetroxide method. Therefore more

coavinecing evidence of sodium ion localisation is needed at the subcellular
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level before definite conclusions can be drawn about this method of

secretion from the 'chloride' cell.

Similarly there is no umequivocal evidence for the pathway taken by
chloride ions during secretion from the fchloride' cell of seawater fish.
Ia the present study chloride reaétion product was localised at the apical
membrane of the pseudobranch 'chloride type' cell, particularly in the
region of the leaky junctions. ﬁowever it was imposgsible to achieve high
rezolution localisation using the techniques employed so it was difficult
to assess whether the reaction product was actually within the leaky
juﬁctions and tubular system, or in the ground substance and attached to
the apical membrane. The precipitation of reaction product on the
¢cytoplasmic side of the apical plasma membrane argues agﬁinst the aggregates
being caused by a build up of precipitate against an impermeable barrier.
An artefactual aggregation of reaction product would be more likely to
occur in the basal cytoplasm since the fixative moves in that direction
during peneﬁration of the cell. Philpott (1966) and Fearnhead & Pabian
(1971) found similar localization of reaction product in the 'chloride'
cells of the gills of salt water adapted fish whilst Petrik (1968)
demonstrated reaction product in the plasma membranes and tubular system.
0f particular interest is Fig 2 whiéh shows reacticn product in the leaky
Junctions of interdigitating, adjacent 'chloride' cells, although these were
not recognised as such at the time. Petrik (1968) also found cells in
wrich reaction product was located only within the apical cavities and not
the tubular system, amd concluded that this was due to the manifestation

of different stages of “chloride ion excretion.

In addition to theilr similarity in structure and localization of
'chloride' regction product, 'chloride type' cells of the pseudobranch are

similar to those of the gill in their staining reactions to a number of
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histochemical tests. Both cell types show a light staining reaction to
the P.A.S. test indicating the presence of complex carbohydrate. In
addition the apical region of the cells is weakly stained by Alcian blue
at pH 2.5, which suggests the presence of acid mucopolysaccharides.
Philpott (1966), Conte (1969) and Shirai (1972) suggest that mucopoly-
saccharides and mucoproteins which are polyanionic substances may serve

as ion traps or ion exchangers in the vicinity of the transport enzymes.
Ion and polyelectrolyte material may combine in the tubular system and
progressively concentrate during transportation toward the apical region,
counverging in vesicles presumably to be discharged into the external
medium. ' However the interpretation of apical vesicles as secretory
vesicles has been questioned by Maetz & Pic (1977) who could find no
evidence of exocytosis of these’vesicles in the 'chloride' cells of mullet
gill, Sardet et al (1979) on the basis of freeze-fracture images and
histochemical staining suggested that rather than vesicles, there was a
vesicular-tubular space between the tubular reticulum or basolateral membrane
and the apical membrane. Tﬁis could be a transient communication channel
between the internsl and external milieu and could be responsible for the
transit of organic molecules or polysaccharidic materials (Lam 1968; .

Masoni & Garcia Romeu 1972; Masoni & Payan 1974).

The presence of high levels of succinic dehydrogenase activity in the
'chloride type' cell of the bass pseudobranch indicates their highly active
metabolic state. Since succinic dehydrogenase is a bound, mitochondrial
enzyme this high activity is a reflection of the large number of mito-
chondria in the 'chloride type' cell. Sargent et al (1975) found an enhanced
succinic dehydrogenase activity in the gills of freshwater eels adapted to
seawater and -demonstrated this to be associated with 'chloride! cells.

They concluded that adaptation of freshwater eel to seawater involves the

¢laboration not only of a Na' punp expressed biochemically as Na+/K% -

ATPase but also the energy producing apparatus to drive the pump, expressed
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biochemicglly as mitochondrial enzymes including succinic dehydrogenase.

Another enzyme implicated in osmoregulatory mechanisms is alkaline
phosphatase, Although no obvious activity could be found using light
microscopy a small amount of reaction product was found in the apical
rezion of 'chloride type' cells examined in the electron microscope.
However the precipitate was not actually found in the cell but was
sssociated with the intercellular spaces between adjacent cells and with
the surface membrane. Pettengill and Copeland (1948) reported light
microscope localisation of alkaline phosphatase activity around the apical
pit of seawater adapted Fundulus heteroclitus, and suggested that the
enzyme was associated with an 'osmotic work-energy mechanism' when the cell
is in its excretory phase. There was a marked increase in activity when
the fish was moved from seawater to freshwater with considerable phosphatase
activity appearing between the nucleus and distal end of the cell, They
intefpreted this increase in engyme activity as a gauge of the expenditure
of energy on osmotic work necessary for the 'chloride' cell to function in

the absorptive phase.

Alkaline phosphatase activity has also been found in the 'chloride!
cells and basement membrane of freshwater mud-eel (Qjha & Datta Munshi
1974) but could not be demonstrated in the 'chloride' cells of the skin

of the freshwater teleost Channa striata (Banajee & Mittal 1975) . Tais

suggests that although alkaline phosphatase activity may reflect the
osmotic activity in freshwater and seawater ‘'chloride' cells, it is not
necessarily an essential enzyme system in ion regulation, and may be absent
from scome cells. The relatively small amount of activity found in the
'chloride type' cells of tHe pseudobranch may.reflect only a minor role

for this enzyme in these cells.

The available morphological and histochemical evidence suggests an ion
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exaretory role for the ‘chloride type' cell of the seawater pseqdobranch
similar to that proposed for the ‘chloride' cell in the gill of seawater
adapted fish. This may result from a need in marine and euryvhaline fish
to utilise all available surface area f@r extra-renal salt regulation.
Parry & Holliday (1960) rejected any osmoregulatory role for the pseudo-
branch because fish that had mmdergone pseudobranchectomy were apparently
able to osmoregulate quite normally and showed no significant dif ferences
in survival time to control fish, when exposed to various sea-water
dilutions. “However they believed that all the cells of the pseudobranch
were the same or similar to the 'chloride' cells of the gill, and used

two experimental fish, Salmo trutta and Salmo gairdneri which contain only

'pseudobranch type' cells. Furthermore the removgl of pseudobranchs in
seawater fish may not drastically affect the fish's ability to osmoregulate
since the 'chloride cells' of the.gill and opercular epithelium can still
carry out this function. It is possible that the absence of 'chloride
type' cells in the pseudobranch of freshwater fish reflects a lower
dependence on extra-renal salt regulation and suggests that the pseudobranch

of these fish is not directly involved in osmoregulstion.

The possibility that the 'chloride type' cell of the pseudobranch has
a new or additional fumction to that of the . gill is suggested by the
appearance of a gystem of narrow saccules interposed between the basal
plasma membrane and the tubuler system of the cell. The narrow diameter
of these saccules compared with that of the tubules, and their position at
the base of the cell may indicate a barrier or 'filter' to certain materials
passinz from the blood into the cell via the tubular invaginations of the
plasma membrane, Such a system might be useful to conserve biologically
useful macromolecules while still allowing ions to pass through, or might
even be involved in the reébsorption of certain electolytes. The need for

such a system in the pseudobranch and not the gill is unclear, but it may
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be related to a s?ecial relationship between the ‘chloride type' and
'pseudobranch type' cells in seawater fish. As shown in the present study
all blood flowing to the 'pseudobranch type' cells has first to pass between
the 'chloride type' cells where it may be modified in both its ionic and
organic composition. 'Pseudobranch type' cells appear virtually identical
in both seawater and freshwater fish go their function may depend on a
similar blood composition in this part of the capillary system. The
'chloride type' cells of the geawater pseudobranch may therefore regulate
the blood composition in order to produce a similar environment to that
encountered by the 'pseudobranch type' cells of the freshwater fish.
However it is obvious thatlany interpretation of morphological data in
functional terms is only speculative and more work is needed to investigate
possible enzyme systems associated with the 'chloride type' cell saccules.
Investigations on the penetration abilities of tracefs such as lanthanum

and horgeradish peroxidase might als¢ prove useful.

Newstead (1971) in a study of the gills of a tidepool sculpin

(Qligocottus maculosus)claimed that the ‘chloride type' cells normally

found in the gill epithelium could, when osmotically stfessed, undergo
rearrangement of their cytoplasmic cémponents into the pattern character-
istic of 'pseudobranch type'! cells. Newstead (1971) concluded that "there
is a direc? relationship betwéen the two forms (*pseudobranch type' and
zhloride type' cells) and the transition from one form to another can be

evoked by disturbance of the normal homeostasis of the blood".

In this study the cytological changes due to drastic osmotic stress,
as in the bass, or the gradual stress to trout and smelt, gave no convineing
evidence to support Newstead's theory. The cells from the pseudobranch
of all three fish studied did undergo ultrastructural changes although the
deagree and rapidity of change appears to depend on whether the stress is

applied quickly or gradually. The cells from the bass pseudobranch showed
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a more rapid, and greater degree of change, than the graduzlly acclimated
sielt and rainbow trout. This is to be expected since the bass pseudo-

branch cells were given no chance to adapt to a changing osmotic environment.

The loss of apical pits in the 'chloride type' cells of the smelt and
bags pseudobranch in freshwater and dilute seawater parallels the response

of 'echloride' cells in the gill epithelium of Oligocottus maculosus

(Newstead 1971) when exposed to fresh water, and that of similar ceils in

Fundulus heteroclitus (Kessel & Beams 1962} Pnilpott & Copeland 1963),

Anguilla rostrata (Getman 1950; Shirai & Utida 1970), Monodactylus argenteus

(Fearnhead & Pabian 1971), Salmo salar L (Threadgold & Houston 1964) and

Etroplus maculatus (Virabhadrachari 1961). Although the arrangement of

‘the tubules and mitochondria did become more orderly in some 'chloride
type'! cells of, bass and smelt, they still remained easily distinguishable

from 'pseuvdobranch type' cells.

The 'pseudobranch type' cells of smelt and rainbow frout kept in
wéter of 0 - 34%csalinity showed little or no ultrastructural change, and
no significant reorganisation of cytoplasmic contents was noted. In trout
the appearance of the 'pseudobranch type' cells at higher salinities
(34 - 60%) suggests that they are degenerating and that the fish is unable
to cope with further loss of body fluids and build up of salts. The
characteristic orderly arrangement of mitochendria and;cytoplasmic tubules
was replaced in some cells (at 60%) by a more randomly branched system,

although most cells still retained their 'pseudobranch type' characteristics.

The appearance of lipid-like, electron dense inclusions in the ‘c¢hloride’
and 'pseudobranch type' cells of bass after 24 hours exposure to 0.34%e
salinity is probably a result of rapid disturbance of the normal homeostasis
of the blocd with subsequent effects on the normal metabolism of the cells.

The electron dense inclusions are particularly numerous in the 'pseudobranch
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type' cells which give an increased staining reaction to the Sudan

black B test for lipids, compared with normal cells. I+t is interesting
to note the appearance of similar inclusions in the 'pseudobranch type!
cells of trout after injection of the carbonic anhydrase inhibitor,
acetazolamide, or injection of dilute hydrochloric acid. Both these
procedures are likely to cause disturbance of blood homeostasis with

changes in pH, acid-base balance and ionic composition (see later).

Pickering & Morris (1977) found similar lipid inclusions in one cell
type of the gillé of sexuzlly mature male river lampreys. These cells
(previously referred to as male glandular cells (Morris 1957)) showed some
ultrastructural characteristics in common with ion transporting cells but
were readily distiguished by large lipid structwes with electron lucent
centres. In the present study the electron dense inclusions often
contained an electron lucent centre, although, as Pickering & Morris (1977)
pointed out, this may represent a fixation artefact. They found that
cells containing 1lipid droplets were only found in sexuzlly mature males
at spawning time, and not in sexually mature females. However they éould
find no evidence to support the hypothesis that these cells secrete some
substance of sexual significance presumably connected with spawning
(Morris 1957). They suggested that this cell type is involved in ion
transport and that the appearance of a different male cell might be due
to differences in the ion regulatory proverties of male and female river
lampreys at this time. In this connection it was found that the blood

¢rum of the sexually mature male had a significgntly higher chloride level
and osmotic pressure than the female. The levels of sodium however were
sinilar.

In the osmotically stressed 'pseudobranch type' cells the }ipid
droplets are found mainly in the apical region of the cell, with some very

close to the apical cell membrane. Some droplets appeared to be in the
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procegss of being secreted from the cell, a possibility reinforced by the
appearance of lipid droplets in the interstitial and extracellular spaces
between 'pseudobranch type' cells. The surrounding of the larger droplets
by membranous profiles of smooth endoplasmic reticulum, abundant ribosomes
and glycogen particles is similar to that seen in cells of endocrine glands
which synthesise steroid hormones (e.g. cells of the adrenal cortex,
interstitial cells of testis) (Sabatini & De Robertis 1961; Luse, 1967;
Yoshimura, Harumiya, Suzuki, Totsuka, 1968; Long & Jones 1967; Christensen
& Gillim, 1969). A process of endoﬁlasmocrine secretion has been described
in these cells (Rhodin 1974), whereby the lipid droplets grandually reach
the cell membrane which fuses with the outer casing of smooth endeplasmic
reticulum and the contents of the lipid droplet are discharged into the
extracellular space. The synthesis of hormones is probably accomplished

by a co-operaticn of the smooth endoplasmic reticulum, the mitoéchondria

and the lipid droplets. Many of the enzymes required for this synthesis
are located in the mitochondria and the smooth endoplasmic reticulum,
whereas the cholesterol, the cholesterol esters, and.pOSsibly some of the
intermediate hormone precursors are localised in the lipid droplets. The
intimate contact between the smooth endoplasmic reticulum, the lipid
droplets and the mitochondria facilitates the exchange of enzymes and

intermediate products in this synthesis (Rhodin 1974).

