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ABSTRACT

Ultrastructural comparison between the ink gland of a sea hare species that produces copious purple
ink (Aplysia californica) and one that produces none (Dolabrifera dolabrifera), suggests that the rough
endoplasmic reticulum rich cell and not the ink vesicle cell is the site for synthesis of A. californica’s
anti-predator ink protein, escapin. Dolabrifera dolabrifera were found to have vestigial ink glands

incapable of producing ink or its associated anti-predator proteins regardless of diet. This study

also suggests that the granulate cells serve only as a storage site for excess ink pigment acquired

during periods of luxury feeding on red algae. Slit dimensions in sieve areas of granulate cells are

also significantly different between the two species. These slit sizes are larger than those of rhogocytes,

a related cell type commonly found in connective tissue of gastropod molluscs. Several traits of

granulate cells suggest that they are distinct from rhogocytes and are a special cell type in the ink

gland of sea hares.

INTRODUCTION

The release of a bright purple ink from the ink glands of many
species of sea hares (Gastropoda: Opisthobranchia: Anaspidea)
is a well-known part of their defensive arsenal against predators
(Kandel, 1979; Nolen, Johnson & Kicklighter, 1995; Johnson &
Willows, 1999; Kicklighter et al., 2005). Though all sea hares
possess ink glands in their mantle cavities, not all of these
glands release purple ink and, in fact, some release no ink at
all (Johnson & Willows, 1999). It is unclear whether those
species that do not release ink simply lack the dietary precursors
necessary for its production or have ink glands incapable of ink
production regardless of diet.

Ink of the best studied ink-producing sea hare species, Aplysia
californica Cooper, consists largely of two components; 65% 1is
phycoerythrobilin  (the red algal photosynthetic pigment
r-phycoerythrin minus its low molecular mass protein com-
ponent) and 35% is high molecular mass protein not obtained
from the red algal pigment (Troxler, Offner & Capo, 1981;
Yamazaki el al., 1986, 1989; MacColl et al., 1990; Prince,
Nolen & Coelho, 1998; Johnson, 2002). This 60 kDa ink
protein of A. californica was isolated, cloned, sequenced and
named ‘escapin’ for its potential anti-predator properties
(Johnson, 2002; Yang et al., 2005). Several other proteins have
been isolated from the ink of related sea hare species, including
aplysianin-P from 4. kurodai (Yamazaki et al., 1986, 1989),
julianin-S from A. juliana (Kamiya et al., 1989), dactylomelin-
P from A. dactylomela (Melo et al., 1998, 2000), bursatellanin-P
from Bursatella leachii (Rajaganapathi & Kathiresan, 2002)
and Aplysia punctata ink toxin from A. punctata (Butzke et al.,
2004) which, like escapin, has also been cloned and sequenced.
All of these proteins, including escapin, are bioactive and most
are known to be capable of both antimicrobial and
anti-tumour activity (see references above).
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Where does synthesis of escapin take place in the ink gland?
The only ultrastructural study of the ink gland of a sea hare
(Prince et al., 1998) found that it is characterized in A. californica
by two prominent cell types, rough endoplasmic reticulum rich
(RER) cells and granulate cells, and three types of vesicles (red-
purple, amber and clear). Prince et al. (1998) suggested that ink
protein is produced in the RER cells; they characteristically
have numerous vacuoles that consist of distended cisternae of
the rough endoplasmic reticulum surrounding material of low
electron density. The ink vesicle cell itself, however, might also
be involved in synthesis of the ink protein since this cell is very
metabolically active as indicated by the abundance of small
vacuoles, numerous mitochondria and the large nucleus with
numerous nuclear pores (Prince et al., 1998).

In order to localize the site of escapin production in the ink
gland of 4. californica we compare its ultrastructure to that of a
species of sea hare, Dolabrifera dolabrifera (Cuvier), which has
an ink gland, but is not known to produce any ink (Marcus,
1972; Gosliner, 1994). In addition, we examine the ultrastruc-
ture of the granulate cell in both genera of sea hares to determine
(1) whether this cell type is a required link for the movement of
ink pigment from haemolymph to red-purple vesicles as pro-
posed by Coelho, Prince & Nolen (1998); (2) its ultrastructural
relationship to another common cell type found in the connec-
tive tissue of gastropod molluscs, the rhogocyte, which has a
similar modification of the cell membrane.

