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SUMMARY
The structure, histochemistry, and histogenesis of the blood-cells of Phallusia
mammillata (Cuvier) have been investigated.
Primitive lymphocytes give rise, by a series of transition stages, to vanadocytes,
pigment cells, phagocytes, and cells with acidic vacuoles. There is evidence that most
of these cells must eventually leave the blood-stream. During the development of
each cell type, RNA appears to be released from the nucleus, and there is a progressive
reduction in nuclear volume.
Ninety-eight per cent of the total number of blood-cells are vanadocytes or their
precursors. Each vanadocyte contains a number of globules. Each globule has a central
core enclosed by a surface membrane containing compound lipid. In the core, a
vanadium compound is associated with H 2 SO 4 , protein, and carbohydrate material,
which may be the precursor of the tunicin of the test. Part of the carbohydrate material
is in a dispersed form and can be hydrolysed with 2N H 2 SO 4 . The remainder is in
the form of birefringent grains which resist hydrolysis, and appears to be a very
insoluble polysaccharide.
Those lymphocytes that are destined to form vanadocytes develop vacuoles in their
cytoplasm initially. In these vacuoles, which are ringed with granules that are probably
mitochondria, granular material capable of reducing OsO 4 and AgNO 3 is formed.
The vacuoles in each cell then unite to form one large vacuole, and refractile granules
appear in the perinuclear cytoplasm. These granules then move out from the nucleus
in the cytoplasm peripheral to the vacuole. Each refractile granule is then enclosed in
a subspherical compartment in which protein material is formed. As the compartments
are transformed into the globules of vanadocytes, acid, PAS-positive material, and
a vanadium chromogen with reducing properties appear.
The pigment cells contain melanin and oriented submicroscopic crystallites.
INTRODUCTION

T

HE blood of ascidians has been studied by numerous investigators. For
an introduction to the extensive literature on the subject the reader is
referred to papers by George, 1939, Peres, 1943, and Webb, 1956. A great
diversity of blood-cells has been described, but little is known about their
biochemical or physiological roles.
Perhaps the most interesting of the earlier discoveries was the finding by
Henze (1911, 1912, 1913a, 1913^) of a vanadium compound associated with
sulphuric acid, in certain morula-shaped corpuscles present in the blood of
Phallusia mammillata. Cells of this type were subsequently termed vanadocytes by Webb (1939). In an Australian ascidian, Pyura stolonifera (Heller),
cells similar to vanadocytes in many respects, but containing an iron compound instead of a vanadium compound, have been found (Endean, 1953,
[Quarterly Journal of Microscopical Science, Vol. 101, part 2, pp. 177-97, June I960.]
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1955a). These cells participate in the formation of the test of this species,
which contains tunicin (Endean, 1955&, 1955c).
The present work was initiated to find whether the vanadocytes of Phallusia
mammillata also participate in test-formation. However, as several types of
blood-cells were found in the test, it became apparent that a knowledge of
the structure, histogenesis, and chemical constitution of all types of bloodcells present in this species was desirable. In this paper attention is focused
on these aspects.
MATERIAL AND METHODS

Adult specimens of P. mammillata (Cuvier) were obtained from Salcombe,
South Devon. Before use, they were kept in well-aerated sea-water.
The test in the vicinity of the heart of each specimen was removed and
blood was withdrawn from the heart by means of a hypodermic syringe.
About 5 ml of blood could be readily obtained from adult specimens of
average size. Provided the syringe was perfectly clean and dry, and provided
that air was not bubbled through the blood, clotting did not occur.
When required separately, plasma and corpuscles were separated by
centrifuging at 2,500 r.p.m.
Living cells were examined in hanging drop preparations. In some cases
they were dyed with supervital dyes (neutral red, methylene blue, Janus
green B—each at a concentration of o-ooi% in sea-water).
Fixed cells for cytological and cytochemical examinations were prepared
as follows. A drop of blood was smeared over the surface of each slide. After
5 min, excess fluid was drained off, and each slide was flooded with 5%
formalin in sea-water. After a 15-min interval, the fixative was drained off
and the slides flooded with distilled water. This was drained off after 3 min
and the smears allowed to dry.
As a result of this procedure, the fluid contents of some of the cells with
large vacuoles tended to be released. Otherwise, cellular structures appeared
intact, and a representative proportion of fixed cells adhered to the
slides.
Alternatively, cells were exposed to the vapour of osmium, tetroxide.
Cytological structures were very well preserved by this fixative but one type
of cell was completely blackened.
Weigert's haematoxylin, eosin, Mann's methyl blue / eosin, and o-i%
toluidine blue were used in general cytological studies.
Millon's reagent, prepared after the method of Bensley and Gersh (1933),
and HgCl2 / bromphenol blue (Mazia, Brewer, and Alfert, 1953) were used
for the detection of proteins. For lipids, Sudan IV, Sudan black B, and burnt
Sudan black B (Berenbaum, 1958) were used. Polysaccharides were sought
by utilizing the PAS reaction (Hotchkiss, 1948; McManus, 1948). The
localization of DNA was followed by utilizing the Feulgen reaction, and that
of RNA by using o-ooi% ribonuclease in conjunction with Unna's methyl
green / pyronin mixture. The distribution of melanin was investigated by
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utilizing Fontana's ammoniacal AgNO 3 solution and by bleaching with 0-3%
KMnO 4 followed by 0-3% H 2 SO 4 (Chesterman and Leach, 1958).
Small pieces of fresh test containing a blood-vessel were fixed in buffered
1% OsO4 (Palade, 1952), dehydrated in 70%, 90%, and absolute alcohol,
embedded in araldite (Glauert and Glauert, 1958), and sectioned on an
ultramicrotome of the A. F. Huxley pattern. Sections showing gold interference colours were selected, mounted on grids coated with formvar, and
examined by means of a Phillips electron microscope.
RESULTS
The blood-corpuscles