It is possible that the appearance of lipid droplets in the
'pseudobranch type' cells of'osmotically stressed fish or in cells of
sexually mature, male river lampreys is due to the production of a steroid
or steroiﬁ hormone by these cells in response to a change in salt regulatory
mechanisms. Steroid hormones such as the mineral .corticoids of the
adrenal cortex are known to be involved in the regulation of salt and water

metabolism (Potts & Parry 1964).



Pogsible support fo; thig idea is provided by the staining reaction
of normal, carp 'pseudobranch type! cells during prolonged immersion in
osmium at 40°C. Osmium tetroxide is deposited selectively within the
Golgi apparatus, endoplasmic reticulum and nuclear envelope of the
'pseudobranch type' cells. Friend & Brassil (1970) found selective
staining of the Golgi complex and endoplagsmic reticulum in the zona
fasciulata cells of the rat adrenal cortex and proposed that 1t was due to
the retention and staining of steroids and their intermediary products.
They noted similar and consistent gstaining patterns in other cells concerned
with cholesterol and steroid biosynthesis, in the corpofa lutea, testis

interstitial cells, hepatocytes and intestinal abscrptive epithelia.

Osmium staining showed the 'pseudobranch type' cells to have an
extensive but scattered Golgi apparatus and smcoth endoplasmic reticulum.
The densest staining reaction occured in the dark (stage 3) cells.

These cells also contain large numbers of glycogen particles packed close
to thehtubular membranes surrounding the mitochondria. This raises the
possibility of these cells acting as a high energy soﬁrce ready to take

part in some metabolically active function.

Parry & Holliday (1960) suggested that the relationship between the
pseudobranch and the eye could be explained in terms of an endocrine
function for the pseudobranch, related to the control of chromatophores
in the skin. They proposed that the pseudobranch produces, or activates,
a hormone affecting the chromatophores, and that entry of this hormone into
the general circulation is controlled by the choroid gland. The amount
of hormone in the circulation is controlled by the state of the capillaries
in the choroid gland; when fully dilated there is 2 maximal blood flow
from the pseudobranch intec the general circulation and the fish is pale;
when the capillaries are fully contracted the circulation through the
pseudobranch ig restricted and the amount of hormone in the general

circulation is thus low, and the fish is dark. Thus in thig double system,
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the pseudobranch can be regarded as a self replenishing reservoir of
hormone and the choroid gland is the 'tap' which can be opened or closed

to a varying degree. The control of the 'tap! might well be in the amount
of incident light falling on the retina, with or without pituitary
intervention. Fish in the dark or blinded fish are then dark because

of the associated restriction of the amount of hormone released into the
circulation. They supported this hypothesis by presenting evidence to
show that injection of homogenised pseudobranch extract into pseudobranch-
ectomised trout caused various degrees of temporary local paling around

the site of injection and isolated chromatophores contracted when placed

in saline extracts of horse mackerel and cod pseudobranchs. Extracts

of fin, spleen and gill tips failed to cause a similar response. This
would suggest that the pseudobranch contains a substance capable of causing

contraction of fish melanophores.,

The coordinating systems for colour changes in fish show great
diversity (Fujii 1969). In some fish, blood borne hormones are believed
to be predominently responsible for pigment movements, while in others the
pigment cells are solely regulated by nerves. Between these two extremes
there are many exaiples where both ﬁeural and humoral mechanisms are
working, although the latter is generally subservient to the former (Parker
1948). The pituitary gland is strongly implicated in humoral contfol of
chromatophores. Extracts of teleostean pituitaries affect the digtribution
of pigment in both the melanophoreé and erythropores of fish (Pickford &
Atz, 1957). It has been proposed that two antagonistic melanotrophic
hormones are secreted by the fish pituitary; one (M.S.H., melanophore-
stimulating hormone, intermedin) causing melamophore dispersion, the other
(M.C.H., melanophore-concentrating hormone) inducing melanin concentration
in the middle of ‘the pigment cell (Pickford & Atz, 1957; Waring 1963).
Other workers congsider the experimgntal data to be explicable in terms of

only one hormone (Kent 1961).  Apart from the pituitary gland another
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endocrine organ which might be involved in chromatophore coatrol is the
pineal. Lerner and Case (1960) isolated a potent bleaching agent for

frog skin from bovine pineal glands and called it melatonin. Its chemical
gtructure is N-acetyl-5-methoxytryptamine, being closely related to
serotonin (5-hydroxytryptaﬁine). Healey and Ross (1966) observed that
malatonin caused paling of black adapted Phoxinué, while Fundulug and

Caragsius caragssius were little affected (Fujii 1969).

It is possible that a third alternative is provided by the pseudobranch
which may produce or activate a substance similar to the proposed pituitary
M.C.H. or pineal melatonin which is necessary for maintenance of the pale
colour phase in some teleogts. However, the temporary local paling
caused by injection of pseudebranch extracts into pseudobranchectomised
fish may cause a misleading interpretation of pseudobranch-mediated
chromatophore control since many substances are known to cause contraction
of melanophores, although apparently not specifically evolved for this

+

purpose. Thus many alkaline and alkaline earth lons such as K%, Rb ,

Cs+, NH4++, Bé+ and Sr' are generally effective enough to induce melanin
aggregation (Spaeth 191%; Kamada & Kimosita, 1944; Fujii, 1959; Watanabe,
Naitoh & Tsuchiya, 1965). In some fish Ca and Mg can aggregate melanin

while in others they are less potent (Watanabe et al, 1965). Fujii (1959)
ezpressed the view that potassium chloride acts on the melanophore synapses

promoting the liberation of monoamine content, although,K% also has some

effect on the melanophore by lowering its membrare polarisation.

Many hormonal substances other thgn M.S.H. or M.C.H. are known to
affect the state of fish chromatophores either in vive or in vitro,
(Fujii, 1969). Robertson (1951) indicated that extracts of mammalian

thyreid gland caused marked aggregation of melanophores of rainbow trout.

The melanogome aggregation resulting from the action of adrenalin is

well known (Parker, 1948; Fujii, 1961), and is probably due to its action
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on melanophore adrenergic receptors (Fujii & Miyashita, 1975). Nor -
adrenalin is also effective in causing melanosome aggregation (Fujii, 1961;
Fange 1962; Healey & Ross, 1966; Scheline, 1963). Dopamine is extremely
active in indwing pigment aggregation (Scott 1965). The paling effects

of dopamine and other sympathominetic drugs including ephedine and tyramine
were shown by injecting them into dark adapted minnows (Healey & Ross 1966).
5-Hydroxytryptamine (Serotonin) has also been reported to have melanin
agsregating properties (Scheline 1963; Scott 1965). Lange (1973)
suggested that the covered pseudobranch of the cod is responsible for the
formation and possibly the storage of S5-hydroxytryptamine (5 HT) or a
closely related substénce. This was based on the observation of argentaffin
and argyrophil granules in acidophilic cells of carcinoid-like tumours in
the cod pseudobranch which Lange (1973) believed these to arise from the
acidophilic cells of the pseudbbranch. She suggested that these cells
were analagous to Kulchitsky or enterochromaffin cells. However in this
study no evidence of secretory granules could be found in the !'pseudobranch

type' cells of the closely related poliack or any other fish,

The ability of pseudobranch extracts to cause paling of pseudobranch-
ectomised fish and inability of gill tissue to cause the same effect
suggests that a melanophore concentrating substance is produced by the
'pseudobranch type' cells since these are absent from gill tissue,

However another possibility is that contraction of melanophores i1s caused
by catecholamines circulating in the blood of the pseudobranch, although
similar levels would be expected in the gill blood which supplies the
pseudobranch. Obviously more work is needed to try to isolate the

pseudeobranch compenent responsible for contraction of chromatophores.

The darkening 6f fish after removal of the pseudobranchs probably

has a far simpler explanation than endocrine control of chromatophores.

159




Bilateral pseudobranchectomy causes permanent blindness in fish (Vialli
1926; Denton & Saunders 1972; Ballintijn, Beatty & Saunders 1977)

with obvious effects on colour control. This operation causes interruption
of the blood supply t; the choroid rete mirabile, with a consequent
dramatic decrease in oxygen %ension in the e&e (Ballintijn et al 1977).
There is also a gradual loss of visual pigment which suggests that visual
pigment regeneration is ultimately dependent on a céntinual blood supply
from the choroidArete and quite possibly on the high ocular oxygen
tensions associated with this supply. It is not known whether it is =z
prolongéd lack of oxygen or the general loss of other essential blood
borne factors that is responsible for the decrease in the capacity to
regenerate visual pigment. Also the initial cause of blindness and
resultant body darkening following bilateral pseudobranchectomy (B.P.) is
unknown. In this study B.P. fish were very dark and blind, as judged

by their behaviour (see Denton & Sanders 1972) within 1 to 2 hours, but
Ballintijn et al (1977) found that a substantial amount of visual pigment
8%11]1 regenerated at this time. This suggests that the initial blindness
and resulting body darkening is caused by an impairment of retinal
function other than a loss of ability to regenerate pigment AUring the

vigual cycle.

Unilateral pseudobranchectomy does not cause blindness or body
darkening since there is 2 connection between the left and right efferent
pseudcbranchial vessels. Thus the choroid rete of the ipsilateral eye
can receive blood from the contralateral pseudobranch following unilateral
pseudobranchectomy., This inter-connection is responsible for normal
oxygen tensions being maintained in both eyes of unilaterally pseudobranch-

ectomised fish (Ballintijn et al 1977).

A functional relationship between the pseudobranch and the eye has

been implied from siudies in which removal of the eyes or keeping fish in
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darkness for long periods of time resulted in a reduction in the size of

the pseudobranch (Pflugfelder 1952). Harb & Copeland (1974) found that.
fish kept in constant light for 7 days or constant darkness for 28 days
showed some rearrangement of the mitochondrial cristae of pseudobranch

cells into rows of helices. This rearrangement was far more pronounced

and organised in fish kept in constant light for 28 days. They interpreted
this highly organised arrangement to indicate a specialized metabolic
activity different from the usual function of the mitochondria in the

pseudobranch.

Wittenberg & Haedrich (1974) believed that the pattern of occurence
of the pseudobranch among salt, brackish and freshwater fishes provides
a clue to the functional relationship between the pseudobranch and the
¢horoid rete mirabile. With few exceptions, marine teleosts which lack
a pseudobranch also lack the choroid rete. All fish in which the choroid
rete mirabile is well developed but the pseudobranch is absent inhabit
fresh water e.g. OsteOglossiformeé (Wittenberg & Haedrich 1974). The
E.opiformes, all of which have powerfully developed choroid retia, show
a striking gradation in the size'of the pseudobranch. Those species
which are primarily marine have conspicuous, large pseudobranchs whilst
species from brackish or freshwater have very small or minute pseudobranchs.
This led Wittenberg and Haedrich (1974) to infer that a function of the
pseudobranch which is required.for the operation of the choroid rete
mirabile may be dispensed with in freshwater. A comparison of the
structure of pseudotranchs from freshwater and seawater fish may give a

clue to this funetion, and the possible functional elements involved,

The basic struciture and vasculature of the pseudobranchs of freshwater
and seawater teleosts are very similar, the most obvious difference being
that seawater fish usually have 'free' or 'semi free! secondary lamellae

to allow the 'chloride type' cells access to the external environment.
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Since freshwater fish generally lack 'chloride type' cells it may be
possible to ascribe a function to these cells which is necessary to the

choroid rete mirabile of seawater fish.,

Wittenberg & Haedrich (1974) suggested that the pseudobranch affects
a forced exchangelof blood bicarbonate ion for external chloride ion.
‘The pseudobranch of a marine teleost carrying out a bicarbonate/chloride
exchange could reduce total blood carbon dioxide to a level which when
multiplied in the counter current system of the choroid rete would not
be damaging. In freshwater such exchange would be limited by the
available chloride, and the pseudobranch could be @ispensed with as it

has been in some groups.

However this suggestion encounters a number of difficulties since
an exchange of external chloride ion for internal bicarbonate ion is
only likely in freshwater fish, where there is a net absorption of chloride
iong (Maetz 1971). Such a process is described by Maetz & Romeu (1964),
Romeu & Maetz (1964) and De Renzis & Maetz (1973) in the gill of the
goldfish, and by Kersetter and Kirschner (1972) in the trout gili, This
~exchange is presumably dependent on cells having access to the surrounding
water., In the gills of freshwater fish it is probably the 'chloride'
cells which carry out this exchange but it is difficult to envisage such
a process in the pseudobranchs of freshwater fish which usually lack

'chloride type! cells and have no contact with the ambient water,

An exchange of external chloride for blood bicarbonate ion is not
likely in the 'chloride' cells of seawater fish since there is a net
secretion of chloride, with the morelikely exchange of cell bicarbonate
ion for blood chloride ion (Maetz 1971; Maetz & Bornancin 1975). The
‘chloride type' cells, therefore, are likely to alter the ionic composition

cf blood flowing through the pseudobranch, but for reasons other than those

162




suggested by ﬁittenberg & Haedrich (1974). Thus it does not rule out
the possibility that these cells are needed as an integral part of tﬁe
pseudobranch/choroid rete mirabile relationship in seawater fish. Even
s0 it seems unlikely that the function of the 'chloride type! cells of
the pseudobranch is needed solely as a requisite of the choroid rete
mirabile since this organ is missing in the seawater Myctophidae which
have well developed pseudobranchs. Although Wittenberg and Haedrich (1974)
did not.note the presence or absence of 'chloride type' cells, they
described them as having conspicuocus gill-like pseudobranchs which would
suggest that they do possess 'chloride type' cells., This would indicate
that the ‘chloride type' cells have other functions unconcerned with the
choroid rete,. If in fact the Myctophidae do possess 'chloride type!
cells it would be interesting to see if they contain the saccular network

found in 'chloride type' cells of other pseudobranchs.

