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4.1. Introduction

Hemocytes of arthropods
been studied (see Gupta, 1979

and several other invertebrate groups have
). Among arthropods, they have been

lichad i .
information and personal observation

and figures.

of the origi

most extensively studied in insects, followed by crustaceans, arach-
nids, and myriapods. Hemocytes of a few onychophorans also have
been described. It is not surprising, therefore, that the need for a reli-
able, uniform classification of various hemocyte types has been felt
more keenly by insect hematologists than by those of other arthropod
groups. Fortunately, a generally acceptable hemocyte classification in
insects, based largely on morpholegical characteristics, now exists.
Hemocyte classifications both in insects and other arthropods have'
been variously based on morphology, functions, and staining or histo-
chemical reactions of ocytes. Thus, it is not unusual to find the
its various forms being referred to by different
ropods, by different authors — a situation that has
in a confusing mass of terminology. Consequently,
to compare hemocytes of one species with

(lM)wutheﬁmeoclassify insect hemocytes into four categories

by Hollande (1909, 1911) and
M.W(lmmmdmmw
tions and p ted a classificati that was widely accepted. He
modified it later (Wigglesworth, 1959). On the American side,
Yeager's (1945) work stimulated considerable interest in the study of
hemocytes. Jones (1962) revised and greatly improved Yeager's classi-
fication

In order to adopt a uniform hemocyte classification for discussing
hemocytes and their physiological significance in various insects, it is
necessary to homologize terminologies used by different authors on
the bases of descriptions, observed functions, line drawings, and mi-
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crographs of hemocytes studied by those authors. A summary of the
seven main hemocyte types in various insect orders is presented in
Table 4.1. The three terms indicated by the table’s footnote were not
used by the original authors, but have been adopted by me after scru-
tinizing original descriptions and figures. Hemocytes categorized as
amoebocytes and/or phagocytes by the original authors have been as-
signed mostly to the category of plasmatocyte (PL), although they {
could be included in granulocyte (GR), spherulocyte (SP), and/or adi-
pohemocyte (AD), inasmuch as these last three forms also are suppos-
edly phagocytic in certain insects.

4.2. Main hemocyte types

There is disagreement among insect hematologists about the number
of hemocyte types in various insects. From one or a few to as many as |
nine or more types have been described, particularly by light micros-
copy. Ultrastructurally, however, only seven types have so far been
identified in various insects: prohemocyte (PR), plasmatocyte (PL),
granulocyte (GR), spherulocyte (SP), adipohemocyte (AD), oenocy-
toid (OE), and coagulocyte (CO). Of these seven, AD has been re-
ported only by Devauchelle (1971) and CO by Goffinet and Grégoire
(1975) and Ratcliffe and Price (1974). Podocyte (PO) and vermicyte
(VE) have not been recognized as distinct types in electron micro-
scopic studies so far, primarily because ultrastructurally they appear
similar to PLs (Devauchelle, 1971). A general description of various
hemocyte types, based on both light and electron microscopic studies,
their synonymies, and interrelationships is presented below. I must
emphasize that although I am including PO and VE in the following
description, I do not regard them as distinct types. Furthermore, I be-
lieve that description of “new”” hemocyte types, based on superficial
dissimilarities, should be avoided (see also Chapters 8, 10).

4.2.1. Prohemocyte (PR)

Structure
PRs are small round, oval, or elliptical cells with variable sizes (6- l
10 wm wide and 6-14 um long). The plasma membrane is generally }

smooth (Fig. 4.1A), but may show vesiculation (Fig. 4.3A). The nu-
cleus is large, centrally located, and almost filling the cell; nuclear
size is variable (3.6-12 um) in various insects; several nuclei and nu-
cleoli may be present. A thin or dense, homogeneous and intensely

basophilic layer of cytoplasm surrounds the nucleus, the nucleocyto- I'f'*' 4.L A P"g‘""““]’:’)‘:’l:)f';‘:’"'S!"'}'l"""l‘ “"“'"‘"f"{'"- rld x 8,000. B. Plasmatocyte of
T, 3 " = = ¥ s ; ¥ R - americana. Ca. X 10,000. C. Spherulocyte of Nauphoeta cinerea. Ca. x 8,500. D,
plasmic ratio being 0.5-1.9 or more. The cytoplasm mayv contain gran- Granulocyte of Locusta migratoria. E. Spherulocyte of N. cinerea. Ca. x 25,000, (C