Haemocytometer counts on blood-samples from adult specimens showed
that the average number of blood-cells per cubic millimetre of blood approximates 68,000.
On the basis of differences in structure and of behaviour towards various
dyes and histochemical reagents, the following cell types were recognized:
lymphocytes, phagocytes, amoebocytes with vacuoles, signet-ring cells, compartment cells, vanadocytes, cells with acidic vacuoles, cells with reflecting
disks, and pigment cells. However, this classification is a purely arbitrary one,
and some of these cell types represent stages in the development of others.
Lymphocytes. These small, spherical cells (fig. 1, A), which average approximately 4-5/^1 in diameter, are rare in the blood. Each possesses a large nucleus
(about 3-5/x in diameter) and a small amount of finely granulated cytoplasm.
Mesh-like aggregations of basiphil material were apparent in the nuclei of
formalin-fixed cells. This material was blackened by burnt Sudan black B.
The cytoplasm was lightly basiphil and was coloured a faint blue by
HgCl2 / bromphenol blue. Pyronin dyed the cytoplasm in the immediate
vicinity of the nucleus. After treatment with ribonuclease the cytoplasm was
not dyed with pyronin.
No detectable PAS reaction was given by lymphocytes and no material
colourable by Sudan black B was found in the cytoplasm.
Phagocytes. These cells (fig. 1, c) are characterized by their possession of
filamentous pseudopodia, a prominent nucleus (averaging 3-2^. in diameter),
and a variable number of minute granules in the cytoplasm near the nucleus.
Occasionally, a few large granules are found elsewhere in the otherwise optically homogeneous cytoplasm, which is relatively extensive compared with
that of most types of blood-cell.
Carmine particles were introduced into the blood of living specimens of
P. mammillata by injecting 0-5 ml of finely ground carmine suspension in
sea-water into the heart by means of a hypodermic syringe. Eighteen hours
subsequently, blood-samples were removed from each specimen. Cells of the
type described above were packed with carmine particles and it was on this
basis that they were considered to have a phagocytic function. Such phagocytes comprised about 1% of the total number of blood-cells.
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Neutral red coloured some of the cytoplasmic granules near the nucleus.
Methylene blue coloured granules in a similar position.
Most of the cytoplasmic granules in formalin-fixed phagocytes gave a
positive reaction for protein with HgCl2 / bromphenol blue and some were
PAS-positive.

FIG. I. A, lymphocyte. B, lymphocyte with pseudopods and increased
cytoplasmic volume, c, phagocyte. All figures show cells fixed with
5 % formalin in sea-water and dyed with Mann's methyl blue / eosin.

The general cytoplasm was lightly basiphil. The cytoplasm near the nucleus
was dyed faintly by pyronin but not after prior treatment with ribonuclease.
Osmium tetroxide did not noticeably darken any constituent of these cells.
What appear to be transition stages between lymphocytes and phagocytes
have been recognized in the blood. It seems that this transition results from
a gradual increase in the cytoplasm of lymphocytes. At an early stage in this
transition (fig. i, B), filamentous pseudopodia are extended by the developing
cells, and cytoplasmic granules became apparent near the nuclei.
Amoebocytes with vacuoles. About 6% of the total number of blood-cells
are of this type (fig. 2, B). Each possesses a spherical nucleus (about 3-2^ in
diameter) and a finely granulated cytoplasm, in which a variable number of
roughly spherical vacuoles occur. A variable number of large granules is
found near the nucleus. Pointed pseudopods are protruded by these cells.
Sometimes the vacuoles, which vary from 1 to 5/A in diameter, appear
optically empty. Such vacuoles were coloured a faint orange by neutral red
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and a pale blue by methylene blue; they were not darkened by exposure to
osmium tetroxide vapour. The majority of vacuoles, however, are finely
granular. These vacuoles were coloured strongly orange by neutral red, and
blue by methylene blue. Exposure to osmium tetroxide vapour resulted in a
greying of the vacuoles and a blackening of their contained granules.

FIG. 2. A, small amoebocyte with two clear vacuoles. B, amoebocyte with vacuoles enclosing
granules. Both figures show cells fixed with 5 % formalin in sea-water and dyed with Mann's
methyl blue / eosin.

The large granules near the nucleus of the cells were coloured red by
neutral red.
Janus green B revealed the presence of numerous small mitochondria,
some of which were scattered in the cytoplasm in the immediate vicinity of
the nucleus of each cell, while others occurred between the vacuoles, sometimes ringing these vacuoles.
Much vacuolar activity was usually in evidence. Occasionally, one or more
of the vacuoles merged. Sometimes new vacuoles were cut off from outpocketings of pre-existing ones. The vacuolar granules, when present, were
undergoing Brownian movement.
The perinuclear cytoplasm was usually dyed faintly by pyronin, but not
if the cells had received prior treatment with ribonuclease.
Some amoebocytes with vacuoles took up carmine particles, though not
as energetically as phagocytes.
PAS-positive granular material was usually in evidence near the nucleus.
HgCl2 / bromphenol blue coloured in blue both the intravacuolar granules
and the general cytoplasmic granules. These granules also gave a positive
reaction for protein with Millon's reagent.
The cytoplasm was lightly basiphil.
Amoebocytes with one or more small, non-granular vacuoles (fig. 2, A),
and not much bigger than lymphocytes, were observed in the blood. As the
nuclei of these cells are approximately the same size as those of lymphocytes
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and have a similar distribution of chromatin, and as the cytoplasm of the
two cell types is lightly basiphil, it is probable that these small amoebocytes
with vacuoles arise directly from lymphocytes. Larger amoebocytes with
vacuoles are formed as a result of a further increase in cytoplasmic volume
and the formation of numerous vacuoles. However, the possibility that some