The idea of pseudobranch 'chloride type' cells being necessary for
thé functioning of the choroid rete mirabile encounters further difficulties
when one considers such seawater fish as the pollack and garfish which
both possess choroid retes but were found to have buried pseudobranchs
without 'chloride type' cells. It seems therefore that the 'chloride
type' cell is not the essential functional element of the pseudobranch
required for the operation of the choroid rete mirabile although its
possible role in ionic regulgtion of the blood is likely to be of some

importance to this organ.

The one element common to all teleost pseudobranchs is the specific
' pseudobranch type' cell so one has to lock at the possibility of this
cell modifying the blood flowing to the chorcid rete mirabile. The
position of the 'pseudobranch type' cells in the pseudobranch is ideally
situated for such a role since all blood entering the ophthalmic artery

has first to pass between these cells. However the presence of a
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pseudobranch when the choroid rete is absent (e.g. in Myctophidae) argues
againgt this as the sole function of the 'pseudobranch type' cell. Further-
more, the 'pseudobranch type' cell is not in contact with the surrounding
water, so it does not fit in with Wittenberg & Haedrich's (1974) original
concept that external chloride is exchanged for internal bicarbonate. They
suggested that in 'buried' pseudobranchs, material exchange might occur with
the systemic blood of the surrounding tissues rather than the external water.
The question then arises as to what material exchange is possible without
accegs to the external water. If Wittenberg & Haedrich's idea of reducing
total blood carbon dioxide is to be fulfilled then carbon dioxide and

bicarbonate ions would have to be removed by the 'pseudobranch type' cells.

3

the 'pseudobranch type' cell has no access ito a supply of external chloride

A C17/HCO, exchange across the blood barrier does not seem likely since
ions. In the present study no significant amount of chloride was found
~in the pseudobranch type cells although a small amount of silver chloride
reaction product was found at the anti-vascular pole of gsome cells in the
bass. Conceivably this could be due to chloride in the small extracellular

spaces between the epithelial and 'pseudobranch type' cells.

Ion transport in many epithelial cells is highly dependent on the
enzyme carbonic anhydrase which has a central role in.the produbtion of H
and HCOE from the dehydration of carbonic acid formed from the hydration
of GO, (Maetz 1956, 1971). High levels of carbonic anhydrase have been
found in the pseudobranch by Leiner (1940), Sobotké & Kann (1941) and
Maestz (1956). The histochemical localisgtion of this enzyme in the
pseudobrancl. has been reported by Vervoort (1958) and Laurent et al (1969).
Vervoort found that the enzyme activity was restricted to the granular
fraction {mitochondria?) of the acidophil cell cytoplasm and the nuclel of

the erthyrocytes. Laurent et al reported localisation of carbonic anhydrase

at the vascular pole of the pseudobranch cells. They suggested that the
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carbonic anhydrase activity is related to the tubules opening on the

vagcular side of these cells., The present study supports this view by
providing histochemical evidence -at the ultrastructural level for |
localisation of enzyme activity associated with the tubular membranes at

the vascular pole of the 'pseudobranch type' cell. Such a location suggests
the involvement of carbonic anhydrase in an e%change of materials between

the tubules and the blood across the basement membrane.

Another possibility is that carbonic anhydrase is secreted by the
'pseudobranch type! cell. The enzyme has heen implicated as having a
role in oxygen secretion since it is found in large concentrations in
sbtructures involved in oxygen secretion, These include the choroid rete
mirabile (Leiner 1939, 1940; Leiner and Leiner 1940; Maetz 1956; Hoffert
1966), the pigment cell layer of the teleost retina (Leiner 193%9; Maetz
1956), the swimbladder rete mirabile (Fange, 1950, 1966; Maren 1962) and
the gas gland of the swimbladder (Fange 1953). Significantly the
pséudobranch of elasmobranchs which have no choroid rete, lacks this enzyme
(Leiner 1939). They also lack 'pseudobranch type' cells (Wittenberg &

Haedrich 1974) which may explain the absence of this enéyme.

Since the pseudobranch vegsels are in series with those of the choroid
rete mirabile, any carbonic anhydrase secreted by the pseudobranch could
be available for the oxygen concentrating mechanism of the eye. However,
Maetz (1956) reported no difference in the concentration of carboniec
anhydrase in the afferent and efferent bdlood going to or from the pseudo-

branch, and concluded that it does not secrete this enzyme.

Injection of acetazolamide, the specific inhibitor of carbonic anhydrase
produces a number of effects incluwding darkening and blinding of the fish
(Ballintijn et al 1977), cessation of active secretion of oxygen in the eye
(Fairbanks et al 1969; Ballintijn et al 1977), and a decrease in the pH

of the vitreous humor of the eye (Maetz 1956). Maetz measured the pE in
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the vitreous humor in the retina of the perch (Perca fluviatilis)

foliowing injection of acetazolamide and found decreases in pH from 7.6

té 6.9 in an hour, and to 6,6 after 12 hours. Presumably what happens

on loss of carbonic anhydrase activity due to the action of the inhibitor,
is that tissue and blood PCO2 increase. This increase, together with the
concentrating effect of the choroid rete presumably results in a lowered

pH. This drop in pH impairs retinal function and the fish becomes blind.
Wittenberg and Haedrich (1974) cited this experiment in support of their
hypothesis that the pseudobranch acts in consort with the choroid rete
mirabile to create a high oxygen concentration at the retina Witﬁout
simultaneously accumulating an excessive concentration of carbon dioxide.
However the drop in pH of the vitreous humor is not necegsarily due to
inhibition of the pseudobranch carbonic anhydrase since the retinal and
ciioroidal carbonic anhydrases would also be inhibited. In addition the
kinetics of gas exchange in the red blood cells (Berg & Steen 1968) would

be affected at the gill, pseudobranch and choroid fete. It is not clear
whéther the factors causing blindness are brought about by oxygen deficiency
or pH changes. The influence is reversible initially because recovery
occurs in acetazolamide-injected fish (Ballintijn et al 1977). Pairbanks
et al (1974) did not attribute the rapid suppression‘of the ocular oxygen
concentrating mechanism to inhibition of pseudobranch carbonic anhydrase.
Even though they found the carbonic anhydrase inhibitor CI-11,366
(2-benzenesulfonamido—l, 3, 4 thiodiazole—5-sulfonamide) in the pseudobranch
concurrent with early suppression of oxygen coﬁcentration, none was detected
10 minutes after injection, and at ﬁhis time the concentrating mechanism

remained suppressed.

No previous attempt has been made to describe ultrastructural changes
in thé pseudobranch following injection of acetazolamide. Intramuscular

injection of 1 - 5 mg/kg ofacetazolamide caused obvious ultrastructural
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changes in the 'pseudobranch type' cells of the trout pseudobranch. Thege
changes were present in fish examined after 4 hours, were more pronounced
after 24 hours, but had virtually disappeared by 96 hours. This was
concurrent with body darkening and blinding of the fish which started within
an hour of injecting 5 mg/kg of acetazolamide but disappeared within 72 -

96 hoursg.

The changes in the 'pseudobranch type' cells probably do not reflect
a direct effect of the inhibition of pseudobranch carbénic anhydrase since
the inhibitor is likely to have disappeared from the pseudobranch within
10 minutes (Fairbanks & Hoffert 1974). The ultrastructural changes,
rounding of mitochondria, appearance of lipid droplets and cavuolation of
the c¢ytoplasm are sgimilar to changes following exposure to_rapid changes
in osmotic environment, or injection of BCl. These effects are most
likely due to changes in the interconnecting factors of pH, acid base
balance and ionic composition of the blood. Hoffert and Fromm (1973)
found that 24 hours after injection of acetazolamide into rainbow trout
there was a significant decrease in blood pH (7.47 - 7.12) and a very
large increase in pC0,, (3.8 - 17.6 mm Hg). However there was no
significant change in p02, oxygen content or the oxygen dissociation curve

for whole blood.

As well as inhibiting pseudobranch carbonic anhydrase, acetazolamide
would also cause inhibition of erthrocyte and branchial carbonic anhydrase
with resultant effects on CO2 excretion and salt transport at the gills.
There is some likelihood that carbonic anhydrase may play, in freshweter
adapted salmonids, the central ionoregulatory role which is commonly -
attributed to the Na{+/K+ ATPase system under marine conditions (Houston
& McCarty 1978). Support for this idea is given by Kersetter and Keeler
(1976) who found that ouabain perfusion in situ rainbow trout gill
preparétions has little effect upon sodium influx. Acetazolamide perfusion,

however, significantly reduced the uptake of this ion. This is probably
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due to the blocking of carbonic anhydrase catalysed H production with the
consequent inhibition of any H+/Nai+ exchange and failure to.convert NH3 to

NHZ prior to NH;7Na+ exchange. By a similar token, inhibition of carbonic

anhydrase catalysed HCO3— production might be expected to affect C1™/HCO

3
exchange, However Kersetter and Kirschner (1972) found that acetazmolamide

has no apparent effect on chloride influx in the rainbow trout gill, and

3 exchange exists in the trout gill, sufficient

HCO3_ can be supplied by the blood. On the other hand, inhibition of both

sodium and chloride uptake by acetazolamide was reported in the goldfish by

suggested that if a C1™ /HCO

Maetz (1956). This conflicting data suggests that in the goldfish

3

002 entering the gill epithelium from the blood, whilst in the trout the

¢1"/HCO

exchangeable HCO, 1is produced by carbonic anhydrase mediated hydration of

3— exchange mechanism is driven by transepithelial diffusion of blood

bicarbonate or by a coupled C1™/HCO

3
nutrient membrane of the 'chloride! cell, neither of which is dependent on

exchange system located at the

czrbonic anhydrase.

More recently Haswell & Randall (1976) suggested that branchial
carbonic anhydrase may be utilised to convert plasma bicarbonate to 002 in
the trout gill. The principal pathway for 002 excretion has previously
been agsumed to be via a movement of plasma bicarbonate into the red blood
cells where the intracellular carbonic anhydrase rapidly generates 002
which then diffuses out following ifs concentrafion gradient at the gills,
However Haswell & Randall (i976) found that bicarbonate in the plasma of
trout cannot be readily converted to 002 via the red blood cell due to
the presence of a plasma inhibitor. Instead plasma bicdarbonate may be
excreted by movement into the gill epithelium where carbonic anhydrase

could catalyse the production of CO2 prior to excretion.

None of the functions proposed for branchial carbonic anhydrase seems

likely for the 'pseudobranch type' cells since they do not have an external
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supply of exchangeable chloride ions, or an apparent pathway for excretion

of CO It is possible that a certain amount of CO, can diffuse across

2* 2

the covering layer of epithelial cells in "free! and "semi-free' pseudobranchs
although the average length of the water-blood barrier (12 - 14/u) is
considerably greater than in the gills of most teleosts (Hughes & Morgan
1973). Furthermore, diffusion of ions or gases is highly unlikely in

covered or buried pseudobranchs because of the far greater diffusion

distance involved.

Laurent et al (1968) suggested a function for carbonic anhydrase
related to the possible chemoreceptor role of the pseudobranch. They also
demonstrated carbonic anhydrase activity in the chemoreceptor aréas of
rabbit carotid body and frog carotid labyrinth, and suggested that this
enzyme may be necessafy in systems monitoring bléod pH and/or carbon dioxide.
Lzurent (1969) demonstrated changes in membrane potential with changes in
the pH of perfusing solution and suggested that this was consistent with
ionic exchanges between the pseudobranch type cells and extracellular
spaces where afferent nerve endings were located. He found that reduction
of pH lowered the membrane potential and led to a redistribution of g
(2 pogsible activating agent of afferent fibres). Laurent & Rouzeau
(1972) found that inhibition of carbonic anhydrase, in the presence or
absence of exogenous COZ’ caused submaximal stimulation of receptors
accompanied by desensitizaticn of the receptors to éhanges in pH (H# ions).
They suggested that this was due to intracellular_accumulation of E ions
which are interchangeable with K and consequently affects the redistribution
of this ion between the intra and extracellular milieu. In the present
study inhibition of carbon anhydrase activity caused a small but significant
increase in nervous activity which was raised slightly bty lowering the pH
from 7.8 to 7.0. However this was not significant and agrees with Laurent

& Rouzeau's (1972) findings of a densensitization to H ions.
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Laurent (1974) suggested that an ionic pump is the most likely mechanism
to explain tﬁe movement of ions across the membrane. In support of this,
cytochemical (Laurent et al 1968) and biochemical evidence (Bonnet et al
1973) has been produced to show a very large Naf/K% ATPase activity of a
particular type in this membrane. The present study adds further support
for this suggestion with the subcellular localisation of ATPase activity at
the anti-vascular membrane of the 'pseudobranch type'! cell. However due
to the ouabain insensitivity of the reaction used (Wachstein-Meigsel Pb
capture) its interpretation as Na' /K ATPase is open to dispute. There
have been many srguments on the validity of the Wachstein-Meisel method
for.ﬁistochemical demonstration of ATPase activity (Rosenthal, Moses,

Beaver and Schuffman, 1966; Moses, Rosenthal, Beaver and Schuffman 1966;
Moses and Rosenthal 1967; Novikoff 1967; Hori 1968), The lead ions in
the incubation medium cause non-enzymatic hydrolysis of nucleoside phosphates
and it results in the production of lead phosphate crystals on plasma
membranes (Rosenthal et al 1966). To try and prevent this an incubation
medium containing ATP concentrations 2.5 tiﬁes that of lead was used (after
Shirai 1972). Another disadvantage is that fixation of tissues with
various aldehydes and the high concentration of lead ions markedly inhibits
total ATPase activity, especially Né+/K+ ATPase (Moses et al 1966; Marchesi
& Palade 1967). Recently ouabain sensitive Na+/K+ ATPgase activity has been
demonstrated in the tubular system of the gill (Hootman & Philpott 1979),
using the p-Nitrophenyl phosphate, Strontium captive methed of Ernst (1972
a&b). This method appears to provide increased resolution and specificity
of reaction product through manifestation of Né+/K% ATPase as K% NPPase,
Clearly this method would be of use for localization of this enzyme in the
pseudobranch.