MATERIAL AND METHODS

Animal collection

Aplysia californica, 100200 g wet mass, were obtained from the
NCRR Aplysia Resource Facility, University of Miami, where
under hatchery conditions they are fed the red alga, Gracilaria
tikvahiae, every 3 days; the food is totally consumed within the
first day (T. Capo, personal communication). Data collected
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for another study (Coelho et al., 1998) provided information on
ad libitum feeding on ink gland ultrastructure. In this latter study,
0.5 g individuals of A. californica were grown in culture with
unlimited food until reaching the adult size of at least 5 g.
Seven adult individuals of the relatively rare sea hare species,
Dolabrifera dolabrifera (all between 5 and 7 cm in length), were
collected from the bottom of two large outdoor tanks at the
University of Guam Marine Laboratory where they were
feeding on Enteromorpha clathrata.

Dolabrifera feeding experiments

Dolabrifera dolabrifera are known to feed on green algae such as
Enteromorpha clathrata (Willan & Morton, 1984) and, though
they have an ink gland, they are not known to produce any
ink (Marcus, 1972; Gosliner, 1994). We conducted a limited
dietary experiment to determine if this lack of ink production
is due to a functional inability of the gland to process algal
pigments into ink or if it is simply the result of a diet lacking
in the necessary algal precursors. Two of seven individuals
were maintained on an exclusive diet of the cyanobacterium,
Lyngbya majuscula, the preferred diet of a sympatric, ink-
producing sea hare from Guam, Stylocheilus striatus (Quoy &
Gaimard). Two more D. dolabrifera individuals were provided
with another cyanobacterium, Hormothamnion enteromorphoides,
which when eaten by S. striatus causes this sea hare to produce
blue, rather than purple, ink. The remaining three individuals
were provided with their standard diet of E. clathrata. All
individuals were isolated and maintained on these diets, with
daily changes of seawater, until either death or the conclusion
of the experiment after 4 weeks. Each was dissected and its ink
gland examined for signs of ink pigment and protein pro-
duction. The stomach contents of individuals that died prema-
turely, without clear signs of feeding, were also examined for
signs of algae. Ink glands of three individual D. dolabrifera, two
Lyngbya-ted and one Enteromorpha-fed, were analysed for
protein content using sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) on 12% gels to determine if
escapin-like proteins were present in the glands.

Ultrastructure

Tissue isolation for electron microscopy in all cases was done as
described by Prince (2003). Thin sections were stained with lead

citrate and uranyl acetate and viewed with a Philips 300 electron
microscope at 60 kV. Spacing between adjacent fingers of cyto-
plasm in sieve areas of granulate cells were measured directly
from negatives using an ocular micrometer. The number of
caveolae per linear length of RER cell membrane (in microns)
was determined by digitizing 7—11 photomicrograph negatives
per species according to the methods of Prince et al. (1998)
and then counting the number of caveolae with a dissection
microscope at 20x magnification. Thick sections (1 pwm)
stained with toluidine blue provided granule number and size,
and nuclear and cell characteristics for various cell types.

Statistical comparisons of the number of caveolae per length
of cell membrane, the number of dense granules per granulate
cell, and the size of slits in sieve areas were made using
either the Mann—Whitney U-test or Student’s ¢-test (Sokal &
Rohlf, 1981).