ules, druplets. or vacuoles (Fig. 4.3A). and E from Gupta and Sutherland, 1967; D from Costin, ‘l975‘
The laminar nature of the plasma and nuclear membranes may not
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be evident. The cytoplasm gene rally contains a low concentration of
endoplasmic reticulum (ER), mitochondria, and Golgi bodies. How-
ever, free ribosomes, rough endoplasmic reticulum (RER), and even
mitochondria may be numerous. Centrioles — indicating the mitotic
nature of PRs - and microtubules have been observed in the cyto-
l)]d\”l

PRs are generally found in groups and appear indistinguishable
from young or small PLs. They may be numerous, rare, or absent, de-
pending on the developmental and physiological state of the insect at
the time of observation. PRs are seldom seen in vivo

X

Synonymies

T'he term that has survived to date with little or no change since its
adoption by Hollande (1911) is “proleucocyte.” Yeager (1945) used
the term “proleucocytoid” and Jones and Tauber (1954) “prohemocy-
toid.” I believe Amold (1952) was the first to use the term “prohaemo-
eyvte.” Other synonyms for PR are “macronucleocyte” (Paillot, 1919);
“formative cell” (Miller, 1925); “jeune globule” (Bruntz, 1908);
“smooth-contour chromophilic cell” (Yeager, 1945); “jeune leuco-
cyte” (Millara, 1947); “plasmatocytelike cell” (Jones, 1959); “young
plasmatocyte” (Gupta and Sutherland, 1966; Gupta, 1969); “young
granulocyte” (Frangois, 1974); and “proleucocyte” (many authors).

Interrelationship with other types

The controversial questions often raised regarding PRs are: (1) are
they the stem cells that transform into other hemocytes? and (2) if they
are, are they the main postembryonic source of hemocytes? Although
there are substantiating reports that PRs do transform into at least a
few other hemocyte types, evidence on their being the main postem-
bryonic source is inconclusive. The term “prohemocyte” suggests that
these cells give rise to other types, but it has not yet been demon-
strated conclusively that all hemocyte types are derived from PRs.
The most generally accepted view is that PRs transform into PLs
(Yeager, 1945; Arnold, 1952, 1970, 1974; Jones, 1954, 1956, 1959; Shri-
vastava and Richards, 1965; Mitsuhashi, 1966; Wille and Vecchi,
1966; Beaulaton, 1968; Devauchelle, 1971; Lai-Fook, 1973; Beaulaton
and Monpeyssin, 1976, 1977). Several authors have suggested that
PRs transform into other types as well (Muttkowski, 1924; Bogojav-
lensky, 1932; Yeager, 1945; Arvy and Lhoste, 1946; Ashhurst and
Richards, 1964). Arnold (1952) stated that “haemocytes, with the pos-
sible exception of the Oenocytoids, apparently develop originally
from a common source, the prohaemocytes,” but has now changed his
mind. Wille and Vecchi (1966), however, suggested that PR can give

Fig. 4.2. A. Oenocytoid of L. migratoria, showing cytoplasmic filaments. B. Oenocy-
toid of P. americana. Ca. x 6,800. C. Adipohemocyte of P. americana nymph.

rise to OE. Amold (1970), in Diploptera punctata, stated that PRs are Ca. x 7,225. D. Coagulocyte of Epicauta cinerea. Ca. x 6,800. E. Podocyte of P.
likely stem cells for PLs, GRs, and SPs, but the direction of differentia- americana nymph. Ca. x F. Vermicyte of P. americana. Ca. x 1,190.