ATPage gctivity has been found associated with the cell membrane of the
carotid body parenchymal cells (Nada & Ulano 1972) as well as in other
receptors (Kuijpers, van der Vleuten & Bonting 1967; Smith, Stell, Brown
Freeman & Murray 1968; Iwayama 1969). Iwayama (1969) assumed that the

ATPase in the gustatory regions was implicated in the active transport of
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cations across cell membranes. Nada & Ulano (1972) suggested that ATPase
in the carotid body may participate in the active transport of catechol-
amines across cell membranes. They cited evidence for uptake of the
catecholamines dl1- noradrenaline and b—hydroxydopémine by carotid body
parenchymal cells and suggested this was similar to uptake of thesé
naterials by adrenergic nerve terminals using a membrane transport mechanism
(Malmfors 1967; Tranzer and Thoenen 1968). Such a mechanism does not seem
likely in ‘'pseudobranch type' cells which do not contain storage granules

typical of catecholamine containing cells.

Krylov and Anichkov (1968) recorded an increase in the electrical
activity of the sinus nerve of carotid body through perfusion of ATP with
Ringer solution, and suggested the direct participation of ATP in the
process of stimulation. Thus any metabolic changes affecting the synthesis
of ATP would be likely to affect the receptors. The effects of 2-4
dinitrophenol on the nervous activity of perfused trout pseudobranch are
interesting in this respect. The drug has a diphasic affect, stimulating

9 and 10_7M, and stimulating then inhibiting between 10"'6 and

between 10~
10-4M. The action of 2-4 dinitrophenol by s¢ called uncbupling of
oxidative phorphorylation is probably linked tc the inhibition of ATP
gsynthesis. The stinulating effects of this drug at low éoncentrations may
be associated with a reduction in the synthesis of ATP necessary for the
proposed Na' /K ATPase ionic pump, and a consequent slowing down Qf the
PULp. Complete blocking of ATP synthesis by high concentrations of the
drug eventually results in disappearance of nervous activity. Thus it
follows that metabolic changes within the ‘'psz.adobranch type' cells may

well serve to modify the responses of associated receptors to blood borne

stimuli such as pH, pCO2, pO2 and lon content.

The high metabolie activity of the 'pseudobranch type! cells is

reflected by the high levels of succinic dehydrogenase in these cells.
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The staining reaction for succinic dehydrogenase was even more intenée

in the 'pseudobranch type' cell than the 'chloride type' cell, The
reaction was localised in the central and basal regions of the cell,
corresponding to the pogition of the abundant mitochondria. Other evidence
of high metabolic activity is provided by Hoffert and Fromm (1970) who

found that glucose utilisation by the trout pseudobranch is comparable

to that of retinal tissue, which is considered one of the most metabolically
active tissues in the body. In contrast to the retina the pseudobranch
shiowed a much lower production of lactic acid and a much higher percentage
of glucose oxidised through the tricarboxylic and (T.C.A.) cycie° The
oxidative T.C.A. ¢ycle would be expected to operéte in the pseudobranch
since its blood supply comes directly from the first gill arch, and therefore
contains a maximum amount of oxygen. The pseudobranch was also found to
have about 100% greater metabolic activity than gill tissue. Comparison

of the glucose/lactate ratios for gill and pseudobranch indicates that much
more glucose is metabolized via the Embden-Mehyerof (E.M.) pathway in the
gill. The appearance of abundant glycogen and lipid droplets in the
'pseudobranch type' cells during osmotic stress could be due to disturbance
of normal carbohydrate metsabolism, with glgcose being converted to glycogen
and fat instead of providing energy for the normal metabolic activity of

these cells.

Although it is obvious that the 'pseudobranch type' cell is a highly
active cell which may be involved in a number of functions it is clear
that an unequivocal explanation of these is far from being resolved. The
problem is further complicated when one considers the large vacuole-like
structures found in some of these cells. These structures have not been
reported previously in 'pseudobranch type' cells which raises the possibility
that they are artefacts. However a number of observations argue against

this. Preservation of other cellular components was generally very good,
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with no swelling or contraction of membranes, and apparentiy normal
mitochondria which are usually a good indicator of any cell damage. Also
vacuoles were not found in other cell types. Furthermore the wacuoles
were enclosed by a definite membrane with a closely associated dense,
fibrous cytoplasmic material and bundles of cytoplasmic filaments. In
epithelial cells, intracellular filaments are generally thought of as
cytoskeletal elements providing the cell with rigidity, as well as tensile
strength and resilience. While this may provide one explanation for their
presence in the 'pseudobranch type'! cell, it is also possible that they
have contractile properties similar to the myofilaments of muscle cells.
This possibility raises interesting questions in regard to their close
association with the vacuoles of 'pgeudobranch type' cells, Are these
vacuoles capable of expanding and contracting and if so do the filaments
have any control over the amount and/or speed of contraction, or do they
merely serve as supporting structures for changes in shape of the cell?
The contents of the vacuoles are unknown and appear clear uﬁder the electron
microscope apart from a few small, clear vesicles., It is possible that
the vacuoles respond to changes in the osmotic pressure of fhe blood by
swelling or contracting due to the addition or removal of water from the
cell. A decrease in osmotic pressure would promote uptake of water by
the 'pseudobranch_type; cell with consequent swelling of the cell, There
are no apparent continuities between the vacuoles and the tubular system
or endoplasmic reticulum s¢ any water movement in or out of the vacuole
would most likely be due to differences in osmotic pressure between the
vacuole and cell cytoplasm, Such a mechanism may provide a role for
these cells in osmoreception. Afferent nerve activity increased with.
decreasing osmotic pressure of perfusing solutions below the normal
considered value of 270 mOsm., but was little affected by increasing osmotic
pressure above this value. Nerve endings near the 'pseudobranch type!

cell may act as pressure receptors which gre affected by the swelling of

175




these cells at low osmotic pressure. No obvious receptor structures were
found in association with 'pseudobranch type!' cells so it is 1ikeiy that

such receptors would be free nerve endings of fibres running in the
interstitial tissue between the 'pseudobranch type' cells. The interstitial
tissue is extremely fibrous in nature so the expansion or contraction of

this tissue in relation to contréction or swelling of the 'pseudobranch

type' cells may provide the necessary pressure stimulus for these receptors.
This functional concept of pseudobranch osmoreceptors is similar to that
proposed for mammalian 6smoreceptors by Verney (1947). He suggested that
large vesicles in the supraoptic nucleus of the neurohypophysis- act as tiny
ogsmometers, to the surface of which are attached dendrites of the supraoptic
cell bedies. The attached endings may act as stretch receptors which
respond to changes in the osmotic pressure of the highly vascular environment,
and transmit messages to the secretory endings of the supraoptico-

hypophysial tracts.

Laurent and Rouzeau (1972) thought that pseudobranch osmoreceptors
might act in a different way. They suggested that a decrease in osmotic
oressure might act by decreasing the activity of Na /K ATPase by a similar
method proposed for the kidney (Alexander & Lee 1970). This could affect
the distribution of K between the intra and extracellular milieu with a
consequent reduction of the membrane potential of the 'pseudobranch type!
cells. The stimulating effects of K on the interlamellar receptors would
be similar to the effects caused by pH changes and hypoxia (Laurent & Rouzeau
1972). They proposed the presence of two types of interlamellar receptor
(Bl and 32); They considered that sensitivity to p02,_pH and perhaps pCQ2
were linked to the same type of receptor (Bl receptor) since saturation of
nervoug activity is achieved when one combines sevefal of these stimuli.
However a similar conclusion concerning the sensitivity to oémotic fressure

(Bz) is not evident since combination with a hypoxic stimulus lowers the
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absolute value of the nervous activity such that a combined highly hypotonic
and hypoxic solution produces activity not much higher than under normoxic
conditions. The latter observation argues against osmotic pressure
alffecting the Na+/K% ATPase ionic pump in a similar way to pH and p02 since
a combination of stimuli would be expected to cause maximum saturation of

nervous activity. In fact it appears that the p0, and osmotic pressure

2
stimuli interfere at some point in the transduction process indicating that

the response to one stimulus is dependent on correct maintenance of the other.

Despite the fact that morphological evidence of neurgl. receptors which
could intervene in osmoregulatory mechanismg is unkmown in fisﬂ; the evidence
suggests tﬁat such structures do exist. Freshwater teleosts must maintain
their internal concentration (250 - 300 m Osm ) despite a very dilute
ezternal enviornment (a few m. Osm) so activation of any alarm signal would
be expected to operate when the internal enviornment becomes hypo-osmotic.

The situation is reversed in saltwater teleosts, where the internal

environment differs little from that of freshwater fish, although they live

in a very hyper-osmotic environment (1000 m Osm). It seems possible that

the signal for alarm is activated in this case when the internal environment
tends to become hyperosmotic. Laurent & Rouzeau (1972) suggested that the
trout may posaess both systems of alarm since it may be considered as a
euryhaliﬁe species. They reported that survival of t;out, normally indefinite
in seawater (dilution by one half), doss not exceed several hours after
bilateral sectioning of the pseudobranch nerves, thus supporting the idea

of a functional relationship between the pseudobranch and osmotic regulation.
However in thzs present study there was no mortality or even apparent distress
of rainbow trout placed in diluted seawater after sectioning of the
pseudobranchial nerves. There is no obvious explanation for these conflicting
results and one can only suggest that it is due to variations in the internal

environment of the fish with age or different stages of the breeding cycle.
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Any future work should therefore take into account the age and sexual

maturity, stage in the breeding cycle, and pogsibly even the sex of the fish.

Apart from the 'pseudobranch type' cell and 'chloride type' cell the
rodlet cell has also been implicated in an osmoregulatory role. These
cells have been found in meny species of freshwater and geawater fish at
many sites throughout the body, although they tend to be most NUmerous in-
the epithelium or endothelium of sites suited for secretion into the blood,
body cavities or external milieu (Bullock 1963; Leino 1974; Morrison &
Odense 1978). The presence of large numbers in the gill, kidney and
intestinal epithelia may well imply an osmoregulatory function. Fearnhead
& Fabian (1971) suggested that rodlet cells were concerned with osmoregulation
from observations that their numbers were substantially reduced in the gills |

of Monodactylus argenteus adapted to fresh water, compared with those adapted

to seawater. In the present study although rodlet cells were normally
abundant they could not be identified in the pseudobranch of the bags after
24 hours exposure to seawater diluted 1 : 100 with freshwatef. Even after
5 hours exposure only tentative identification of rodlet cells could be made
since no cells containing rodlets were found, although a number of cells
with contracted fibrous borders were present. These results have to be
treated with caution because of the notorious variability in the numbers of
cells from fish to fish (Bannister 1966; Leino 1974). However large
numbers of rodlet cells (mean 2974 per sq mm) were found in the pseudobranch
epithelium of all bass from normal seawater, so 1t seems likely that a change
in external osmotic enviromment does cause a reduction in the numbers of
rodlet cells, although it need not be associated with osmoregnilation and

may be a stress reaction. Furthermore there has been a certain amount of
controversy as to whether these cells are in fact fish tissue cells., They

were first described by Thélohan (1892) who considered them to be parasitic

ia nature. Laguesse (1906) named them Rhabdospora thelohani, believing

them to be sporocyst stages of a sporozoan parasite. The view that these
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cells are parasites is also held by Laibach (1937); Dawe, Stanton &
Schwarz (1964); Hale (1965); Bannister (1966); Iwai (1968); Mourier
(1970) and Anderson, Roberts, MacKenzie & McVicar (1976). However, more
recent studies suggest that they are not protozoan parasites but are
integral constituents of the tissue in which they are found, and that they
may have a secretory function (Leino 1972, 1974, 1979; Desser & Lester
1975; Morrison & Odense 1978). The possiblé glandular nature of the cell
is supported by Plehn (1906; Klust (19%9); Barrington (1957); Bullock
(1963); Bishop & Odense (1966) and Wilson & Westerman (1967). Duthie
(1939) believed them to be a type of granular leucocyte , a possibility
also proposed by Weinreb & Bilstad (1955); Catton (1957) and Gohar & Latif
(1961). Flood, Nigrelli & Gennaro {1975) considered the cell to behave
as a foreign body which interacts with theepithelisl tissue of the bulbus
asteriosus. Al-Hussaini (1949) and Vickers (1962) suggested that rodlet

cells may be modified or abnormal goblet cells.

Although the sites and numbers of rodlet cells vary between and withiﬁ
specles, often according to season, crowding or ionic concentration of the
water (Leino 1974), the apparent lack-of host and tissue specificity
indicates that the cell.is not a parasite. However many observations also
appear to be inconsistent with patterns of distribution of normal tissue

cells.

Flood et al (1974) described four cell forms which appear to be phases
in the life cycle of rodlet cells. The first two phases are similar to the
immature rodlet cells described here in that the cells are not encased by
a fibrous wall and are characterised by their inclusions either crystalline
or amorphous and granular. The next stage described by Flood et gl, ig
the semi-encased stage, azlso observed by Leino (1974); Desser & Lester (1975)
and Barber, Westermann and Jensen (1979), which corresponds to the maturing

cell reported here. However, as far as is known the actual development of
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the encased stage from the pre-encased stage has not been previously
described. This phase provides strong additional evidence that the mature
rodlet cell with its fibrous cytoplasmic border does develop within the

fish tissue from a specific cell type without a fibrous horder.

The appearance of the mature cell may superficially resemble that of
s parasite but as Leino (1974) and Desser & Lester (1975) noted, the fibrous
cytoplasmic border is clearly not a cyst wall and is part of the cytoplasm,
with no mémbrane separation. Leino (1974) has also shown the presence of
desmogsomes between rodlet cells and adjacent epithelial cells, a finding
confirmed in this study. Desser & Lester {1975) observed tight junctions
between the apex of rodlet cells and adjacent epithelial cells. In
agreenent with Leino (1974) and Desser & Lester (1975), no pathological

cihanges were noted in epithelial cells closely associated with rodlet cells.