RESULTS

Dolabrifera feeding experiment

After 1 week, the two Dolabrifera dolabrifera individuals offered
exclusively the pigmented cyanobacterium Hormothamnion entero-
morphoides on which to feed, were dead. Dissected ink glands of
both individuals examined under a dissecting microscope
revealed only transparent vesicles, possibly mucus filled, with
pores leading to the gland surface. One of the two animals had
H. enteromorphoides in its stomach, the other did not. The individ-
uals offered the other two diets were still alive after 4 weeks,
during which time all consumed food and produced faeces pig-
mented like their food. These individuals were anesthetized
and dissected. The ink glands of the two individuals grown on
the pigmented cyanobacterium Lyngbya majuscula showed no
observable differences under the dissecting microscope from
the three animals grown on their standard diet of the green
alga, Enteromorpha clathrata, and no difference from those grown
on . enteromorphoides; the ink glands of individuals of all
groups contained only transparent vesicles and were devoid of
any red-purple, blue or amber pigmented vesicles (Fig. 1).
The stomach contents of the L. majuscula- and E. clathrata-fed
individuals were not examined, as 4 weeks of faecal production
and disappearance of food showed that all had been eating.
No dominant proteins in the range 60—70 kDa were found by
12% SDS PAGE in the ink glands of any of the three

Figure 1. Ink glands (neither fixed nor stained) of Aplysia californica (A) and Dolabrifera dolabrifera (B, G). Abbreviations: av, amber vesicle; cav, calcium
carbonate containing vesicles [Prince, unpublished]; cv, clear vesicle; rpv, red-purple vesicle. Scale bars: A = 0.1 mm; B=0.25 cm; C= 0.6 mm.
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D. dolabrifera individuals tested (Fig. 2); such proteins have been
found in all ink-producing sea hares examined (see
Introduction).

Another pilot feeding experiment conducted in Japan [P.M.
Johnson, unpublished data] examined the ink gland structure
of six adult (all greater than 50 g) Aplysia juliana Quoy &
Gaimard, a green-algal-feeding sea hare that produces white
ink (Kamiya et al., 1989). In that case individuals provided
only a diet of the red alga Porphyra sp. began producing purple
ink vesicles in addition to the white ink vesicles usually found
in this species.

Ultrastructure

The ink gland of D. dolabrifera, unlike that described for 4. cali-
Jornica (Prince et al., 1998), consisted of copious collagen, muscle,
vesicles and a greatly reduced number of RER and granulate
cells (Figs 3C, 4A, C, 5A; cf. Prince et al., 1998: Figs 3B, 8A).
The nucleus of RER cells appeared to lack a nucleolus
(Fig. 3C, D) and the cell membrane gave rise to numerous
(mean + SD =2.26 + 0.44 per micron of cell membrane,
n=11) elongate caveolae that were also frequently branched
(Figs 3C, D, 6A). Vacuoles composed of distended cisternae
of rough endoplasmic reticulum were few (Figs 3C, 4A), while
the vacuoles that were present consisted primarily of
membrane-bound sacs containing electron dense debris.
Immature ink vesicle cells in D. dolabrifera, like those in A. cali-
Jornica, had a prominent nucleus and numerous mitochondria
and vacuoles, and eventually became surrounded by muscle
(Fig. 4B, C). The central portion of mature vesicles contained
only a few scattered segments of cytoplasm, while a thin layer
of highly vacuolate cytoplasm lined the muscle wall (Fig. 4B).
Granulate cells of D. dolabrifera often lacked detectable gran-
ules and any vacuoles appeared empty (Figs 4A, 5A). Slits
between adjacent fingers of cytoplasm in grated areas were
spaced 37 + 6.4 nm (mean + SD, n=43) apart (Figs 5B, D,
6B). Filaments crossing the slits in sieve areas (Fig. 4D) were
spaced ¢. 48 nm apart (n=3); coated vesicles were associated
with the membrane-subtending sieve areas (Fig. 5B, D).
Nuclei of granulate cells lacked a nucleolus (Figs 4A, 5A) and
a basal layer just external to the cell membrane was either
absent or consisted of a single filamentous layer surrounding

only part of the cell (Fig. 5B, Dj; thin arrows). Collagen filaments
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Figure 2. Gel clectrophoresis of the proteins isolated from the ink glands
of Aplysia californica (Ac) and Dolabrifera dolabrifera ted Lyngbya (L-Dd)
and Enteromorpha (E-Dd) compared to standard proteins (St).
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generally appeared to be arranged parallel to the cell surface
(Fig. 5B), while in A. californica they periodically appeared to
arise at right angles to the cell membrane (Fig. 5C).