Costin, 1975; C from Gupta and Sutherland, 1966; D-F from Gupta, 1969)
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tion is determined early, perhaps in the hemopoietic tissue. Yeager
(1945) and Jones (1959) reported that PRs can give rise to SPs and ';[)x
Devauchelle (1971) reported that PRs, PLs, GRs, and ADs are dv;i\'mi
from each other. Francois (1974) found that PRs transform into GRs
Recently, Sohi (1971) indicated by subculturing that PRs are the g('r;
minal cells from which other categories develop, while Amold and
Sohi (1974) indicated two cell lines in subculture. Some authors
(Gupta and Sutherland, 1966; Hoffmann et al., 1968: Akai 1969;
Gupta, 1969; Zachary and Hoffmann, 1973) did not rm‘ng'uizo the (-\i‘\:
tence of PRs (see also Chapters 2, 8).

As I stated earlier, the evidence on whether PRs constitute the main
1m‘\u~n|hr_\'uni(' source of hemocytes is inconclusive. There is growing
<-\|‘(|('nu‘ that PRs reside in the hemopoietic organs (Hoffmann et al.
l?f_)fi; Anml(l., 1971); Akai and Sato, 1973; Zachary and ”()ﬂ'mamn:
1973; Frangois, 1974; Hinks and Arnold, 1977) and differentiate into
other hemocyte types. Hoffmann (1967), Arnold (1974), and Beaulaton
;mfl_ Monpeyssin (1976) stated that PRs are germinal cells. }",-n‘rlivr
(1970), Arn()l.d stated that PRs appear in the hemolymph only inu:nnit-
l(‘!](l)’ and often in groups, suggestive of their release from hemopoi-
etic tissue. Wille and Vecchi (1966) reported that PRs are abundant in
newly emerged bees, but rare in old ones. Gupta and Sutherland
(l9§8) reported an increase in PLs, GRs, SPs, and COs (= CYs) in
Periplaneta americana following treatment with sublethal (l(ls(“s of
chlordane. o

4.2.2. Plasmatocyte (PL)

Structure
PLs are small to large, polymorphic cells with variabie sizes (3.3-5
um wide and 3.3-40 pm long). The plasma membrane may have mi-
cropapillae, filopodia, or other irregular processes, as well as pinocy-
totic or vesicular invaginations (Figs. 4.1B; 4.3B,C). The nuc.lcus' m'.l\
be round or elongate and is generally centrally located. It may i)e l(o'-
bate (Fig. 4.3C), vary in size (3-9 um wide and 4-10 um lung)'in vari-
ous insects, and appear punctate. Scattered chromatin masses may be
present along with the nucleolus (Fig. 4.3C). Occasionally, binucleate
PLs may be found. i -
The laminar nature of the plasma and nuclear membranes may or
may not be visible. The cytoplasm is generally abundant and may be
granular or agranular; it is basophilic and rich in organelles Gen-
emllyt there is well-developed and extensive RER (Fig. 4.4B)> .which
may form greatly distended cisternae or a vacuolar svstem‘. Golgi
bodies (= dictyosomes = golgiosomes or internal reticular apparatus)
(Fig. 4.4A) and lysosomes (membrane-bounded, electrnn-dens:e
bodies, 0.1-1.30 um in size) may be numerous; lysosomes can l>)t-
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identified by the presence in them of the reaction products of the hy-
drolytic marker enzymes, acid phosphatase and thiamine pyrophos-
phatase (Scharrer, 1972), and are often associated with the RER or the
vacuolar system. The Golgi bodies produce the electron-dense gran-
ules (generally 0.5 um in diameter) that one observes in the PLs. Mi-
crosomes and cisternae of the ER (= “ergastoplasme” of French au-
thors) may be present. Free ribosomes (polysomes or polyribosomes)

Fig. 4.4. A, Plasmatocyte of Melolontha melolontha, showing Golgi (G) and intracyto-
phsmicdu-ﬂnﬂu(u).xli.ml.rmﬂmol,‘ P. gossypiell
howing rough endoplasmi lum (RER) and les (V). Ca. x 21,350. C. Por-
tion of of Ephestia kithniella, showing mitochondrion (mi) and intracy-
toplasmic microtubule (m). Ca. % 44,100. (A reinterpreted from Devauchelle, 1971; B
from Raina, 1976; C d from Grimstone et al., 1967)
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e

Fig. 4.3. A, !’mhmmx-ytv of Pectinophora gossypiella. Ca. x 8,760. B. Plasmatocyte
of P. um\g/pn'llfl, showing micropapillae. Ca. x 10,950. C. Plu;n)ut.(u';1(‘ (;f('“ ;‘K) ‘
nu:n.wu.\;_\'hm\'mg micropapillae and lobate nucleus. x 6,570, iA and B fi ‘;’(‘l{m"”
1976; C from Goffinet and Grégoire, 1975) g e

e ——— —
——— —
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or those attached to microsomes or RER may be present; intracyto-
plasmic microtubules are present, sometimes arranged in bundles
(Fig. 44A.C).