The theory that the rodlet cell has a secretory function gseems most
likely on the basis of its structure and position in most fish tissues.
Mature cells are usually found near the surface, in the epidermis or
%Eg?dermis; the rodlets have a characteristic orientation toward the apex
of the cell and the fibrous bérder may be capable of contractile activity.
During the process of maturation the rodlet cell contains a prominent
Golgi complex which is typical of certain secretory cells e.g. mucous cells.
It is especially large and prominent in cells secreting either protein or
complex carbohydrate (Rhodin 1974). The close relationship between the
granular endoplasmic reticulum and the Golgli complex in immature rodlet
cells provides a clue to the formation of rodlet sacs. The Golgi complex
may act as the assembly area for proteins produced on the ribosomes and
cirannelled by the granular endoplasmic reticulum to the Golgi region where
they are added to carbohydrate synthesised by the Golgi complex to produce
glycoprotein, which is concentrated and packaged for distribution outside

the cell.
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Morrison & Odense (1978) on the basis of their own histochemical tests
and those of previous workers, suzgested that the cell product is some form
of neutral glycoprotein, The results of this study support that theory
since rodlets were stained with the B.A.S. test to show the presence of
couplex carbohydrate but did not stain with alcian blue indicating that it

is not acidic.

At the Wltrastructural level the rodlet sacs were densely stained by
phosphotungstic acid in chromic acid at pH 0.3 after treatmemt with periodic
acid. This has been reported as a selective stain for glycéprotein
Tsuchiya & Ogawa 1973) and for sialic acid (Rambourg 1967; Rambourg;
Hernandez & Leblond 196G). It is interesting to note that the central
cores of the rodlet sacs were unstained, indicating the absence of glyco-
protein, Leino (1979) found that the central core was virtually unstained
using the periodic acid-gilver methenamine technique whereas the peripheral
material was moderately stained. Also, the central core was completely
removed by pepsin and trypsin digestion while the rest of the sac was
waffected. Leino (1979) suggested that the rodlet cell granules are
composed of two different substances (1)a protease-digestable, silver
methenamine negative core, perhaps of quite pure protein (2) a protease
resistant, silver methenamine positive periphery, perhaps rich in glycoprotein.
The function of the centrazl core remains uncertain but it may be to mainéain
the shape and rigidity of the rodlet sacs enabling easy expulsion from the

cell,

It is still not clear what trigg.ers secretion of the cell. Leino (1974)
showed rodlet cells secreting their contents with apparent contraction of the
cell and fibrous border. It is possible that mechanical damage incurred in
fixing and preparing the tissues may squeeze out the cell coﬁtents. However
the presence of microvilli-like cytoplasmic projections may indicate the

trigger mechanism by which the contents are released due to mechanical
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stimulation. Alternatively changes in osmotic pressure may cause secretion
of the rodlet sacs or even release of the whole cell as indicated by the

virtual absence of rodlet cells in bass kept in diluted seawater.

The presence of immature, mature and matﬁring rodlet cells together
indicates a continuous development of rodlet cells. As Leino (1974)
suggested they may have functions similar or complementary to mucous cells
whose secretions may be inv&lved in pH control, lubrication and antibiotic
effects. It is possible that rodlet cells produce a necessary constituent
of the glycocalyx, which containg mainly highly anionic sugars (Threadgold
1976). Sialic acid is a common constituent often linked to glycoprotein
or lipid. Because the glycocalyx is polyanionic it has a sfrong net
negative charge and attracts physiologically important cations such as
Ca2+, Mg2+, K% and Né+. The secretory product of rodlet cells may help

maintain the net negative charge of the glycocalyx and may be released in

response to a change in the external ion concentration.

It was surprising that the number of possible rodlet cell openings
found using S.E.M, was small considering the large number of these cells
seen using the T.E.M, It 1Is possible that most of the rodlet cells are
not open to the external environment but only do so to fulfil their special

Tinction.

Rodlet cells provide an interesting comparison with mucous cells in
the production, packaging and release of secretory products. It seems
likely that the presence of large numbers of rodlet cells in the bass gill
and pseudobranch epithelium is indicative of a function which may be as

.necessary to the fish as mucus production by mucous cells.

The role of specific cell types in osmoregulation may be linked to
osmoregulatory mechanisms in the pseudobranch vasculature. Vogel, V.,
Vogel, V., & Schlote (1974) suggested that arterio-venous anastomoses

(A.V.A's) of the gill may function in part as intravascular osmoreceptors.
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These structures have not been described previously in'the pseudobranch

but their discovery in the bass pseudobranch and their similarity to those
of the gill may help to elucidate their fumction. The A.V.A's of the

bass pseudobranch provide a significant arterio-venous pathway between the
efferent filament artery and the central venous sinus (C.V.S.)} which may
have more than a purely nutritive function. A nutritive arterio-venous
pathway is provided by small vessels from the primary afferent artery
which supply the tissues of the pseudobranch arch gnd filaments before being
collected in small veins which drain into the C.V.S. and pseudobranchial
velin, The pseudobranch differs from the gili in this respect since the
nutritive vessels df the gill are supplied by the efferent system. This
organisation of the nutritive system seems logical since the efferent blood
0f the gill is oxygenated and supplies the affereni blood of the pseudobranch.
This also argues against the A.V.A. pathway of the pseudobranch having a
purely nutritive function since blood in the efferent filament artery is
likely to be slightly deoxygenated aftgr passing through the secondary
lamellae of the pseudobranch. On the other hand this blood is likely to
show a changed osmolality (and ion content) after passage between the
'chloride type'-and 'pseudobranch type' cells. The presence of A.V.A's

in the bass pseudobranch but apparent dbsence in the trout pseudobranch
may be due to the closer similarity of the former to a true gill, and may
be linked to the presence of 'chloride type! cells in this type of pseudo-
branch. This might provide the link between the A.V.A. pathway and an

osmoregulatory role.

Vogel, Vogel & Schlote (1974) suggested that the blood supply to the
C.V.S. of the gill is regulated by the A.V.A's probably according to changes
in blood composition and/or blood tonicity recognised by A.V.A. cells.
AfTerent axons may transfer relevant information from this vascular ares to

tae central nervous system while efferent nerve impulses may modulate A.V.A.
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reactions. A possible chemcreceptor function of the A.V.A's has also to
be kept in mind. Though it still remains to be clarified whether the
closely associated nerves are of afferent or efferent nature, it seems
reasonable to assume that they establish an important connection between

the microvasculature and the central nervous system.

Partitioning of sodium and chloride influxes between‘a lamellar and
sinusal. route has been shown in the gills of seawater adapted trout
(3irard & Payan 1977). This confirms the current view of the gill circulation
whereby all afferent blood from the heart traverses the secondary lamellae
and is partitioned betwegn two efferent routes with arterial and venous
exits (Morgan & Tovell 1973; Vogel, Vogel &_Kremers 1973; Vogel, Vogel
& Schlote 1974; Vogel, Vogel & Pfautsch 1976; Girard & Payan 1976; Laurent
& Dunel 1976; Holbert, Boland and Qlson 1979). This separation is brought
about by the anastomogses between the efferent filament artery and the
central compartment of the filament. Whereas the arterial route distributes
the blood towards the systemic system, the venous system conéists of a

direct route to the heart.

In a recent review, Hughes (1980) indicated, on the basis of morphometric
obgervations, that the blood passing through the secondary lamellae of tench
and trout is richer in red blood cells than might have been expected. He
suggested the existence of mechanisms whereby the plasma may be skimmed off
and passes into the C.V.S. via some arterio-vencus pathway. The existance
of small numbers of A.V.A's on the afferent side of the gill circulation
hag been shown in Tilapia, rainbow trout and eel (Vogel et al, 1973;

Vozel et al, 1974; Vogél et al, 1976; Vogel 1978 a, b; Laurent & Dunel
1976), and may provide the morphological basis for such a pathway. The
openings of the anastomoses usually appear very narrow and are oftenlguarded
by fine hair-like structures which suggest that it might be difficult for

red blood cells to pass. The presence of microvilli-like extensions on
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the endothelial cells of the pseudobranch A.V.A's may reflect a similar
gituation. As to the possible functional significance of such differences
in circulatory paths for plasma and red cells, Hughes (1980) tentatively
suggested that the osmoregulatory functions may be more concerned with. the
plasma, whereas the respiratory function is more concerned with the red
cells. In the gill, this hypothesis is supported by the position of the

" red cell route (lamellar) close to the water, and the plasma pathways near
to the 'chloride' cells. However in the pseudobranch, the 'chloride type!
cells are more closely associated with the lamellar route which is furtlrer
from the water than in the gill and is less likely to be involved in
respiratory exchange, Thus there may be no need to skim off the plasma
before blood enters the pseuwdobranch secondary lamellae. An interesting
point here, is the difference between the lining of the secondary lamellae
blood channels in the gill and the pseudobranch. In the gill the flénges
of the pillar cells form an almost continuous layer beneath the basement
menbrane whereas in the pseudobranch the pillar cell flanges often take

the forﬁ of a thin fenestrated endothelium which ﬁay allow easier diffusion
of certain materials from the blood. It is uncertain if these fenestrations
belong to a true endothelium or whether the pillar cell flanges have become
mnodified in this form. It is tempting to suggest that these fenestrations
form an important pathway for plasma components in the lamellar blood of
the pseudobranch which are not found in that of the gill. This may explain
the failure to find any A.V.A's on the afferent side of the pseudobranch
circulation since separation of red blood cells and plasma would not be
desired before passage through the secondary lamellae. It is possible’
that after passgge through thg secondary lamellae, plasma is skimmed off

by the efferent A.V.A's and passes into the C.V.S. where its osmoctic
properties are monitored by sensory endings situated therein, Although

no conclusive proof of receptors in the C.V.3. has been provided there is
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a large nerve fibre population in the connective tissue and it is quite

likely that any receptors would be free endings.with no obvious specisligation.

The above hypothesis may be reasonable for the bass pseudobranch but
is less likely for the trout pseudobranch since no A.V.A's could be found
in this organ (although this dces not necessarily deny their existence).
However there may be no need to separate red blood cells and plasma in the
trout pseudobranch which lacks 'chloride type' cells and may not have a
direct osmoregulatory function. If in fact separation of these components
does occur in the trout pseudobranch, it might be wvia the alternative method
szzested for.the gill by Hughes (1980); i.e. plasma passes directly through
the walls of the afferent filament arteries and arterioles into the intra-
epithelial lymphoid spaces. Although there is no direct evidence for such
a pathway, it might be of considerable importance in the trout pseudobranch
wnich has large numbers of nerve fibres associated with extracellular spaces

in the secondary lamellse,

Clearly some interesting possibilities are available for separation
oif blood components in the pseudobranch as well as in the gill, but more
detailed morphometric studies on the pseudobranch are needed before any

conclusions can be drawn.

There seems to be some confusion in the literature on gill circulation
as to what constitutes a venous or a lymphatic system (c.f. Steen &
Kruysse 1964; Morgan & Tovell 1973; Laurent & Dumel 1976), The large
sinus-like vessel found in the pseudobranch arch appears similar to the
branchial vein described for the gills of teleosts by Lgurent and Dunel
(1976). Also it connects with the central venous sinus (C.V.S.) which
the latter considered as part of the arterio-venous system, although Steen
& Kruysse (1964) and Morgan & Tovell (1973) desciibed it as part of the
lynphatic system. 4 point in favour of the latter view is the virtual

absence of red bleod cells within the lumen of the vessel. However the
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release of catecholamines by fish upon being captured (Nakano & Tomlinson
1967) and the subsequent dilation of the arterio-arterial route may well
explain why little blood was found in the venous sinus. Furthermore

Payan & Girard (1977) showed that adrenalin csused a decrease in venous

flow probably due to closure of the A,V.A's. This was caused by an
c<—congtrictor effect on adrenoreceptdrs in this region. These mechanismg

may explain why anastomoses were often observed tightly closed and why in some

microfil preparations the C.V.S. and pseudobranchial vein were poorly filled.

The control for the opening of the A.V.A's is uncertain although it
has been suggested that they are under cholinergic influence (VOgel, Vogel
and Kremers 1975). Increased blood flow through the central compartment
of the gill is thought to be caused by the wvasoconstrictor effect of
acetylcholine on sphincters at the base of the efferent filament arteries
(Dunel & Laurent 1977; Smith 1977). The anastomoses must be open in this
case but whether it is due to a dilatory effect of acetycholine is unknmown.
At the present time no sympathetic cholinergic vasodilator effects are
known in the gystemic vasculature of teleosts and all previous observations
show only a constrictory response to acetylcholine (Reite 1969; Stray-
Pedersen 1970; Nilsson 1972; Holmgren & Nilsson 1974; Smith 1977;

Wood 1977). Since acetylcholine is only likely to be released at
neurceffector end organs and is unlikely to circulate in the blood stream
(Wood 1975) it is important to find out if any cholinergic nerve terminals
are associated with the A.V.A's. Although varicosities and naked asons
were often closely associated with cover cells, and endothelial cell
processes in the bass pseudobranch, no definits endings or synaptic contacts

were found.

In the absence of any cholinergic influence the only control for the
opening of A.V.A's may be the removal of the constrictory effect produced

by circulating catecholamines. Thus, they may open when the catecholamine
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concentration drops to a normel level and remain open until further
release of catecholamines into the blood stream, with the consequent affect
on-adrenoreceptors. In the light of current theories on adrenergic and

cnolinergic control in teleost gills, this seems the moat likely mechanism.

Pettersson & Nilsson (1979) suggested that the general effects caused
by eirculating vaso-active subgtances in the gill may be reinforced by an
autonomic innervation with its direct, rapid and festricted effects. They
found that the branchial vascular bed in the cod was controlled by both
adrenergic sympathetic (dilatory and sometimes constrictory) and cholinergic
parasympathetic (constrictory) fibres, but as yet the site of action of
theze nerves on the various effectors of the gill wvasculature is unknown.