The ink gland of A. californica had numerous RER cells with
little space between adjacent cells (Fig. 3B; Prince et al., 1998:
Fig. 8A). RER cells also contained numerous vacuoles consisting
of distended cisternae of rough endoplasmic reticulum surround-
ing material of low electron density (Fig. 3B). The nucleus had a
prominent nucleolus (Fig. 3B; Prince et al., 1998: Figs 6C, 8A)

and the cell had few (mean + SD = 0.38 £+ 0.24 per micron of

cell membrane, n=7) short caveolae (Figs 3A, B, 6A). A
Mann—Whitney test found a significantly greater number
(U=10.00; P < 0.0001) of caveolae per length of cell membrane
in D. dolabrifera than in A. californica (Fig. 6A).

Aplysia californica fed red algae ad lLibitum had numerous
(median = 3.0, » = 31) dense granules in each granulate cell
(Prince et al., 1998: Fig. 8A) while hatchery-fed A. californica
had significantly fewer (median =0, n = 23; Mann-Whitney
Test, U=93.000; P<0.0001). Vacuoles and coated vesicles
adjacent to grated areas of the cell membrane were present in
granulate cells of sea hares in both feeding regimens but, as
mentioned above, vacuoles were generally empty in hatchery-
grown A. californica. The spacing of adjacent fingers of cytoplasm
in grated areas of granulate cells of A. californica (Fig. 6B;
mean + SD=23.1 + 4.8 nm, n=32) was significantly less
(Student’s t-test, ¢ =10.760, df=73; P <0.0001) than that
for D. dolabrifera (see above). Thick sections showed nucleoli
in RER cell nuclei, but not in granulate cell nuclei, regardless
of feeding regimen.

DISCUSSION
Inability of Dolabrifera dolabrifera to produce ink

Our results suggest that Dolabrifera dolabrifera may have lost the
ability to produce ink. Even when the sea hares fed for several
weeks on algae containing pigments necessary for ink pro-
duction, no pigmentation ever appeared in the glands. This
included not only the red-purple or blue pigmentation of ink
vesicles, but also the amber pigmentation of vesicles known in
Aplysia californica to contain the bioactive protein, escapin
(Johnson, 2002). As the ink gland appears to be apomorphic
in the Anaspidea (Medina & Walsh, 2000), it is likely that the
gland in D. dolabrifera is now vestigial and incapable of produ-
cing either ink or its associated proteins regardless of diet. This
contrasts with the pilot results for A. juliana, which found that
a change in diet from green algae to red algae resulted concur-
rently in a change from the sole production of white ink vesicles
to include the production of red-purple vesicles. These results
make D. dolabrifera a potentially useful model for comparative
studies with sea hare species that have functional ink glands,
particularly if this rare species could be grown in culture like
A. californica.

Site of ink protein synthesis

The 60 kDa protein, termed escapin in A. californica and com-
prising 35% of ink released by this sea hare, appears to be man-
ufactured in the ink gland by A. californica and is not derived
from the protein component of the red algal photosynthetic
pigment (Troxler et al., 1981; Yamazaki et al., 1986, 1989;
MacColl et al., 1990; Prince et al., 1998; Butzke et al., 2004;
Yang et al., 2005). The present ultrastructural study of the vesti-
gial ink gland of D. dolabrifera suggests that the RER cell, and
not the ink vesicle, was the site for synthesis of this ink protein.
The ink gland of D. dolabrifera compared to that of A. californica
had few RER (or granulate) cells and the few that did occur
were widely dispersed in copious collagen. In addition, RER
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Figure 3. RER cells from the ink glands of Aplysia californica (A, B) and Dolabrifera dolabrifera (C, D). A, B. Small caveolae (arrows) emerge from the cell
membrane of RER cells of Aplysia californica while elongate, branched caveolae (arrows) arise from the cell membrane of RER cells of Dolabrifera dolab-
rifera (Cy D). B. Vacuoles (vac) in Aplysia californica contain low electron dense material while such vacuoles are absent in Dolabrifera dolabrifera (C).
Abbreviations: ¢, collagen; m, muscle; n, nucleus; nu, nucleolus. Scale bars: A =100 nm; B=D =1 pum.
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Figure 4. Granulate cells (A, D) and vesicle cells (B, C) from the ink gland of Dolabrifera dolabrifera. A. Granulate cells (gr) and RER (rer) cells among
copious collagen and muscle. B. A mature vesicle showing an empty interior and a thin cytoplasmic layer (cyt) against the muscle wall. C. A young
vesicle only partially enclosed by muscle. D. Tangential section through sieve area showing filaments (black arrows) joining cytoplasmic fingers.
Abbreviations: ¢, collagen; cyt, cytoplasmic layer against muscle wall of vesicle; gr, granulate cell; m, muscle; n, nucleus; rer, RER cell; ves, vesicle.