PLs are generally abundant and in some insects may be indistin-
guishable from PRs and GRs. Several types (most often the transi-
tional forms) of PLs have been described on the bases of their sizes

and shapes.

Synonymies

Yeager and Munson (1941) first introduced the term “plasmato-
cyte.” Some of the commonly used synonyms of PL are “leucocyte”
(Kollman, 1908; Metalnikov, 1908); “micronucleocyte” (Paillot, 1919);
“phagocyte,” “amoebocyte,” and “lymphocyte” (many authors), “po-
docyte” (Devauchelle, 1971); and “vermiform cell” (Lea and Gilbert,
1966; Devauchelle, 1971). PLs also include the “lamellocyte” of some
authors and the “nematocyte” of Rizki (1953).

Interrelationship with other types

The first real problem one encounters with PLs is that of distin-
guishing them, particularly the so-called young PLs, from the PRs.
This situation is further complicated by the presence of many transi-
tional forms between these two types. The distinction between PRs
and PLs is generally based on the relative cell and nuclear sizes, in-
tensity of cytoplasmic basophilia, and the extent and development of
the intracellular organelles.

The question that is often raised regarding PLs is whether they are
the primary cells that give rise to other forms by secondary transforma-
tion. Taylor (1935) claimed that amoebocytes (= mostly PLs), and not
chromophils (= PRs), are the basic types. Gupta and Sutherland
(1966) and Gupta (1969) supported Taylor’s claim and considered PRs
as young PLs. Direct transformation of PLs into GRs (Yeager, 1945;
Jones, 1956; Gupta and Sutherland 1966; Hoffmann, 1967; Devau-
chelle, 1971; Beaulaton and Monpeyssin, 1977), SPs (Devauchelle,
1971; Breugnon and Le Berre, 1976; Beaulaton and Monpeyssin,
1977), ADs (Yeager, 1945; Shrivastava and Richards, 1965; Gupta and
Sutherland, 1966; Raina, 1976), COs (Gupta and Sutherland, 1966;
Devauchelle, 1971), OEs (Gupta and Sutherland, 1966; Hoffmann,
1967; Beaulaton and Monpeyssin, 1977), VEs (Tuzet and Manier,
1959; Gupta and Sutherland, 1966; Lea and Gilbert, 1966; Devau-
chelle, 1971; Frangois, 1974, 1975), and POs (Gupta and Sutherland,
1966; Nappi, 1970; Devauchelle, 1971; Frangois, 1974, 1975) has been
reported, but not substantiated. Devauchelle (1971) considered VEs
and POs ultrastructurally similar to PLs. That it is the PL which trans-
forms into other types is indicated also by the corresponding decrease
of PLs and increase of other types in differential hemocyte counts. For
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example, in Prodenia, when PLs fall in number, spheroidocytes
ADs) increase (Yeager, 1945); in Drosophila melanogaster, when
POs increase, PLs decrease (Rizki, 1962); and in P. americana, within 4
hr of antennal hemorrhage, GRs increase, while PLs decrease (pers.
observ.)

It has also been suggested (Gupta and Sutherland, 1966; Moran,
- 1971; Scharrer, 1972; Price and Ratcliffe, 1974; Beaulaton and Mon-
peyssin, 1976) that insects have only one basic type of hemocyte and
that the commonly recognized types of hemocytes are merely differ-
ent physiological manifestations of the same type, depending on the
physiological needs of the insect at different times. Although the PL
has been regarded as the primary type in insects, a survey of the he-
mocyte types in other arthropod groups reveals that the GR, not the

PL, is the basic type (Gupta, 1979) (see also Chapter 8).