In view of the «~constrictory effect of adrenalin on the A.V.A's of trout
(Payan & Girard 1977) and eel (Dunel & Laurent 1977) it is possible that
these structures are also controlled by adrenergic sympathetic fibres as
well as circulating catecholanmines. The structure of -the specific
endothelial cells (Type i and Type II) is interesting in this respect, since
ginilar cells in mammalian arterio-venous anastomoses, as well as those in
renal arterioles are now generally considered to be modified smooth muscle

cells (Straubesand 1953, 1958; Clara 1955; Meyer 1972).

In general, enlarged endothelial cells are reported to be papticularly
rich in cell organelles. This, along with their epitheloid shape indicates
specialised functions which may be related to regulation of either blood
flow or transvascular exchange processes (Rhodin 1967) or even synthesis
of extracellular material (Jorgensen and Claeson 1972; Nikolov & Schiebler
1973).

The type I endothelial cells on the arterial side of the A.V.A. often
bilge into the arterial lumen and possess microvilli-like extensions which
promote an increases in contact between the blood and endothelial cell

sirface. Thus these cells might analyse the passing blood and may cause
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adjustments in the luminal diameter of the anastomosis, However a
s:scretory response of the cells cannot be entirely excluded. Small numbers
0f specific endothelial granules were found in these cells, although these
granules were far more abundant in the normal endothelial cells of the
aiTerent and efferent filament arteries. They were also common in
endothelial cells at the openings of the lamellar arteriocles but were

ébsent from any cells in the secondary lamellae. Similar granules have
been described in endothelial cells of the gill filament arteries (Hughes

& Wright 1970; Morgan & Tovell 1973; Vogel, Vogel & Schlote 1974), as

well as in endothelia of the rat, man and other vertebrates (Wiebel &-Palade
1964; Santolaya & Bertini 1970; Steinsiepe & Wiebel 1970). It has been
suzgested that the granules contain a pro-coagulative substance which
becomes discharged into the vascular lumen in response to high plasma

concentrations of adrenalin (Rhodin 1974).

The possibility that A.V.A. cells may be concerned with specific
metabolic functions should also be cosidered. In mammals, metabolism of
vagsoactive peptides is mainly localized in endothelia of vessels derived,

at least partly, from the gill arches (Aiken & Vane 1970; Ryan & Smith 1973).

4,V.A's in the bass pseudobranch were only found in the efferent filament
artery although this do2s not rule out the possibility of small numbers in
the afferent filament artery. Similar results have been found in the gills

of Sglmo gairdneri and Perca fluviatilis (Vogel et al 1976; Laurent &

Dunel 1976) although small numbers of afferent A.V.A's have beea found in

Tilapia mozsambica (Vogel et al 1973; Vogel et al 1974), Anguilla anguilla

(Laurent & Dunel 1976) and Ictalurus punctatus /(Olson, Holbert & Boland
1378). The original concept of non-respiratory interaterial blood shunting
in gill filaments (Steen & Kruysse 1964) is seriously questioned by present
structural and functional evidence. Even limited afferent-effereat blood
shunting is highly improbable, as it would imply a higher blood pressure in
the C.V,S. than in the effereat filament artery. As the C.V.S. opens into
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veins it is not clear how this could be established. Therefore, blood

must be assumed to flow from the arteries, mainly efferent, to the C.V.S.

Apart from allowing a partition of blood diverted from the main
filament circulation, Laurent & Dunel (1976) suggested that the C.V.S. may
alsc have a function analagous to the cavernous tissue in the Elasmobranch
gill where the corpus cavernosum supplies additional support to the filaments
(Wright 1973). It is worth noting that the C.V.S. of the bass pseudobranch
was larger than that of the trout, perch or carp while in the latter cases
large venous sinuses were found outside the core of the filament particularly
around the afferent filament arteries., The filaments of the bass
pseudobranch are 'free' so therefore may be in need of greater support than
those in covered or buried pseudobranchs. The large extrafilamental
sinuses found in covered and buried pseudobranchs, particularly in the carp,
imply a capacity for large blood flow or volume, Thus they may provide a
means wnereby large volumes of blood can be diverted out of the pseudobranch
¢irculation. One can only surmise that such a system is necessary
to méintain ionic or osmotic balance, or reduce blood pressure or blood
flow to the ophthalmic artery. However no arterio-venous anastomoses have
been found in covered or buried pseudobranchs although such structures would
be expected to exist if biood was to be diverted rapidly to the venous
sinuses; It is possible that only very few A.V.A's are present or they
may take a different course to those in the bass pseudobranch e.g. they may
not lead directly to the C.V.S. but open into nutritive vessels, or they
may be located in the lamellar srteries rather than filament arteries.
Serial sectioning of pseudobranch filaments over a considerable distance

may be necessary to answer these questions.

The C.V.S. and its extensions may also be important in the collection
of material drained from the extracellular spaces surrounding 'chloride

type' and/or 'pseudobranch type' cells. A functional relationship
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between the 'chloride' cells and the C.V.S. of the gill has been proposed
by Laurent & Dunel (1978) who noted connections between the venous system
and the extracellular gpaces around 'chloride' cells. This might provide
an alternative route for intrafilameatal ion exchange independent of the
lamellar blood circulation. Such a route is very short and may be

important dawring rapid changes in the osmotic environment.

The pattern of blood flow within the filameats and secoadary lamellae
of the gill can be influenced by many nervous and hormonal factors (Rankin
% Maetz 1971; Wood 1974; Payan & Girard 1977), with important coasequences
on both gassous exchange and osmoregulatory mechanisms. To date no
informaticon is available oa patterns of blood flow within. the pseudobranch
although factors affecting gill circulation may well have similar effects
izi the pseudobranch. Also variations in the distribution of blood within
the gill wmay affect the ioaic composition, gas composition and flow réte of

blood to the psesudobranch.

A number of mechaﬁisms have been proposed whereby blood could perfuse
ditferent regions of the gill vasculature. As alrezdy mentioned the
hypothesis of a direct noa respiratory blood pathway from the afferent to
the efferent filament arteries via the C,.V.S. has no® been confirmed in any
teleost. Another theory is that there is recruitment of bloed flow through
an increasing number of secomdary lamellar as a function of the respiratory
needs (Davis 1972; Cameroa 1974; Booth 1978; Morgan & Tovell 1973).
Recruitment of additional secondary lamellae to act as respiratory units
could be passive, resualting frowm increased pressure on the afferent side of
she system; or active, by a relaxation of tone induced by neural and/ox
numoral factors (Morgan & Tovell 1973).  According to Hughes (1972) and
Jughes & Morgan (1973), lamellae near the basal portions of the filameat
are continually ventilated, whereas additioaal peripheral lamellae are

recruited for gas exchange as required by metabolic demands. A further
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consideration is provided by the differences in the size of individual
secoadary lamellae, not only along the length of a given filament but also

in filaments from different parts of a gill arch (Hughes 1972). Likewise

the fregqueacy of secondary lamellae is variable and conssguently the gas
cxchange area coantained in a unit portion of the gill system is not coastant.
Lemellar recruitment in the pseudobranch is likeiy to have little or no
Punetional significance as regards gas=ous exchange, although it may have
effects ou osmoregulation by altering the proportion of.‘chloride type'

and/or 'pseudobranch type' cells in contact with the circulating blood.

As in the zill the distribution of arteries of different diameter in
the psesudobranch is well suited to a system of selective recruitmeat of
Ylood vessels. The primary afferent artery and filament arteries at the
centre of the pgeudobranch arch are of greater diameter than those supplying
other parts of the arch. Also there is a progressive reduction in diameter
of the filament artéries distally towards the filament tips, and of the
lamellar arteries as they arise consecutively from the filament arteries.
All these vessels have musculér walls and are therefore capable of
independently regulating blood flow and distribution. The walls of the
primary and filsment efferent arteries are usually thinner than those of
the corresponding afferent arteries and may reflect a reduced ability (or

necessity) to control blood flow.

An additional mechanism in the control of blood flow may be provided
by the contraction of pillar cells (Newstead 1957; Bettex—Galland & Hughes
197%; Hughes & Weibel 1972). Contraction of these cells would cause
vago-congtriction of the central lamellar channels whilst leaving the
peripheral circulation route (via the marginal channel) open. The structure
of pillar cells in the pseudobranch is essentially the same as that described
previcusly in the gills of teleosts (Rhodin 1964; Hughes & Grimstone 1965;

Hughes & Wright 1970; Morgan & Tovell 1973), so would presumably have the
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same contractile properties. The structure of the marginal channel is
distinct from the other lamellar channels since its outer border is lined

by true endothelial cells rather than pillar cells. Lsurent & Dunel (1976)
could find no evidence for preferential blood flow through the marginal channel
of the gills since casting of this channel alone was never observed in
n-.crofil preparatioas. However in the present study, casting of the
marginal vessels of the bass pseudobranch were consistently observed, although
no such results were obtained in rainbow trout. The reason for this is
uncertain but it may be related to differences in species, habitat, or
reaction to stress. Bypassing most of the area of the secoandary lasmellae

in the bass pseudobranch would exélude a significant proportion of 'chloride
type' cells, so it could possibly function as an osmoregulatory mechanism

in seawater fish. Thus it may sometimes be necessary to conserve certain
materials (ions, organic molecules etc.) which might otherwise be lost at

the 'chloride type' cells of the pseudobranch, The choice of pathway may

be dependent on neural and/or humoral factars. Smith (1977) has shown

that acetylcholine (ACh) restricted perfusion of the gill secondary lamellae
to the inner and outer marginal channels. This implied that one action

of ACh might be to reduce the dimensions of the pillar cell channels,

perhaps by active shortening of the pillar cells themselves. The pillar
cells contain the contractile elements necessary for such shortening but

as yet there has been no direct demonstration of their sensitivity to ACh.
Since ACh is unlikely to circulate in the blood stream the possibility

arises that the pillar cells are directly innervated by cholinergic fibres.
In fact innervation of pillar cells has been reported in the eel gill
(Gilloteaux 1969) but has not been confirmed in other teleosts. No definite
neural structures could be identified in association with the pillar cells

of the pseudobranch, although many of the overlapping cytoplasmic extensions
in the lamellar channels could not always be definitely attributed to

pillar cells or their flanges. However no structures containing clear core
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vesicles typical of cholinergic nerve endings (see Richardson 1966) could

be found.

Autonomic nervous control of blood flow in therpseudobranch cannot be
tosally ruled out since sympathetic fibres have been shown to enter the
glossopharyngeal nerve supplying the first gill arch of the cod (Pettersson
& Nilsson 1979). A branch of this nerve also suppliés the pseudobranch
in many species, so it may provide an autonomic innervation as well as a

sensory and somatic motor supply.

The main interest in the pseudobranch innervation has been directed
towards its possible sensory nature and the presence of receptors responsive
to hydrostatic pressure, hypoxia, pH, pCO2 and osmotic pressure. However,
the morphological identity of these receptors has still not been shown
conclusively and it is often difficult to positively identify fibres as

belonging to a sensory, motor or autonomic innervation.

Laurent & Dunel (1966) based their identification of a sensory inner-
vation on light microscope degeneration studies following section of the
pseudobranch nerve. They found degeneration of the large myelinated fibres
in the pseudobranch nerve and disappearance of the fibres innervating the
primary blood vessels. They classed these fibres as belonging to an
afferent baroreceptive innervation, the cell bodles of which are located in
the ganglion of the glossopharyngesl nerve. Ultrastructural observations
in the present study gave similar results with degeneration and disappearance
of all large myelinated fibres above 4/u in diameter, and degeneration of

fibres associated with the primary blood vessels.

The baroreceptor terminals are presumably represented by free nerve
endings in the adventitia of the blood vessels, although most of .the 'endings'
found in this study appeared more characteristic of autonomic vasomotor

nerves typically associated with the vascular smooth muscle layer of many

blood vessels (Rees 1967, Rhodin 1974). Thus most fibres contained large
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accunulations of clear vesicles and occasional dense core vesicles with
usually only one or two mitochondria. In contrast Rees (1967) found that
the presumed baroreceptor rerve terminals of the carotid siﬁus contained
large accumulations of mifochondria as well as myelin figures and small

dense bodies resembling glycogen. Although nerves containing a few
mitochondria were occasionally found in the adventitia of the pseudobranch
vessels there were none showing the same characterisation as those described
by Rees (1967). It is possible that the pseudobranch baroreceptor terminals
do not show the same specialisation or they may be located in a position not

vet examined.

The physiological evidence does support a baroreceptor innervation
since rapid changes in perfusion pressure irigger bursts of characterisfic
impulses (type A activity) with the appearance of high amplitude spikes
(up to 250 microvolts). Based on the conduction velocity of these impulses
(>10 metres/sec) the receptars are believed to be attached to the large

dismeter myelinated fibres (see Landon & Hall 1976).

The use of large variations in pressure (between 15 and 80 torr)
revealed an initial dynamic burst of activity followed rapidly by a static
phase. The activity wgs apparently affected by changes in pressure rather
than the absolute value of the pressure. The appearance of apparently
spontaneous but regular bursts of activity occasionglly seen at a steady
perfusion pressure may be due to brief pulses in pressure, possibly caused

by a transient blockage or resistance in the blood vessels or catheter.

On the basis of the physiological and morphological data it seems
likely that the pseudobranch vessels do in fact possess both a baroreceptive
and an autonomic innervation. However further evidence ig needed of the
proposed autonomic supply and its possible sympathetic (adrenergic) or
parasympathetic (cholinergic) nature. The existence of an adrenergic and

cinolinergic 'tonus' affecting the branchial vasculature has been proposed
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which may be due, partly at least, to an autonomic innervation (Belaud
et al 1971; Johansen 1972; Pettersson & Nilsson 1979). A similar system

may also be present in the pseudobranch.