Scale bars: A=C =2 pm; D = 100 nm.
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Figure 5. Granulate cells from the ink glands of Dolabrifera dolabrifera (A, B, D) and Aplysia californica (C). A. Sieve arca (arrow) and empty vacuoles
(vac) in a granulate cell among muscle and collagen. B, D. Cross section of sieve areas (thick arrows) showing coated vesicles associated with the mem-
brane subtending the sieve area with the basal membrane (thin arrows) and collagen parallel to the cell surface. C. Collagen (white arrows) arising at
right angles to the membrane. Abbreviations: cv, coated vesicle; m, muscle; vac, vacuole. Scale bars: A =1 pm; B=D = 100 nm.
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Figure 6. Characteristics of various cell types in the ink glands of Aplysia californica and Dolabrifera dolabrifera. A. The number (mean, SD) of caveolae
per length (um) of cell membrane in RER cells. B. Slit size (nm; mean, SD) in sieve areas of granulate cells.

cells of D. dolabrifera had few vacuoles of any type, in particular
ones originating by expansion of rough endoplasmic reticulum.
RER cells of this sea hare did have a high frequency of long,
tubular caveolae, while the nucleus lacked a distinct nucleolus.
All of these characteristics of the ink gland and RER cells of
D. dolabrifera were in contrast to those in A. californica.

The ultrastructural development of ink vesicle cells was never-
theless similar in both genera of sea hares; however, mature ves-
icles of D. dolabrifera were empty, although their muscle wall was
lined by a thin layer of vacuolated cytoplasm. RER cells and not
the ink vesicle cells, therefore, appear to be site for the synthesis
of ink protein based upon (1) the similarity in early development
of the ink vesicle cell in both genera; (2) the presence of mature
but empty vesicles in D. dolabrifera; (3) the ultrastructural dis-
similarity between the RER cell types for the two genera; (4)
the low frequency of the RER cells in D. dolabrifera.

Caveolae, a frequent feature of many cell types (Parton,
2001), constitute a stable membrane system with multiple func-
tions (Pelkmans et al., 2004), involved with the transport of
molecules into and out of the cell and possibly across the cell
itself’ (Anderson, 1998; Anderson & Jacobson, 2002). Tubule-
shaped caveolae appear to be part of a trans-cellular pathway
and have been recorded for muscle, neutrophile and placental
epithelia (Anderson, 1998; Anderson & Jacobson, 2002). Such
tubular caveolae characterized the RER cells of D. dolabrifera,
but not those in A. californica; this again suggests that the func-
tion of this cell type was different in these two genera of sea hares.

Transit of ink pigment from haemolymph to ink vesicle

The granulate cell in the ink gland of 4. californica is proposed to
be a necessary way station in the transit of ink pigment from
haemolymph to the red-purple ink vesicles (Prince et al.,
1998). The accumulation of ink pigment in several vacuoles in
granulate cells (thereby becoming electron dense; see Fig. 8A,
Prince et al., 1998) is one of the major traits that distinguishes
this cell type from the other common cell type, the RER cell,
in the ink gland of this sea hare. However, the presence of gran-
ules in granulate cells is also affected by ink pigment availability,
a function of food type. Granulate cells of 4. californica fed green
algae or romaine lettuce lacked granules, even though the ultra-
structural traits characteristic of granulate cells were still present
(Prince et al., 1998).