•
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B
Fie. 3. A, amoebocyte with one large vacuole containing granules. B, signet-ring cell with
refractile granules in perinuclear cytoplasm. Both figures show cells fixed with 5% formalin
in sea-water and dyed with Mann's methyl blue / eosin.

of the larger amoebocytes with vacuoles arise as the result of the vacuolization
of phagocytes should not be excluded. In either case, it would appear that
there is a time interval between the formation of fluid-filled vacuoles and the
appearance of intravacuolar osmiophil granules.
Signet-ring cells. Typically, each of these approximately spherical cells
contains a large fluid-filled vacuole in which granules showing Brownian
movement are apparent, and a nucleus which is peripheral in position and
surrounded by a small amount of cytoplasm. Fully developed signet-ring
cells have diameters between 8 and 9-5 JU,. When the nuclei of such cells are
spherical, they average about 3/A in diameter, but usually they are elliptical
(fig. 3, B). Signet-ring cells constitute about 5% of the total number of
blood-cells.
In some cells, but not all, greenish refractile granules occur in the cytoplasm
near the nucleus. These granules were dyed blue by methylene blue and by
Janus green B.
The intravacuolar fluid was coloured orange by neutral red. When exposed
to osmium tetroxide vapour the fluid became greyish and the granules,
present in this fluid, black. Ammoniacal AgNO 3 darkened these granules in
formalin-fixed signet-ring cells and caused the rest of the vacuolar contents
to assume a reddish-brown colour.
Both the granules in the perinuclear cytoplasm and the intravacuolar
granules of formalin-fixed cells were positive for protein with HgCl2 / bromphenol blue reagent and with Millon's reagent.
No lipid was detected either in the vacuole or in the cytoplasm. Material
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which was faintly PAS-positive occurred in the perinuclear cytoplasm. The
perinuclear cytoplasm was faintly basiphil, and contained RNA.
Irregular black areas were observed in the nuclei of signet-ring cells after
treatment with burnt Sudan black B.
Signet-ring cells arise from amoebocytes with vacuoles. The granulated
vacuoles of some of these amoebocytes were observed, in hanging drop
preparations, to coalesce to form one large vacuole (fig. 3, A). Such cells
behaved in the same way towards the dyes and histochemical reagents used
in this investigation as signet-ring cells which do not possess large refringent
granules in the perinuclear cytoplasm. These granules, which appear to be
large mitochondria, from their behaviour towards Janus green B, are formed
during the signet-ring stage of development.
Compartment cells. About 44% of the total number of blood-cells are
designated 'compartment cells'. These spherical cells average 8-5/x in
diameter. Each contains a large vacuole which varies in size from cell to cell.
Granules are apparent in the fluid in the vacuole. A number (8 to 18 were
counted in different cells) of subspherical compartments, peripheral in
position, obscure the vacuole except at one pole of the cell (fig. 4, B). At the
opposite pole an eccentrically placed nucleus, averaging about 2 7 /x in diameter,
is found (fig. 4, D). Each compartment encloses a greenish refractile granule.
In different compartments the diameters of the granules range from o-6 to
1 fj,. Compartment cells usually settle on a slide with their nuclear poles
downwards.
When a drop of distilled water was added to a drop of blood, the compartments became spherical and swelled markedly. The larger of these spherical
bodies were situated near the nuclear pole.
After exposure to 1:200 NH 3 the compartments became spherical. Initially
these spherical bodies averaged about 2/x in diameter but they swelled rapidly
and were usually released from their parent cells. Each released spherical
body possessed a pale greenish oval core, in which a refractile granule was
embedded at a point at the periphery (fig. 4, c). The core was surrounded by
a thin film of clear material which was bounded by a membrane. Neither the
cores nor the refractile granules were birefringent.
With dilute neutral red most compartments assumed an orange colour but
the compartments of those cells which possessed smaller vacuoles than the
majority were coloured pink. With dilute methylene blue most of the compartments were coloured a pale blue, but the enclosed refractile granules
coloured more strongly. Janus green B coloured these granules blue.
Osmium tetroxide vapour caused a greying of the boundaries and cores of
the compartments and a blackening of the granular contents of the vacuoles
of compartment cells.
When formalin-fixed cells were ruptured by the application of pressure to
the coverslip covering them, compartments were released as angular subspherical bodies, the more spherical of these bodies being situated near the
nuclear pole.
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FIG. 4. A, a transition stage in development of compartment cell from signet-ring cell. The
cell has been fixed with 5% formalin in sea-water and dyed with Mann's methyl blue / eosin.
The cytoplasm enclosing the vacuole has begun to thicken and compartments are forming.
B, a compartment cell fixed with 5% formalin in sea-water and dyed with Mann's methyl
blue / eosin. c, drawing of isolated compartment fixed with OsO4 vapour. D, semi-diagrammatic drawing of a compartment cell in optical section.