4.2.3. Granulocyte (GR)

Structure
GRs are small to large, spherical or oval cells (Figs. 4.1D; 4.5A,B;
X 4.6A,B) with variable sizes (10-45 um long and 4-32 um wide, rarely
larger). The plasma membrane may or may not have micropapillae, fil-
opodia, or other irregular processes. The nucleus may be relatively
small (compared with that in the PL), round or elongate, and is gen-
: erally centrally located. Nuclear size is variable (2-8 um long and 2-7
< um wide).

The laminar nature of the plasma and nuclear membranes may not
be visible. The cytoplasm is characteristically granular (Figs. 4.1D;
4.5A,B; 4.6A). Several types of membrane-bounded granules have
been described in the GRs of various insects (Figs. 4.6A,B; 4.7A-C;
4.84 B). Recently, Goffinet and Grégoire (1975) summarized and syn-
onymized various types of granules into three categories, based on
their observations in Carausius morosus. The following summary and
synonymy of granules are based on these and other works:

1. Structureless, electron-dense granules: = unstructured inclusions (type

1) of Baerwald and Boush (1970); melanosome-like granules of Hagopian

(1971); opague body of Moran (1971); type 2 bodies of Scharrer (1972);

and electron-dense granules of Raina (1976) and others .
. Structureless, thinly granular bodies: = type 3 of Scharrer (1972); and
electron-lucent granules of Raina (1976)
Structured granules: = “globules” or “granules multibullaires™ of Beau-
laton (1968); “grains denses structures” in the AD of Devauchelle (1971);
and Landureau and Grellet (1975); “corpus fibrillaires™ of Hoffmann et

[

@
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- al. (1968, 1970); cylinder inclusions (type 2), regular-packed inclusions Fig. 4.5. A. Granulocyte of M. melolontha. N = 1 x 6,300. B. G !

of

(type 3), and inclusions with bandlike units (type 4) of Baerwald and i Thermobia domestica. x 9,400. (A of Dr. G. De helle; B from Frangois,

Boush (1970); “Granula mit tubularer Binnenstruktur” of Stang-Voss 1975)

i

Fig. 4.6. A. Granulocyte of P. americana, showing structured (s) and unstructured
(us) granules. Ca. x 16,000. B. Portion of granulocyte of Leucophaea maderae, show-
ing derivation of structured (= premelanosome-like) granule (s) from Golgi (), struc- 7 :

- tureless or unstructured (= melanin-like) granule (us), and intracytoplasmic microtu- Fig. 4.7. A. Structured granule from locyte of L. d h | mi-

of L. 3
bules (m). X I).()(KL_M reinterpreted from Baerwald and Boush, 1970 B reinterpreted crotubules. x 40,000. B. An earlier stage of development of internal mi:‘“*“h“les-
from Hagopian, 1971) ! % 50,000. C. Section of a structured granule showing concentric arrangement of in-
A ternal microtubules. x 38,000. (A-C from Hagopian, 1971)
—
e —— —
P




Fig. 4.8. A. Section of structured granule of a granulocyte of L. maderae, showing ar-
rangement of microtubules about 25 nm in diameter. x 63,000. B. Highly magnified
view of mic 1 . Note micro- bules (5 nm in diam-
eter, arrow) within microtubules and limiting membrane (me) of granule. x 240,000.

s of structured granul

(A and B from Hagopian, 1971)
100
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(1974), as GRs. Goffinet and Grégoire (1975) reported separate cate-
gories of GRs and COs in Carausius morosus. As a matter of fact, the
separate existence of the GR (not to be confused with PL, SP, AD, and
CO) is now recognized by most authors, although Devauchelle (1971)
has included both GR and CO in his type I11.

How are GRs formed? Are they derived from PRs or PLs? Both
sources of origin have been suggested (Amold, 1974). Gupta and Suth-
erland (1966) indicated that the derivation of GR from PL is a short
step. Takada and Kitano (1971) reported that GRs showed a trend to
increase and PLs to decrease with time. Are GRs capable of transform-
ing into other tvpes of hemocytes? There are reports that indicate that
GRs do indeed give rise to SPs, ADs, and COs (Gupta and Sutherland,
1966). Arnold (1974) has suggested that GRs “might be considered
basic units from which more precisely structured and functioning
classes of cells have developed.” This is supported by my survey of
hemocyte types in Arthropoda (Gupta, 1979). Hinks and Armold
(1977), however, have suggested separate origins of GRs and SPs.