The present study found that the abundance of red algal
food also affected the presence of granules in granulate cells.
Hatchery-reared A. californica (fed red algae every 3 days) had
significantly fewer granules in granulate cells than those fed
red algae ad libitum, but the ultrastructure of the granulate

cells of the sea hares in both feeding regimens was similar.
Hatchery-reared sea hares also grow more slowly by an order
of magnitude; juvenile A. californica on an ad libitum diet grow
at 0.24 ¢ wet mass per day (Coelho et al., 1998), while those
fed every 3 days grow at 0.01 g wet mass per day (Fieber, unpub-
lished data). Under conditions of luxury feeding sea hares, there-
fore, appeared not only to grow rapidly, but appeared to
consume more food and its pigment than could easily be
handled by the digestive-haemolymph-ink gland system
(Prince et al., 1998). Excess pigment then appeared to be
shunted to granulate cells and stored as dense granules (Prince
et al., 1998: Fig. 8A).

Granulate cells in other species of Aplysia collected from the
field, A. juliana and A. parvula (unpublished data) as well as D.
dolabrifera, either lacked or had few granules. However, granu-
late cells were still present in all of these species, based upon
cells having the characteristic ultrastructural traits for this cell
type (Prince et al., 1998). The large reduction in number of gran-
ules per granulate cell under conditions of restricted food avail-
ability (hatchery conditions), their reduction in number or
complete absence from several different species of field-collected
sea hares and their absence when sea hares are fed green algae or
romaine lettuce (Prince ez al., 1998) suggested that (1) granulate
cells were a storage site for excess pigment and were not a necess-
ary compartment in the movement of pigment from haemo-

lymph to ink wvesicle; (2) the presence or abundance of

granules in granulate cells was based upon food abundance
and type and could not, therefore, be used to distinguish
different species of sea hares.

Granulate vs rhogocyle cell types

Ultrastructurally, the modification of the cell membrane into
grated areas characterized granulate cells of both A. californica
and D. dolabrifera (this study; Prince et al., 1998). A similar modi-
fication of the cell membrane into sieve-like structures contain-
ing a series of slits characterizes rhogocytes, a cell type
frequently reported from connective tissue of gastropod molluscs
(Haszprunar, 1996; Albrecht et al., 2001). Should granulate cells
be considered an entirely different cell type or a rhogocyte, or a
subtype of rhogocyte as Albrecht et al. (2001) suggest for cells
involved in synthesis of the two haemocyanin isoforms in the
keyhole limpet, Megathura sp.?

Granulate cells and rhogocytes share the following traits: loca-
lized modification of the cell membrane into grated (sieve) areas
which are subtended by an enlarged cisternum of the cell mem-
brane (this study; Simkiss & Mason, 1983; Haszprunar, 1996;
Prince et al., 1998; Albrecht et al., 2001); slit (sieve) dimensions
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of ¢. 22—24 nm (Sundermann, 1980); filaments (diaphrams in
Simkiss & Mason, 1983) crossing the slits every 15 nm (Prince
et al., 1998; Albrecht et al., 2001) to 20 nm (Simkiss & Mason,
1983) providing an effective pore size of 1524 nm; no junc-
tional connections to adjacent cells; and the cell containing
several vacuoles that are either filled with electron-dense
material or empty (Haszprunar, 1996; Albrecht et al., 2001).

Traits unique to granulate cells include nuclei without a
nucleolus (Prince et al., 1998). Rhogocyte nucleoli are either
not mentioned (Martoja & Tue, 1980; Simkiss & Mason,
1983; Albrecht et al., 2001), present (Fioroni, Sundermann &
Scheidegger, 1984) or both present and absent (Figs 3A, 5A
respectively; Haszprunar, 1996). Fine filaments connect the
external surface of the sieve area of the rhogocyte and the over-
lying basal layer (Haszprunar, 1996). Fine filaments were not
observed to be associated with grated areas of granulate cells
and, in addition, a basal layer was either thin or absent. Col-
lagen fibres were observed to arise from the cell membrane of
granulate cells of 4. californica, but not in D. dolabrifera where
they generally appeared parallel to the cell membrane. In
addition, the cisternum benecath the sieve area of granulate
cells frequently gave rise to numerous coated vesicles and
became eclaborated, apparently to provide a greater surface
area for coated vesicle formation (Prince et al., 1998: Fig. 10).
Under ad libitum feeding conditions the coated vesicles contain
electron dense material similar to that within the vacuoles of
the granulate cell and the purple ink vesicles themselves
(Prince et al., 1998). Only Martoja & Tue (1980) and possibly
Fioroni et al. (1984) show involvement of coated vesicles with
this cisternum in rhogocytes. Simkiss & Mason (1983: Fig. 8),
Haszprunar (1996: Fig. 5) and Albrecht et al. (2001: Fig. 2)
show no involvement of vesicles with this sieve cisternum (in
their artist reconstructions) but, rather, this membrane
appears smooth. Haszprunar (1996) states, furthermore, that
vesicle formation is rarely associated with the subsurface cister-
num in rhogocytes. Coated vesicles were frequently seen associ-
ated with the subsurface membrane in the grated areas of
granulate cells of D. dolabrifera, even though their vacuoles
were generally empty of electron-dense material.