Formalin-fixed cells were treated with dyes and subjected to histological
techniques as outlined in table 1.
Observations made on signet-ring cells and compartment cells kept in
hanging drop suspension and dyed supervitally with methylene blue, revealed
a series of transition stages. The refractile granules which appeared in the
perinuclear cytoplasm of each signet-ring cell moved away from the nucleus
and became lodged in the peripheral cytoplasm surrounding the vacuole of
the signet-ring cells. Next, the cytoplasm near the nuclear pole of each cell
thickened, and granular material appeared in the cytoplasm in this region
(fig. 4, A). This granular material became aggregated to form, or mark the
position of, the boundaries of compartments which formed first at the
nuclear pole. Each compartment enclosed one of the large refractile granules.
The inner border of each compartment formed a portion of the boundary of
the large vacuole present in each cell (fig. 4, D).
Vanadocytes. Although their numbers fluctuate somewhat from specimen
to specimen, these cells usually constitute about 43% of the total number
of blood-cells. They are spherical in outline in fresh blood and contain
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TABLE I
Dye or reagent used
Eosin
Weigert's haematoxylin
Mann's methyl blue/eosin
Fontana's ammoniacal
AgNO 3
PAS reaction
Alcoholic Sudan black B
Burnt Sudan black B
Millon's reagent
HgCl 2 / bromphenol blue
HgCl 2 / bromphenol blue
after ribonuclease
Pyronin
Pyronin after ribonuclease

Result
Most compartments dyed strongly
Nuclei dyed, but not strongly
Nuclei dyed blue. Compartments of cells with large
vacuoles dyed blue. Those of cells with small vacuoles
dyed red
Cores of compartments greyed. Vacuoles became
reddish-brown with dark granules
A faint but positive PAS reaction given by the compartments of some small-vacuolated cells
No detectable coloration observed
The boundaries of compartments became faint brown.
The refractile granules darkened. Spherical black
areas were apparent in nuclei
The compartments of cells with large vacuoles became
faintly orange, while the compartments of those with
small vacuoles coloured more intensely
The compartments of cells with large vacuoles became
a faint blue, whilst those of cells with small vacuoles
coloured a deep blue
A slight reduction in intensity of colouring occurred
The perinuclear cytoplasm was dyed strongly. The
boundaries of compartments were coloured faintly
No coloration occurred

a number of greenish refractile globules encased in colourless cytoplasm
(fig. 5, A). On standing, or after fixation, vanadocytes assume a typical morula
shape (fig. 5, c) and their globules become bluish. Such morulae have diameters which range from 7 to 8-5/x. Their contained globules vary in diameter
from 2 to 3"5/x.
When living vanadocytes were examined in hanging drops, little could be
seen of their internal structure, partially because of the way in which the
globules overlie one another, but chiefly because of the refractiveness of the
surface membranes of the globules. The addition of a drop of distilled water
to a drop of blood caused the vanadocytes to swell and their globules, hitherto
mutually compressed, often separated from one another. Gentle pressure on
the coverslip covering such a drop of diluted blood often resulted in the release
of globules from their parent cells. Eight to 28 globules were counted in
different cells.
On the addition of dilute (1:200) ammonia solution, vanadocytes became
brown. This reagent also caused the refractiveness of the globules to be
reduced markedly, and frequently its use resulted in the release of many
globules. Each such released globule possessed a thin, brownish, peripheral
film surrounding a central core. The cores swelled considerably on standing
2421.2
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in contact with dilute ammonia, and numerous granules and often one or
several minute irregularly shaped grains could be observed within the cores
(fig. 5, B). However, some vanadocytes did not possess such grains and in
others only a few such grains were present. The irregularly shaped grains
were birefringent. This was so particularly in the case of the larger grains,
the more spherical of which were about o-6/n. in diameter.

FIG. 5. A, a vanadocyte in optical section, dyed supervitally with neutral red. B, a globule isolated from a vanadocyte by treatment with dilute NH3. c, a vanadocytefixedwith
OsO4 vapour.

Dilute methylene blue coloured the cores of the globules blue. Neutral
red coloured them reddish, but there was much variation in the intensity of
this colouring. Globules packed with birefringent grains were not coloured
as intensely as others.
Treatment of vanadocytes with 0-5% acetic acid resulted in the gradual
disappearance of the globules and their subsequent replacement by vacuoles.
A nucleus (approximately 2-5 jit in diameter) could then be seen in each cell
and extensions of the perinuclear cytoplasm formed the boundaries of the
vacuoles.
Exposure to osmium tetroxide vapour resulted in the immediate blackening
of the vanadocytes. Individual globules showed a black outer membrane and
a dark grey core.
Cells fixed with formaldehyde turned blue on standing. After treatment
with alcohol and xylene the refractiveness of the globular membranes was
reduced and dark irregularly shaped birefringent grains could then be
observed within most globules. Some globules were almost completely filled
with these grains.
Cells fixed with formaldehyde were treated with dyes and histochemical
reagents as outlined in table 2.
Cytolysis of vanadocytes in fresh blood-smears occurred on the addition
of 70% alcohol. The greenish intraglobular material was observed to form a
coagulum on each slide. This material was strongly PAS-positive and also
contained protein, as evidenced by the blue coloration it assumed when the
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TABLE 2
Dye or reagent usedWeigert's haematoxylin
Eosin
Mann's methyl blue/eosin
Fontana's ammoniacal
AgNO 3
Millon's reagent
HgCl 2 / bromphenol blue
PAS reaction

Salivary amylase followed
by PAS reaction
Toluidine blue
Sudan IV
Alcoholic Sudan black B
Burnt Sudan black B

Pyronin

Pyronin after ribonuclease

Result
Globules dyed slightly, nucleus darkly
No dyeing observed
In a few cases individual globules assumed a purplish
colour. In cytolysed cells nuclei were coloured blue.
In most cells no coloration was observed
Cores of most globules blackened immediately. In a
few cases cores were dark brown and, rarely, golden
brown. A thin peripheral film possessed by each
globule did not colour
Globules became orange and the birefringent grains
present in many globules appeared reddish
Most globules became yellow but a few were greenish.
Birefringent grains did not change colour
Globules gave positive reaction but there was much
variation in the intensity of red colour produced from
globule to globule. In some globules, the PAS-positive material was confined to the periphery of the
globules, in others the whole globule was coloured,
and in globules possessing birefringent grains, these
grains and the material around them were positive
Salivary amylase did not remove PAS-positive material
Core of globules coloured blue
No visible reaction
A faint blue coloration of surface membranes of
globules
Globules became brown, but brown colour appeared
to be restricted to membranes of globules. The core
and birefringent grains were no longer visible, but
a black granule near the periphery of the core was
evident in some cases
The globules were dyed reddish, but this coloration
was confined to the periphery of the cores. The
globules containing birefringent grains were not dyed
as strongly as others
Ribonuclease did not remove the material dyed by
pyronin