A vasomotor innervation may be important in regulating the sensitivity
of the baroreceptors (Rees 1967). Contraction of the adventitial muscle
cells under autonomic control could conceivably result in a mechanical
deformation of the receptor nerves, and in particular those in the immediate

vicinity of the advential muscles themselves.

The findings of the degeneration studies in the present study disagree
to an extent with those of Laurent & Dunel (1966). The present ultra-
structural observations suggest that not only the large myelinated fibres,
but all myelinated fibres undergo degenerative changes following denervation.
lFurthermore mgny of the unmyelinated fibres of the 3 pseudobranch plexes
also underwent ultrastructural changes characteristic of degenerating fibres,
and voth large and small neurons showed alterations typical of chromatolysis
and retrograde degeneration (see Lieberman 1971; Abbof, de Burgh Daly &
Howe 1972; Hess & Zapata 1972: Fernando 1973). The failure of Laurent
" & Dunel (1966) to observe degenerative changes in fibres of the 3 plexuses
or neurons may be due partly to the use of light microscope techniques
and partly due to regeneration of nerve fibres with the appearance of new
unmnyelinated and myelinated fibres. It must also be taken into account
that the time course of degenerative and regenerative phenomena may be
extremely variable due to such factors as temperature, species differences

and type of nerve fibre (Fink & Heimer 1967).

Based on the apparént non-degeneration of axons and neurords in the
primary and secondary plexes, Laurent & Dunel (1966) suggested that the
fibres were of a cen%ripetal nature and were attached to intramural sensory
neurons. However the resulis of the present study question their

interpretation of the pseudobranch innervation.
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The chromatolysis and degeneration of the intramufal neuroas calls
into question their possible sensory nature. It is well known that
interruption of the centrally directed processes of most vertebrate primary
sensary neurcns causes no chromalytic or degenerative changes in the cell
bodies (Moyer, Kimmel & Winﬁorne 195%; Lieberman 1969, 1971). Even many
months after section there is apparently no cell death, no atrophy and
no chromatolysis. If the pseudobranch intramural neurons are indeed sensory
then interruption of their centrally directed processes by section of the
pseudobranch nerve would not be expected to cause chromatolysis or cell
death, In the present study evidence of chromatolysis (fragﬁentation and
dispersion of the Nissl substance) was present in most neurons within 7 days
of section. The characteristic disorganisation of ordered cisternal arrays
aad repiacement by short, vesicular and vacuolar elements has been observed
in many studies on chromatolysis of axotomiséd neurons (Pannesse 1963;
Torvik & Skjorten 1971; Fernando 1973; Nathaniel & Nathaniel 1973). Also
the observed changes in nuclear shape and increase in the number of electron
dense bodies are highly characteristic of many chromatoiytic neurons (Barron,
Doolin & Oldershaw 1967; Lieberman 1971; Nathaniei & Nathaniel 1973).
The internal structure of the electron dense bodies observed in this study,
particularly in the small type 2 neurons, varied from a simple amorphous
material to a highly organised lamellated stack of membranes, and resembled
the lysosomes and lipofucgin granules described in other studies (see

Lieberman 1971: Nathaniel & Nathaniel 1973).

In the present study there was no apparent return to normal in many
neurons, even 15 weeks after section, and most of the large type I neurons
apﬁeared similar to the degenerating neurons described in the hypoglossal
nucleus by Fernando (1973). Thus there was an overall increase in electron
deusity of the cell cytoplasmic and dramatic increase in the number of
ribosomes, fragmentation and swelling of the endoplasmic reticulum, as well

as vacuolation of the mitochondria. On the other hand some cells did show
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apparent reorganisation of the cisterns of endoplasmic reticulum into
parallel arrays. Thus it is uncertain if these cells represent
degenerating or regenerating neurons. It is well known that complete
se2tion of 2 nerve gives only partial regeneration, even under optimal
coaditions (Gutmann & Sanders 1943). This invariably leads to disinte-
gration of some of the neurons, and it may be difficult to distinguish
between degenerating and regenerating neurons. Most mammalian peripheral
neurons degenerating aftef axonal ‘lesions disappear within the first 5 weeks
after injury (see Lieberman 1971), but in the cold blooded fish, cell aeath
may occur at a much later time. . Obviously the neurons need to be examinedl
ovar a longer perliod of time than 15 weeks following injury. It has
previously been assumed that cells in an extremely chromatolytic state, or
with electron-lucent, organelle-free cytoplasm will eventually degenerate
(Pannesse 1963). 4 few such neurons were found inlthe pseudobranch 4 weeks
after nerve section but were not found at any later stage. It seems likely
therefore that these particular cells were destined for degeneration.
Comparatively little is known of the histological and cytologicazl features
of neuron cell death and even when 1t occurs after rather long pOst—
operative periods, it may well be that actual degeneration processes, once
initiated, proceed very rapidly, so thatvhistologicai "capture" is rare
(Liebermen 1971). Furthermore the use of electron microseopy poses
snormous sampling problems, being essentially qualitative, so it is likely

that various stsges in degerneration or regeneration may be missed.

The effect of 5-hydroxydopamine on the intramural neurons is interesting
since it causes degenerative-type changes (vacuolation of mitochondria and
sw2lling of granular endoplasmic reticulum) within 24 hours of injection.
5-hydroxydopamine has previously been used as an electronmicroscopical
marker for adrenergic nerves since it accumulates in the adrenergic

synapses in the form of large dense vesicles (Tranzer & Thoenen 1967;
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Gordon-Weeks 1977). It has been described as a 'false transmifter!

(see Gabella 1976) which acts pharmacologically as an adrenergic
gympathonimetic cowmpound (Tranzer & Thoenen 1967). As far as is kmown

the effect of S5-hydroxydopamine on the nerve cell bedy has not previously
been documented since most studies have been cbncerned with its property

as an BE.M. marker of adrenergic nerve endings. Therefore it is unlmown if
the ultrastructural changes observed in the pseudobranch intramural neurons
are dve 10 a direct affect on the cell body or a sécondary affect due to
uptake and release of transmitter from their peripherally directed endings.
Noaztheless the féct that these changes do cccur suggests that at least

some of the neurons are adrenergic in nature.

The presence of small numbers of dense core vesicles in some large
type I neurons provides further support for their adrenergic nature (see
Burnstock & Costa 1975). Furthermore the axo- somatic synapses on type I
neurons are made by cheolinergic type endings expected of autonomic pre-
ganglionic fibres synapsing on postganglionic adrenergic neurons. However
the chromatolysis and degeneration of the pseudobranch intramural -neurons
is not easily explained if in fact they are postganglionic autonomic
neurons. This could only be explained in %terms of transynasptic degeneration
following degeneration of the distal processes of the sectioned preganglionic
fivres. This might also explain the rather long time course of degeneration

in these neurons.

All the myelinated fibres in the pseudobranch nerve showed characteristic
Wallerian degeneration which develops distally to a peripheral nerve injury
(Nathaniel & Pease 1963). Such degeneration would not be expected in
fibres still attached to the cell body although some degererative changes
would occur proximal to the cut end of the nerve (Cajal 1928). However
degeneration of fibres was seen deep within the pseudobranch tissue far

from the site of injury, indicating true Wallerian degeneration of distal
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fibres. Thus it seems unlikely that these fibres are attached to the
psaudobranch intramural néurons. They probably arise from neurons outside
the pseudobranch, either as postganglionic sensory fibres supplying the
proposed baroreceptor innervation, as preganglionic autonomic fibres
supplying connections to intramural sympathetic and/or p&ra—sympathetic

neurons, or as somatic motor fibres.

The fact that only about 20% of myelinated fibres had regenerated 15
wezsks after section may indicate the presence of at least two fibre
populations, one consisting of small fibres (<4/Uﬁ0which regenerate, and
one of lgrger fibreé which completely degeneraté. However, as already
meantioned, only partial regeneration of a nerve is expected after complete
section (Gutman & Sanders 1943), Furthermore, myelin sheath thickness and
axon diameter are usually smallerrin regenerated nerves than in normal
nerves, although there is a gradual increase in the proportion of axons
with large diameters over a period of time (Schroder 1972). However this

may take many months and even then might never reach that of normal nerves.

Apart from an autonomic innervation bf the priﬁary‘blood vessels,
controlling blood flow, an autonomic control of the 'pseudobranch type!
cell also seems likely on the basis of the morphologicél evidence, The
only synapses found on the 'pseudobranch type' cell were made by cholinergic-
type endings full of clear vesicles and an occasional dense core vesicle,
It is generally accepted that the direction of transmission across a synapse
can be corrélated with its morphological appearance (Eccles 1964; De
Robertis 1966; Peters, Palay and Webster 1970). Thus, accumulations of
vesicles generally occur in association with the membrane thickening on the
pre-synaptic side. In the present case the nerve terminal represents the
pre-junctional (pre-synaptic) structure and the 'pseudobranch type' cell
the post-junctional (pOSt—SynabtiC) element i.e. the reverse of that
depicted in the classical model of the arterial chemoreceptor (Castro 1926,

1928). Most of these efferent type endings did not apparently degenerate
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after denervation and normal synapszs were found up to 15 weeks after section.
This suggests that they arise frbm autonomic postganglionic neurons within
the pseudobranch. Their interpretation as cholinergic endings would
suggest that they are of parasympathetic origiﬁ. Thz endings may belong
to fibres attached to the small type 2 neurons, many of which showed no
serious degenerative changes after nerve section, apart from an apparent
increass in the size and number of lysosomes. On the ﬁther hand, some of
the non-degenerating neurons may represent intramural sensory neurons or
even possible interneurons. It is obvious that the different types of
large and small neurons found in the primary and sscoandary plexus pressnt

a very complicated picture, and is probably repressntative of a heterogenous
population of nerve cells containing both autonomic and sensary neurons as
wezll as internsuroas. Some neurons may ssrve to influence or regulate
other neurons by means of excitatory or inhibitory synapsss, The failure
to degenerate (up to 15 weels after densrvation) of some of the cholinergic—
type endings on intramiural neuroas suggests that they are intrinsic in
origin and arise from other neurons in the plexus. Contact between neurons
nay also be maintained by the gap-junctions observed betwesn the cell bodies
of some nsurons. Gap Junctions function as low resistance electrical
synapses which promote rapid ¢211 to cell propagation of impulses and may

syachronize the activity of a group of neurons (Bullock 1977).

It is cleér that further histochemical evideaca is needed to identify
the various intramural neuroas of the pseudobranch with any dsgree of
certainty. The use of formaldehyde-induced-fluorescence techniques
(F.I.F., s=e Pease 1972) may provide an answer as to whether adrenergic

ineurons are pressut within the pssudobranches

As with the intramural neurons it is difficult to =zstablish the identity
off the various fibres of the terwinal plexus solely on the basis of

morphological evidence, The large number and variety of fibres as well
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as differences in their response to denervation indicates a conplex
_ianervation which may contain sensory, somatic motor and/or autonomic
fivres., Also the origin of an individual fibre 1s not always certain.

The failure of sgome fibfes to degenerate after nerve ssction suggests that
gsone at least arise from intramural neuroas. This applies to most fibres
with cholinergic type endings. However, degenerating fibres do not
necessarily originate from ‘neurons outside the pssudobranch but may be
connected to intramural neuroas which undergo degeneration. It was thought
ingpproprigte in the preéent study to try and quantify the numbers of
degenerating and norial nerve fibres in the terwminal plezus since enormous
variations were found between sections of'pseudobranch secondary lamellae,
In some sections most fibres appeared to be degenerating while in others
nngt appeared to be normal., This may be due to variations in the
imervation within differeat regions,. or differences in the proximity of
nerve termninals or distame from the site of injury. The picture may be
further coaplicated by regeneration of some fibres which may occur as early

as 7 days after section.

Although the morphological and denervation studies suggest at least
twd fibre populations within the terminal plezus it should be pointed out
tnat some variations in the appearance of fibres and endings may be explainsd
01 the basis of gections talken at different positions along a singls rerve
fibre., For exzample, Verna (1971, 1973) illusirated the existence of loag
nerve endings with different ecytological componsnts aglong their lsagth, making
multiple contacts with Type I glomus cells of the rabbit éarotid body.
Sinilar evidence is provided by Morgan, Pack & Howe (1975) wio showed both
afferent and effereat type synapses between the same nerve ending and Type I
cells of the rat carotid body; In the present study afferent and effereat
synapses were never found on the same ending although there were variations

i the morpholozy of nerve fibres aloag their length.
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The suggestion of Laureat (1974) that the pseudobranch functions as an
arterial chewmoreceptor similar to that proposed for the carotid body
(Biscoe 1971) is based on physiological rather than morphological evideace.
Aithough the electrophysiological evidence of the presant study also sugzests
that chemorzceptor activity originates from the pseudobranch, the idsuntity
of the chemoreceptivs elament(s) is still unresolved. A number of

pogsibilities may be considered,

Laureat {1974) suggested that af ferent endings in the interlamsllar
plexug are functionally linked to the pssudobranch type cell. This
finetional coanection is not physically represented by a synapse but only by
a contiguity. Laurent coasidered it necessary to iake into account the
existence of an intermediary phase represented by the extracellular milieu
which bathes the naked fibres. He algo believed that this eavironment was
2 Tinction of the metabolic conditlons imposad on the !'pseudobranch type!
call, i.e. p02, pCOz, pH and osmotic pressure. Large variations in the
membrane potentials of the '"pseudobranch type' cells associated with pO2 or
pH changes provide an argument in favour of ionic redistribution between
intra and extracellular milieu (Laurent 1969, s2e earlier in discussion).
T:. the preseat study nerve fibres were rarely found within extracellular
spaces and were usually contiguous with the surrounding interstitial tissue
and 'pseudobranch type' cells., It is uncertain if this is due to species
differeaces or due to differences in preparation procedures. However it

allows a slizhtly different inierpretation of the chemoreceptor mechanism(s).