The presence of microtubules in the granules and in the cytoplasm
of the GR also has caused debate. According to Crossley (1975), the
microtubules of the granules do not have the “dimensions of typical
cytoplasmic microtubules (2427 nm diameter), nor have been dem-
onstrated to be sensitive to colchicine or vinblastine . . . and there-
fore they should not be called microtubules.” According to him, only
in Leucophaea are the dimensions of the inclusion tubules (25 nm)
comparable to those of the intracytoplasmic microtubules,

The intracytoplasmic microtubules have been described in several
insects (Grimstone et al., 1967; Baerwald and Boush, 1970, 1971: De-
vauchelle, 1971; Hagopian, 1971; Scharrer, 1972; to mention a few in-
vestigators) and are generally narrower in diameter than the micro-
tubules of the granules. These intracytoplasmic microtubules may be
arranged into marginal bundles (Hagopian, 1971) or may be randomly
distributed in the cytoplasm (Devauchelle, 1971) and supposedly are
found in all hemocyte types, except OEs (Devauchelle, 1971), al-
though Raina (1976) has described them in OEs.

4.2.4. Spherulocyte (SP)

Structure

SPs are ovoid or round cells (Figs. 4.1C,E; 4.94,B) with variable
sizes (9-25 um long and 5-10 um wide) and usually larger than GRs.
The plasma membrane may or may not have micropapillae, filopodia,
or other irregular processes. The nucleus is generally small (5-9 um
long and 2.5-6 um wide), central or eccentric, rich in chromatin
bodies, and generally obscured by the membrane-bounded, electron-
dense, intracytoplasmic spherules that are characteristic of these
cells.

mic ref
Ca. x
1976)

T — i

The number of the spherule
diameter from 1.5 to 5 um. The
tured, filamentous, or flocculent material (Raina, 1976)
within the spherules may vary from 15 to 17 nm in diameter ( Akai and
Sato, 1973). In addition to the spherules, e
polyribosomes (Fig. £.10C), Golgi bodies (moderately to well dey el-
oped) (Fig. 4.104), membrane-bounded vacuoles f
1.9C), numerous randomly distributed microtubul
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1970); premelanosome-like granules of Hagopian (1971); tubule-con
taining bodies or TCB of Moran (1971); type 1 of Scharrer (1972): and

granules with a microtubular structure of Rateliffe and Price (1974)

The length or the diameter of the structureless granules varies from
0.15 to 3 wm or more in various insects, while that of the structured
granules varies from 0.5 to 2 um. The shape of the granules may be
spherical, ovoid, elongate, or irregularly polygonal (Figs. 4.54.B:
4.6A,B; 4.7B,C; 4.8A). The diameter of the microtubules within the
structured granules varies from 15 to 80 nm) in various insects. Inter-
nally, the microtubules may show micro-microtubules about 5 nm in di-
ameter (Hagopian, 1971) (Fig. 4.8B). Akai and Sato (1973) also have
described “subunits of fibrils” in their so-called secretory vesicles.
The number of microtubules per granule may vary from 9 to 80. From
the accounts provided by Hagopian (1971), Scharrer (1972), Akai and
Sato (1973), and Frangois (1975), it appears that the granules are
derived from the Golgi bodies (Fig. 4.6B), the microtubules de-
veloping during the later stages of morphogenesis. It is conceivable
that the structureless, electron-dense granules represent the final
stage of development of these granules in which the structured nature
becomes obliterated. Supposedly, the granules are eventually re-
leased into the hemolymph. Histochemical analysis shows that most
of the granules contain sulfated, periodate-reactive sialomucin and
other glycoproteins or neutral mucopolysaccharides (Frangois, 1974,
1975; Costin, 1975). Occasionally, lipid droplets may be present,
especially in older GRs.

In addition to the structureless and structured granules, the cyto-
plasm is rich in free ribosomes (polysomes), Golgi bodies, both ER
and RER, and lysosomes. Mitochondria are generally few in number.
Marginal bundles of intracytoplasmic microtubules are also present
(Fig. 4.6B).