HgCl2 / bromphenol blue technique was used. The coagulum was not removed by N NaOH or 2 N H 2 SO 4 . After each of these reagents it remained
positive for polysaccharide and protein.
Birefringent brownish grains were enmeshed in the coagulum and these
gave a positive PAS reaction, but were not coloured by HgCl2 / bromphenol
blue. They were unaffected by N NaOH or 2N H 2 SO 4 .
Vanadocytes are formed from compartment cells as a result of the gradual
obliteration of the vacuole of the compartment cell by increase in the volume
of the compartments, and as a result of the compartments acquiring spherical

188

Endean—Blood-cells of Phallusia

shapes and refracting material on their surfaces. Compartments are thereby
transformed into globules, and typical vanadocytes result.
During the transition from compartment cell to vanadocyte the nucleus
is pushed from a peripheral to a more central position as a result of the
rounding up of compartments peripheral to the nucleus.

FIG. 6. A, a cell with an acidic vacuole, fixed with 5 % formalin in seawater and dyed with Mann's methyl blue / eosin. B, drawing of cell
with reflecting disks,fixedwith 5 % formalin in sea-water and dyed with
Mann's methyl blue / eosin.

The appearance of large numbers of birefringent grains within the globules
of vanadocytes marks the end of the development of these cells in the blood.
The intraglobular material may be actively extruded from vanadocytes
as evidenced by the following observations.
Many of the vanadocytes in hanging drops, which had been left to stand
for 18 h, were observed under phase contrast to have ejected one or several
(up to 7 counted) granules (about i/u. in diameter), each of which was attached
initially to a minutely 'beaded' thread to the parent cell. As the thread
lengthened, the terminal granule diminished in size. Most of the extruded
granules moved about actively and many of the longer threads were looped
and twisted. Threads up to 30/^. long were observed.
Eventually, the threads broke away from the parent cells and many such
isolated threads, still moving about vigorously, could be seen in each field.
On standing, many vanadocytes were observed to elongate and occasionally
to produce blunt pseudopods.
Cells with acidic vacuoles
These cells are rare in the blood. Typically they possess a large fluid-filled
vacuole (8 to 9/x in diameter) and a spherical nucleus (about 3/z in diameter);
a few largish granules are scattered in the cytoplasm (fig. 6, A).
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The vacuole was coloured red by neutral red and this dye also coloured the
cytoplasmic granules. Methylene blue coloured the vacuole a deep blue.
Osmium tetroxide vapour greyed the vacuole but no osmiophil granules
were evident in the intravacuolar fluid.
Basic dyes dyed the vacuole strongly but the cytoplasm was acidophil.
No PAS reaction was given by these cells.
The strongly acid nature of the vacuolar contents was attested by the
yellow colour given by the HgCl2 / bromphenol blue reagent.
A few small cells with vacuoles only 4 or 5 /A across, but exhibiting similar
reactions towards dyes, have been observed in the blood. The nuclei of these
cells were almost identical with those of lymphocytes, from which, presumably, they had arisen.
Cells with reflecting disks
Although always represented in blood-samples, these cells (fig. 6, B) comprise less than 1% of the total number of blood-cells. They are spherical,
typically 9 to 11 \L in diameter, and possess a fluid cytoplasm which is packed
with minute granules exhibiting Brownian movement. Numerous thin, diskshaped structures (approximately 07/i in diameter) which reflect light are
also present in the cytoplasm. The nuclei (usually 2-5/11 in diameter) of these
cells are always eccentric.
Neutral red and methylene blue did not colour these cells, but Janus
green B dyed the granules blue.
The cells were not darkened by osmium tetroxide vapour or by ammoniacal
AgNO 3 .
The cytoplasm was strongly basiphil. It was dyed by pyronin, but not if
the cells had received prior treatment with ribonuclease.
Cells fixed with formaldehyde gave a strong PAS reaction. The PASpositive material was not removed by salivary amylase. Toluidine blue dyed
the cells a deep violet.
The cytoplasmic granules were orange after treatment with Millon's
reagent and were dyed blue by HgCl2 / bromphenol blue.
Alcoholic Sudan black B coloured the cytoplasm a faint blue.
The reflecting disks were not dyed by any of the dyes used and gave no
reaction with the histochemical reagents mentioned.
Cells as small as 5 \L in diameter and with only a few reflecting disks have
been recognized in the blood. These cells had a granular and lightly basiphil
cytoplasm. Their nuclei were about 3-1^ in diameter. Such cells appear to
be lymphocytes which have developed reflecting disks in their cytoplasm.
Cells with reflecting disks and between 5 and 9/u. in diameter have also been
observed in the blood. The nuclei of these cells range from 3 JX to 2-5/LI.
It would seem, therefore, that typical cells with reflecting disks develop
from lymphocytes as the result of the formation of reflecting disks in the
cytoplasm of lymphocytes and a gradual increase in cellular size with a
concomitant decrease in nuclear size.
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Pigment cells

A variable number (though usually less than 1% of the total number of
blood-cells) of large disk-shaped cells (9 to 13 p. in diameter by 2 or 3 JU, high)
is found in the blood. Each cell (fig. 7, A) contains flat, yellow or orange

FIG. 7. A, a pigment cellfixedwith OSO4 vapour. B, drawing of a cell with developing pigment
bodies. The cell has been fixed with 5% formalin in sea-water, dyed with Mann's methyl
blue / eosin, and subjected to slight pressure, c, diagram of the apparent orientation of disks
in a pigment body. D, diagram showing apparent orientation of 9 disks in a pigment body
viewed in profile.