"

A
a

3lready suggested in this study the endings may be affected by deformation

1=y

of the fibrous interstitizi tissue caused by swelling or coatraction of the
*osszudobranch type' cell in response to changes in osmotic pressure. In
facy there may also be direct affects on the nsrve cell body of intramural

neuroins within the secondary lamellae, Furthermore it is posaible that an

a’ferent innervatiocn of the 'pseudobranch type' cell takes the form of "en
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passant" type synapses which do not show any partidular specinlization.
Such "en passant" type symapses have bheen suggested in the carotid body by
Hoglind (1967) and Al-Lami & Murray (1968). The proposed =ffereat,
cholinergic=-type endings may regulate the sensgitivity of th2 cell as a
transducer for cheaoreceptor stimuli and/or control some glandulasr function

of the cell,

In some respects this is a similar but somewhat simpler model than
trat proposed for the rat carotid body by Morgan et al (1§75). The suggested
the possibility of a negative feedback loop between the afferent type snding
and the Type I gloumus cell, whereby the.nerve ending not only receives
inforaation from the Type I cell but also regulates the degree of activity
in the cell. The seunsitivity of this system could be further regulated
by an efferent type ending on the Type I cell, and the flow of information
in the afferent nerve fibre is regulated by an efferent synapse ending on

the afferent fibre.

There is no evidence in the present study to suggest a ﬁegative feedback
1oop between the 'pseudobranch type' cell and any nerve ending, although
thers does appear to be an efferent conirol by means of a cholinergic-type
eading. In addition there may ve a second efferent coatrol of nerve fibres
via the nerve-nerve synaps2s seen on some fibres, although it 1s unknown at

present if the endings occur on afferent or efferent fibres.

If the fibres containing cholinergic-type vesizles are thought to
represent an efferent innervation, then there are =z number of possible
candidates for an afferent innervatiom.
(1) Small naked fibres which possibly end without morphological specialization.
(2) Fivres ending in swellings containing mainly large accunulations of
nisochondria,

Apert from normal looking mitochondria some swellings contained accumulations

of small whorled or lamellar type bodies which appeared to be modified
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mitochondria. Endings rich in mitochondria have been considered %o be
afferent in s number of studies, including those on intraepithelial nerves
of the trachea and extra pulmonary airways of man and rat (Rhodin 1966;
Tuciano & Reale 1970; Jeffery & Reid 1973).

(3) Large varicosities containing a variety of large vesicles of varying
electron density. These are similar to the heterogenous granular vesicle
(A.G.V.) containing endings described by Baumgarten, Holstein & Orsman (1970)
in the myeneteric plexus of the large intestine of the monkey, guinea=-pig
and man. It is not known if fhese H.G.V. cells belong to motor or sensory
neurons nor indeed what is the transmitter (although A.T.P. has been
suggested). A.T.P. has also been suggested as a transmitter of a non
adrenergic, non Eholinergic, vasoconstrictory innervation in the gill (Wood
1377). - The fibres have yet to be identified histologically, although

endings with heterogenous granular vesicles may well be a candidate.

The actions of 5-hydroxydopamine {5-OHDA) and 6-hydroxydopamine (6-OHDA)
on the terminal fitres and 'pseudobranch type' cells were rather unexpected
and cannot easiiy be explained. As already mentioned 5~0HDA acis as a E.M,.
marker of adrenergic terminals (Tranzer & Hoenen 1967) while 6-OHDA causes
selective degeneration oflsympathetic nerve terminals (Kostrzewa &

Jacobowitz 1974). In the present study both compounds caused apparent
degeneration of many terminal fibres as well as ultrastructural changes in

the 'pseudobranch 'lzype.l cells and nerve fibres. The changes caused by
5-0HDA within 4 hours of injection were similar to those seen in degeneration
studies 4 weeks after denervation. Only the nerve cell membranes in

contact with the "pseuwdobranch type' cell membrane underwent breakdown and
most ultrastructural changes in the nerve fibres were associated with those
fibres adjacent to a 'pseudobranch type' cell. The membranes between
'pgseudobranch type' cells and other cells in the pseudobranch were unaffected
so the effect seems gpecific to the contiguous membranes between a nerve fibre

and 'pseudobranch type' cell. The breakdown of membranes left the cytoplasm
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of the 'pseudobranch type' cell in direct contact with that of the nerve
fivre. This often came into contact with a large pale cytoplasmic region
which appeared in the apical pole of the 'pseudobranch type' cell, close to
the region of membrane breakdown. The pale cytoplasmic region also appeared
to be surrounded by a broken membrane and may in fact be the remains of the
cytoplasmic vacuole described in normal cells., There was no obvious
increase in the number of dense core vesicles in the nerve endings or
varicosities, which suggests, on the bas%s of other studies (e.g. Tranzer

& Thoenen 1967) that they are not adrenergic fibres. However the breakdown
07 the nerve and 'pseudobranch type' cell membranes was not expected and
suggests that the S50HDA is affecting the nerve endings in some way which

also causes. breakdown of the membrane of the 'pseudobranch type' cell.
Paradoxically this may reinforce the concept of a clogse functional relation-
ghip between the nerve fibres and 'pseudobranch type' cells. The effects

of 50HDA on the pseudobranch cannot be oviously explained at present although
it may well be due to a different response of fish nerves compared with thoge
of mammals. It is also possible that the effects are secondary to
interference with other homeostatic mechanisas. The apparent brealddown of
the cytoplasmic vacuole suggests that osmotice factors may be involved. On
the other hand this could be due to the breakdown of some controlling

mechanism provided by fibres of the terminal plexus.

The effects of 60HDA on the pseudobranch were even more pronounced than
those of 50HDA,. Most terminal fibres had disappeared from the pseudobranch
within 24 hours of injection and the 'pseudobranch type' cells showed serious
ultrastructural alterations including the appearance of numerous lipid-like
bodies similar to those which appear in the pseudobranch of osmotically
stressed animals or fish given an‘injection of acetazolamide, Thus there
seems to be a serious disturbance in the normal homeostatic balance of the
fish which is reflected by the pseudobranch. It is not certain if the

disappearance of fibres from the pseudobranch is due to a specific action of
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60dDA on sympathetic fibres or whether it is part of the serious overall
changes in the pseudobranch caused by interference with other homeostatic

mechanisms within the fish.

Whilst the injection of SOHDA and 6CHDA provided no convincing evidence
to support an adrenergic sympathetic innervation the effects produced by
these compounds on the pseudobranch are rather interesting and provide
scope for a more detailed étuiy of their action on the pseudobranch, as well

as fish innervation and tissues in general.

The chemical control of respiration in fish still remains open to
question even though many studies have been devoted to this subject. Most
workers think in terms of regulation by chemoreceptors, although the
location of these is still uncertain. Some believe the receptors to be
located in the venous part of the circulatory system (Taylor, Houston &
Horgan 1968), while others suggest an arterial location (Jones, Randall &
Jarman 1970; Davis 1970). Bamford (1974) proposed that the brain was the
most important site of oxygen detection in the rainbow trout. The gills,
pscudobranch gnd lining of the buccal cavity and pharynx have also been
considered as possible sites (Powers & Clark 1942; Konishi 1957; Kulaer
1958; Serbyeniuk, Shishov & Kiprian 1959; Hughes & Shelton 1962; Shelton
& Randall 1962; Randall 1966; Randall & Smith 1967; Laurent 1967; Laurent
& Rouzeau 1972). Saunders and Sutterlin (1971) suggested the presence of
receptors both centrally (brain) and peripherally (gills, pseudobranch or
buccal cavity). The central receptars would presumably monitor oxygén_
tension in the blood or cerebro-spinal fluid and the peripheral either in
the blood or water. The gills were consiiered the mosf likely site for
peripheral oxygen receptors until Sutterlin & Saunders (1969) were unable
to detect changes in the level of activity in nerves innervating the gills,
in response to changes in ambient P02. However their experiments were carried

cut at 500, a temperature at which no chemoreceptor activity could be measured
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from the pseudobranch in this study, although activity increased rapidly

above this temperature. There could well be a close link between temperature
and the functioning of oxygen receptors since under normal cenditions water

is more likely to be saturated with oxygen at low temperatures than at high
temperatures because of differences in diffusional capacity and differences

in biological oxygen demand (Odum 1971). Thus oxygen receptor function may
be absent at low temperatures when high oxygen levels would normally be
expected. The activation and amplification of type B activity in the
pseudobranch with rise in temperature may indicate the existence of certain,
as yet unidentified, metabolic factors in the chain of transduction. The

role of the 'pseudobranch type' cell may be important in such & system.

The fact that the systems responsible for activity A and B are sensitive
to a number of ggents does not necessarily mean that they correspond to an
eguivalent number of specialised receptors. It would appear more logical
that certain receptors are sensitive to several agents. It should be
emphasized, also, thaf it is not always easy to.distinguish between two
types of activity from the pssudobranch especially in recordings of spontaneous
activity. Hoﬁever the evolution of an increaséd activity of one or other
type in response to a particular stimulus indicates the presence of at
lecast two types of receptor. This agrees basically with the results of
Laurent & Rouzeau (1972). In the present study type A activity appeared
ta be dominant under ambient conditions at lSOC. However 1t is probable
that many B impulses were not detected since their amplitude is small and
often in&istinguishable from the background noise. Type B activity was
always highest in the first 15 - 20 minutes after preparation of the
pseudobranch, possibly due to the tissues becoming hypoxic during removal
and preparation of the organ. Although Laurent & Rouzeau (1972) found no
evidence -of rhythmic discharge, in the absence of stimulation a number of

preparations in the present study show sequences of rhythmic type A activity
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with spikes of similar height at regular time intervals. No such
observations were ever made of type B activity. This further suggests
that type A activity arises from barcoreceptive fibres while type B activity
originates from chemoreceptors. There are many reporis on the randomness
of discharge of chemoreceptor fibres (Byzaguirre & Levin 1961; Biscoe &

Taylor 1963; Eyzaguirre & Koyano 1965; Ishii, Honda & Ishii 1966).

It is still uncertain if the effect produced by Na© on type A ac%ivity
iz due to the presence of a special Né+ receptor or whether it is only the
result of the well known action of the Na' concentration on nervous tissue
and particularly on pressure receptars (Laurent 1974). The concentration
of Né+ may well be responsible for the level of excitability of the receptors.
The effects are certainly not attributable to an osmotic factar since a
similar response of type A activity was not observed when the osmotic
pressure of the perfusion fluid was raised by the addition of mamnitol instead
of NaCl. Until it becomes possible to anatomically separate the various
activities by recording from isolated fibres there can be no direct proof

- of the existence of separate receptors contributing to type A activity.

In the present study only multifibre recordings were made because of
the difficulties encountered in trying to separate single fibres. This was
partly due to the dimensions of the nerve (0.1 - 0.15 mm diameter) and
partly because of the fragile nature of teleost nerve fibres due to their
thin myelin sheaths (Laurent & Rouzeau 1972). The use of much larger fish
and hence larger pseudobranch and nerve, may enable easier dissection of

isolated fibres.

Similar problems are encountered in trying to interpret {ype B activity

although it seems likely that sensitivity to p02,

the same type of receptar since saturation of .activity occurs when one

P and pCO2 are linked to

combines several of these stimuli. A similar conclusion concerning the

sensitivity to osmotic pressure is not so evident (see earlier).
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The physiological evidence suggests the presence of at least two and
possibly fouwr types of receptor, A baroreceptor innervation seems fairly
certain and a chemoreceptor function linked jointly to p02, pH and pCQ2 also
seems likely. inother receptor may measure éhanges in osmotic pressure
and a fourth type responsive to Nd+ concentration cannot be ruled out.

It seems logical to suggest that the baroreceptors are located in the region
of the primary blood vesgsels, probably on the afferent side, and that
receptors responsive to p02, ?H, p002 and osmotic pressure are located in
the intralamellar plexus. It is legs easy to suggest a location for a

Na® receptor which could be associated with either position.

The baroreceptars of the pseudobranch may have some effect on the
distribution and blood flow in the gills which will in turn affect the
arterial p0,. Many authors (see Randall 1970) have suggested that baro-
receptors, involved in the regulatioﬁ of dorsal aortic pressure, are located
in blood vessels dorsal to the gills. Chemoreceptors in the pseudobranch
may also be functionally linked to the gills by causing changes in blood
flow and distribution to the gill vessels. There is some evidence for
this supposition in the work of Davis (1971) who found that bilateral
ligation of gill arch 1 caused = marked reduction in arterial pO2 which
was not seen when other arches or combinations of arches, accounting for

much more than the gill area of arch 1, were ligated.

The results of this study confirm the psemdobranch as a complex organ
which may have a number of inter-related functions for which it has developed
specific cell types and a complex innervation, At least one of theée
functions in the sgeawater fish appears linked to an osmoregulatory role,
possibly as a supplement to the gills, although the modification of the
pseudobranchs' 'chloride type' cells may indicate an additional or slightly
different function. The possibility of an osmoreceptor mechanism in both

seawater and freshwater fish provides further evidence of an osmoregulatory
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role, The possibility of the pseudobranch regulating blood composition
and blood flow may be significantly related to its poaition between the
first gill arch gnd the circulation of the eye. Much of its complexity
may be related to functions specially evolved for monitoring and regulation
of the blood with respect to the gill and/or eye. Indeed the pseudobranch
receptor functions in question are linked directly or indirectly to the
vascular system. Further work is clearly needed to try and separate the
receptor activities and to positively identify the receptor elements
responsible. Also more investigation is needed on the poésible autonomic
innervation of the pseudobranch and its likely control of blood flow and/or
functioning of the 'pseudobranch type' cells. Finglly, in considering

the functions of the various elements of the pseudobranch, the possibility
shouwld not be overlooked that this organ may also subserve an endocrine
function either by affecting its own performance as a sensory receptor or

by acting on some more distant target organ.
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