Slit dimensions in sieve areas of granulate cells appeared, fur-
thermore, to vary between different genera of sea hares; those of
D. dolabrifera were significantly greater than those of A. califor-
nica. Additionally, filaments that crossed the slits also appeared
more widely spaced in D. dolabrifera than in A. californica
(15 nm, Prince et al., 1998). This provided an effective pore
size of ca. 37 by 48 nm for D. dolabrifera. This is the first record
of a significant difference in slit dimensions for sieve areas for
either cell type. The slit dimension in D. dolabrifera was, there-
fore, larger than the size (ca. 35 nm) of the multidecamers of
the respiratory pigment, haemocyanin, which is apparently syn-
thesized in rhogocyte cells of the keyhole limpet (Albrecht et al.,
2001). Albrecht et al. (2001) proposed holocrine secretion for the
release of these respiratory pigments, since their large size pre-
cluded passage through the slits of the rhogocyte cell. If slit
dimensions are, indeed, variable then this could provide an
additional mechanism for release of large molecules by
rhogocytes.

The biological role of rhogocytes 1s a matter of debate (for a
review see Haszprunar, 1996; Albrecht et al., 2001), but in
general it appears to be as a molecular sieve for the uptake of
soluble material which is then either catabolically modified
(Simkiss & Mason, 1983), detoxified (Martoja & Tue, 1980;
Albrecht et al., 2001) or stored, frequently accumulating as elec-
tron dense vacuoles. However, haemocyanin is synthesized in
rhogocytes (Albrecht et al., 2001), but questions remain about
how it leaves the cell. Material uptake generally occurs by endo-
cytosis (Simkiss & Mason, 1983; Haszprunar, 1996) but, as men-
tioned above, only Martoja & Tue (1980), Fioroni (1984) and
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Prince et al. (1998) show any involvement of vesicles with the
sieve areas. Our studies (present report and Prince e al., 1998)
suggest, furthermore, that granulate cells are a site for the
storage of excess red algal pigment during episodes of luxury
feeding. Coated vesicles that ‘bud off” from the cisternum sub-
tending the sieve area apparently take up the pigment and even-
tually fuse with vacuoles in the cell, the latter becoming electron
dense. Ink pigment granules are apparently small enough to pass
through the slits (Prince et al., 1998), while this seems not to be
the case for respiratory pigments synthesized within rhogocytes
(Simkiss & Mason, 1983; Albrecht et al., 2001).

Granulate cells in the ink glands of sea hares, therefore, share
several characteristics with rhogocytes, in particular the modifi-
cation of the cell membrane into sieve areas subtended by a cis-
ternum of the cell membrane. Granulate cells, however, have
several unique features and, furthermore, appear to function
in the storage of excess pigment derived from their algal food
and not synthesized by the cell itself. Movement of ink
pigment to vacuoles appears, to be mediated by coated vesicles.
These traits suggest that granulate cells are distinct from rhogo-
cytes and should be considered as a special cell type found in the
ink gland of sea hares. Our research also suggests that the site in
A. californica for the synthesis of the 6070 kDa, anti-predator
protein component of released ink, escapin, is likely the RER
cells and not the ink vesicles themselves. Current research
using antibody labelling for the ink protein in A. californica will
try to verify this hypothesis.
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