bodies encased in a thin cytoplasmic envelope. From 7 to 18 of these coloured
bodies occur in each cell. The largest observed was I2fi long, 3-5/A wide at
the widest point, and i/x thick. The smallest was 5^ long, 2-5p wide at the
widest point, and 0-5/n thick. The pigment bodies overlie one another with
their long axes oriented in planes approximately parallel to the face of the
disk-shaped cell.
Under crossed nicols the pigment bodies showed strong birefringence. As
noted by Webb (1939), the brightness of each was usually minimal when the
long axes were oriented parallel to the plane of one of the nicols and maximal
when inclined at an angle of 45° to each of them, but at no stage did the body
extinguish as a whole.
Pigment cells were not coloured by neutral red, methylene blue, or Janus
green.
Cells fixed with formaldehyde were not dyed by any of the dyes used in this

FIG. 8
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investigation. They were negative for protein, gave a negative PAS reaction,
and were not coloured by alcoholic Sudan black B or burnt Sudan black B.
The coloured bodies swelled and became almost spherical when placed in
distilled water. The pigment cells were resistant to the action of alcohol,
acetone, glacial acetic, N HC1, and 2N H 2 SO 4 . Minute gas bubbles were,
however, emitted from these cells for a short period when they were placed
in contact with acid. N NaOH dissolved the pigmented material, and as the
pigment dissolved the birefringence of the pigment bodies decreased and
finally disappeared.
Treatment with a mixture of 0-3% KMnO 4 and 0-3% H 2 SO 4 decolorized
the pigment bodies, and they gave a positive argentaffin reaction. These facts
indicate that the pigment is a melanin.
Fine pseudopods were sometimes put out by pigment cells.
Pigment cells are formed from cells with reflecting disks. In some of the
latter cells the outlines of spherical (about 3/A) or slightly oval bodies were
apparent amidst the oscillating granules. When such a cell was flattened by
pressure on the coverslip, the outlines of reflecting disks could be seen inside
the bodies (fig. 7, B). Such bodies were not dyed by any of the dyes used in
this investigation. They were negative for protein, polysaccharide, and lipid.
Subsequently the bodies became yellowish and reflecting disks could no
longer be seen. The granules present in these cells disappeared gradually as
the number of pigment bodies increased. Each pigment body acquired an
elliptical shape as it developed and the nucleus was eventually hidden by
overlapping pigment bodies.
Support for the presence of reflecting disks inside the pigment bodies was
given by electron micrographs of pigment cells fixed in a blood-vessel of the
test. Fig. 8, A, B shows sections of pigment bodies cut mainly in planes
parallel to their long axes. In each pigment body, numerous rod-like structures about 40 mju thick are revealed. Adjacent 'rods' are separated by
material of higher electron density. Although the 'rods' belonging to a pigment
body are all of approximately the same length, different pigment bodies possess rods ranging from about 0-3 to 0 7 ^ in length. The rods may represent
disks cut in planes approximately at right angles to the flat planes of the disks
and oriented as shown diagrammatically in fig. 7, C, D. As the thickness of
the flat pigment bodies averages 0-7 JU, (which is the average diameter of the
disks present in developing pigment cells and the length of the longer rods
found in electron micrographs of the pigment bodies), the disks must be
present only in a single layer in each pigment body. Fig. 8, B shows a body,
circular in outline, and about o-jp in diameter. This probably represents
a single disk which has been dislodged from a pigment body.
FIG. 8 (plate), A, electron micrograph of a section through a pigment cell, showing pigment
granules and oriented crystallites in the pigment bodies.
B, electron micrograph of a section through pigment bodies. A disk-shaped crystallite,
apparently dislodged from a pigment body, can be seen.
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Small granules ranging from about 50 to 120 m/x. in diameter are apparent
in the pigment bodies. Similar granules are applied to the face of the disk
in fig. 8, B. These granules show differences in density.
The nuclei of the blood-cells
Within the nuclei of lymphocytes, phagocytes, and some amoebocytes
with vacuoles, the chromatin is dispersed in a meshwork. In the nuclei of
many amoebocytes with vacuoles and all other cell types it occurs as a number
of spherical bodies.
Nuclei fixed with methanol gave a positive Feulgen reaction and the DNA
appeared concentrated in the regions just indicated.
With methyl green / pyronin the nuclei were usually dyed red, those of
signet-ring cells, compartment cells, vanadocytes, cells with acidic vacuoles,
and cells with reflecting disks strongly so. The nuclei of lymphocytes, phagocytes, and early amoebocytes with vacuoles were not dyed so strongly red and
occasionally were dyed by the methyl green component of the dye mixture.
After treatment for 2 h with ribonuclease the nuclei were usually dyed
only by the methyl green component.
Toluidine blue dyed the nuclei of all cell types violet and their behaviour
towards this dye was not altered if the cells had received prior treatment with
ribonuclease.
A faint but positive PAS reaction (not removed by salivary amylase) was
given by the nuclei (and the perinuclear cytoplasm) of signet-ring cells,
compartment cells, and vanadocytes. A stronger PAS reaction was given by
the nuclei (and the general cytoplasm) of cells with reflecting disks.
Refractile bodies which were probably nucleoli were observed occasionally
in the nuclei of lymphocytes but the great majority of this cell type, and all
other cell types, were devoid of nucleoli.
Sugars in the blood-cells
Four lots, each of 10 ml of blood, were centrifuged, the plasma poured off,
and the tubes allowed to drain. 4 ml of N NaOH was then added to each
batch of packed corpuscles, which were broken up with a glass rod. A brownish solution (which turned blue if shaken with air, and which appears to be
equivalent with the haemovanadin of Califano and Caselli, 1948) was obtained
in each case. This was centrifuged off. A yellowish mass of aggregated
material remained in each tube. Five millilitres of 2N H2SO4 were added to
each tube and the contents agitated with a glass rod. The acid was then centrifuged off and the centrifugate in each tube washed with distilled water,
alcohol, and ether.
The material from one tube was then examined microscopically. It consisted of amorphous, weakly birefringent material in which more strongly
birefringent, irregularly shaped, brownish grains were enmeshed. The
amorphous material behaved similarly to the coagulum formed by the intraglobular material from vanadocytes (p. 186) in being strongly PAS-positive
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and in reacting for protein with HgCl2 / bromphenol blue. It was dyed a deep
blue by toluidine blue, but gave no colour with burnt Sudan black B.
A positive PAS-reaction was given by the surfaces of the refractile grains
but these were negative for protein and lipid when HgCl2 / bromphenol blue
and burnt Sudan black B respectively were used. The sizes, shapes, and birefringence given by these grains indicated that they were identical with
the birefringent grains found in the globules of many vanadocytes.
To the material in each of the 3 remaining centrifuge tubes, 5 ml of
2N H 2 SO 4 were added. Each acid mixture was then transferred to a separate
boiling tube and heated at ioo° C for 16 h. Brownish material still remaining
in each tube at the end of this time was centrifuged off. It was found to
consist of irregularly shaped, faintly birefringent brownish grains which
were PAS-positive. These grains appeared to be grains from vanadocyte
globules which had swollen and partially lost their birefringence as a result
of treatment with acid. The hydrolysate from each tube was neutralized with
BaCO3. Insoluble material was removed by centrifugation and the supernatants concentrated by evaporation under reduced pressure. The concentrated supernatants gave a positive Molisch reaction, and reduced Benedict's
solution.
DISCUSSION

The lymphocytes of P. mammillata appear to give rise to all other types of
blood-cells. No cells of the haemoblast type, believed by Peres (1943) to be
the primitive blood-cells of ascidians, were observed in the blood of this
species.
A scheme of cell lineages consistent with the cytological and cytochemical
findings recorded in this paper can be illustrated diagrammatically as follows:
cell with reflecting disks

> pigment cell

amoebocyte with vacuoles

> signet-ring cell
j,
compartment cell

lymphocyte ____^^
phagocyte
cell with acidic vacuole

vanadocyte

The total number of blood-cells in undamaged specimens remains fairly
constant and no marked disintegration of any cell type occurs in the blood.
Also, the relative proportions of these cell types and of their various developmental stages remain constant. This indicates that there is a continual influx
of lymphocytes (some of which may be already partially differentiated into
other cell types) into the blood from some site or sites as yet undetermined,
and an outflow of fully differentiated vanadocytes, pigment cells, phagocytes, and cells with acidic vacuoles. All these cells are capable of amoeboid
progression.
As regards the structure and chemical constitution of vanadocytes, it has
been shown that each vanadocyte globule possesses a surface membrane in
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which compound lipid is present. The membrane encloses a core which can
be coloured by neutral red and methylene blue, which suggests that it is
essentially a large vacuole. That this is so, can be established by viewing
globules treated with dilute NH 3 . The greenish fluid contents, in which there
are granules, can then be seen. Also, the core swells when a globule is exposed
to distilled water, and, when the globule bursts, a strongly acid, viscous fluid,
containing granules, is released. The core contains no detectable lipid but contains protein and blackens with OsO4 and AgNO3. A vanadium chromogen
is known to be present in vanadocytes (Henze, 1913a) and to be associated
with protein (Califano and Caselli, 1948,1950; Califano and Boeri, 1950; Bielig
and others, 1954). The strong reducing properties of the chromogen would
account for the blackening of the cores in the presence of OsO4 and AgNO 3 .
PAS-positive material, unaffected by salivary amylase and not exhibiting
metachromasy with toluidine blue, also occurs in the core. This material
exists in a generally dispersed form in early globules; but later in development, PAS-positive birefringent grains are also present.
When released, the intraglobular contents form a coagulum which contains
protein and is strongly PAS-positive. Birefringent grains which contain no
protein but are PAS-positive are immersed in the coagulum. The coagulum
and the grains are insoluble in dilute acid or alkali.
It was not possible to isolate vanadocytes for chemical analysis, from the
other blood-cells. However, histochemical examination of the insoluble
material remaining after blood-corpuscles from 10 ml of blood had been
treated successively with acid, alkali, water, alcohol, and ether revealed that
it contained protein and was PAS-positive. No lipid was detected in this
material and it was not dyed metachromatically with toluidine blue. This
suggests that the material consists of polysaccharide and protein, or glycoprotein. Part of the material could be hydrolysed with 2N H2SO4 and the
hydrolysate gave a positive Molisch reaction and reduced Benedict's solution,
which again suggests that the material contained carbohydrate. Of the cells
present in 10 ml of blood, only vanadocytes could contribute a significant
quantity of PAS-positive material.
The fraction not hydrolysed by 2N H2SO4 consists of the birefringent grains
of vanadocytes. The grains did not give reactions for protein or lipid, and the
fact that they were still PAS-positive after hydrolysis with 2N H2SO4 for 16 h
indicates that they are composed of an insoluble polysaccharide.
During the development of vanadocytes there is a change in intracellular
acidity. The vacuoles of amoebocytes with vacuoles, signet-ring cells, and
compartment cells, and the compartments of early (i.e. large-vacuolated)
compartment cells are approximately neutral in reaction. During the transition from compartment cell to vanadocyte there is an increase in acidity
within the compartments. This is attested to by the increasingly red coloration
given by neutral red during this transition and particularly by the change in
coloration given by bromphenol blue. In the compartments of most compartment cells the colour of the indicator is blue. As these compartments are
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transformed into globules they first become green and subsequently • are
yellow. This would indicate an intraglobular acidity which is greater than
pH 3. Henze (1911, 1912, 1913a, b) has shown that the acid is sulphuric acid,
and Webb (1939) has estimated its concentration as approximately 9% H2SO4.
Material which blackens with OsO4 and AgNO 3 first appears in the vacuoles
of amoebocytes with vacuoles and is present in the vacuoles of signet-ring
cells and compartment cells. If this material contains the vanadium chromogen, then the chromogen is formed in the absence of acid. However, a strongly
acid medium is required if the chromogen is to be kept in the reduced state
(Webb, 1939; Califano and Boeri, 1950). This suggests that the chromogen
is not present in the vacuoles of the cells mentioned but possibly vanadium
itself is accumulated initially in these vacuoles.
The chromogen, which has powerful reducing properties and turns blue
when exposed to air, is present in vanadocyte globules which are formed from
the compartments of compartment cells. Presumably, since the vacuoles of
developing compartment cells gradually decrease in size and there is no concomitant increase in the concentration of material which blackens with OsO4
and AgNO 3 within the vacuoles, this material passes into the compartments.
However, although acidophil protein is formed initially within the cores
of compartments, no material which turns blue when exposed to air is present,
and the cores only become faintly grey with OsO4 and AgNO3. Possibly the
chromogen is present within the compartments but is in the oxidized state
or in a form which will not reduce OsO4 or AgNO 3 .
It is noteworthy that the appearance in vanadocyte globules of acid,
PAS-positive material and the vanadium chromogen with strong reducing
properties coincide. This suggests that the chromogen is involved in the production of PAS-positive material, or in the production of acid, or in the
production of both.
The present investigation has produced no evidence in support of George's
(1939) suggestion that cells of the vanadocyte type act as nutritive cells for
the tissues. It would appear that one of the chief functions of vanadocytes is
the elaboration of polysaccharide material. The appearance of this material,
in the form of birefringent grains, marks the end of vanadocyte development
in the blood. This polysaccharide material may well be the precursor of the
tunicin of the test. The ferrocytes of the ascidian Pyura stolonifera (Heller)
participate in the production of test material, and ferrocytes are similar, in
many respects, to vanadocytes (Endean, 1955 a, b, c).
Phagocytes, in the blood at least, do not appear to have any role other than
a phagocytic one.
Cells with acidic vacuoles have no obvious role in the blood. Initially, these
cells were thought to be aberrant signet-ring cells. Their strongly acid
vacuoles, the apparent lack of granular material in these vacuoles, and the
fact that the nuclei are not pushed against the peripheral cytoplasm, as they
are in signet-ring cells, provide sufficient justification for making them a
distinct cell type.
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No function can be ascribed to pigment cells which confer on the blood its
yellow colour. In the somewhat fluid cytoplasm of pigment-cell precursors,
numerous small granules, and small disks which reflect light and appear to
be inorganic crystallites, occur. Coincidentally with the formation of the
precursors of pigment bodies there is a great reduction in the number of
granules and disks discernible. The pigment itself appears gradually. Histochemical and solubility tests indicate that the pigment is a melanin.
Study of electron micrographs of pigment cells reveals the presence of
structures which appear to be intercalating disks, arranged as in figs. 7, c, D.
The average diameter of such disks corresponds with that of the disks recognized in developing pigment cells studied with the optical microscope. The
arrangement of the disks in the ellipsoidal patterns revealed by the electron
microscope is in accord with the conclusions of Webb (1939), who studied
the birefringence of the pigment cells. Between the disks, granules showing
differences in density are visible in some regions of the electron micrographs.
These granules are probably melanin granules. They are similar in appearance
to melanin granules in electron micrographs of cells of mouse melanoma S91
studied by Dalton and Felix (1953). The minute granules which dyed blue
with Janus B in developing pigment cells may contain melanin precursors.
Woods and others (1949) and du Buy and others (1949) found that melanized
granules in melanoma cells were dyed with Janus green B.
Pigment cells with optical properties similar to those occurring in Phallusia
mammillata have been found by Webb (1939) in Ascidia mentula Miiller and
in A. conchilega Muller. Peres (1943) has found that the pigment in the
orange blood cells of Ciona intestinalis (Linnaeus) is a melanin but in other
ascidians carotenoids have been found (Azema, 1929 a, b; Lederer, 1934;
Webb, 1939).
The progressive decrease in nuclear size that occurs during the development of each principal cell type suggests that nuclear material may be utilized.
As development proceeds, the chromatin becomes concentrated into a number
of approximately spherical bodies. Histochemical tests show that DNA is
present in the nuclei of all cells and that during development RNA appears
in the nuclei and in the perinuclear cytoplasm. As the concentration of
cytoplasmic RNA is greatest in the immediate vicinity of the nucleus, it is
possible that RNA produced in the nuclei of developing cells diffuses thence
into the cytoplasm. /?-metachromasy with toluidine blue, indicative of the
presence of compounds containing polymerized carbohydrate or phosphate
(Pearse, 1953), was exhibited by the nuclei and perinuclear cytoplasm of
developing cells. Part of the metachromasy exhibited may be due to RNA,
which is weakly metachromatic (Baker, 1958), but most is not, as evidenced
by the results obtained when the cells received treatment with ribonuclease
before dyeing with toluidine blue. Since the nuclei and perinuclear cytoplasm
of these cells give a weak PAS reaction and are positive for protein, mucoprotein or neutral mucopolysaccharide may be present. There is also the
possibUity to be considered that nucleoside-5 -phosphates are released from
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the nucleus into the perinuclear cytoplasm. Adenosine-5 -phosphate and
adenosine triphosphate will give a PAS-positive reaction in vitro as noted
by Pearse (1953).
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