Synonymies

Jones (1846) first established the category of granular cells. and later
Cuénot (1896) mentioned “amoebocytes” with finely granular cyto-
plasm. Shrivastava and Richards (1965) and Lea and Gilbert (1966)
treated GRs as ADs. The so-called “pycnoleucocytes” of Wille and
Vecchi (1966) are probably GRs. Recently, Devauchelle (1971) syn-
onymized GRs with cystocytes (= COs), and Frangois (1975) did with
SPs. GRs have been referred to as “phagocytes,” “amoebocytes,” and
“hyaline cells.”

Interrelationship with other types

GRs have been widely misinterpreted and confused with PLs, SPs,
ADs, and COs (= cystocytes). Frangois (1975) considered the SPs, de-
scribed by Gupta and Sutherland (1966) and Price and Ratcliffe

R
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's may vary from few to many, and the
spherules contain granular. fine-tex-
The granules

the cytoplasm contains

(= lysosomes) (Fig.
es, elongated mito-

&y

Fig. 4.9 A, Spherulocyte of M. melolontha, showing eccentric nucleus (N) and nu-

numerous spherules and a vacuole (V). x 9,450. B. § locyte
Ca. x 7,000. C. Portion of spherul vte of P. Slﬁlt‘m' ot s

ticulum (RER), spherule (Sp) with nts, and
21.000. (A from Devauchelle, 1971; B from Akai and Sato, 1973, & f(rl:rlr:‘ Raina,

o ypiella, shnwir:g rough endoplas-

—____
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tral or acid mucopolysaccharide and glycomucoproteins by several au-
thors (Vercauteren and Aerts, 1958; Nittono, 1960; Ashhurst and Rich-
ards, 1964; Gupta and Sutherland, 1967; Costin, 1975; Beaulaton and
Monpeyssin, 1977). Much earlier, Hollande (1909) reported that the
spherules contain “lipochrome” (a kind of carotenoid lipid). The pres-
ence of tyrosinase has been reported by Dennell (1947), Jones (1956),
and Rizki and Rizki (1959). Most recently, Costin (1975) reported the
presence of nonsulfated sialomucin, in addition to glycoproteins and
neutral mucopolysacchrides. g

chondria, and RER (Figs. 4.9C, 4.10A,C). Devauchelle (1971) has also
described a more or less loose network of fibrils in the cytoplasm (Fig.
4.10B). SPs release the material in their spherules into the hemo-
lymph by exocytosis.

. Histochemically, the spherules have been reported to contain neu-

—

Synonymies

Hollande (1909) was the first to use the term “spherule cells,”
which is now generally used by most workers. Other terms that have
been used by various authors are “cellules sphéruleuses” or “cellules
a sphérules”™ (Paillot, 1919; Paillot and Noel, 1928); “spherocytes”
(Bogojavlensky, 1932); “eruptive cells” (Yeager, 1945); “oenocytoids”
(Dennell, 1947); “rhegmatocytes” (?)(Hrdy, 1957); and “hyaline
cells” (Whitten, 1964, her Fig. 1R). Harpaz et al. (1969) classified SPs
as ADs.

Interrelationship with other types

The main controversies about SPs concern the transformation of
these cells into other types, formation of the spherules, and the func-
tions of these cells. The transformation of SPs into other types is not
well documented. Gupta and Sutherland (1966) suggested that SPs
are capable of transforming into ADs and COs (= cystocytes) and that
SPs are themselves derived from GRs. Millara (1947) and Amold and
Salkeld (1967) also considered the SP as a phase in the life of a GR.
Later, Arnold (1974) stated that “they seem to be another specialized
cell within the granular hemocyte complex.” Beaulaton (1968) has
suggested that SPs are degenerated OEs. Hinks and Amold (1977)
consider SPs as separate types with mitotic capabilities.

Little information is available on the formation of the spherules. Ac-
cording to Akai and Sato (1973), the material in the spherules is first
observed in enlarged cisternae of the RER, then transferred into the
Golgi complex, where it is packaged into the membrane-bounded
spherules.

The role of SPs is highly controversial. Hollande (1909) considered
these cells respiratory in function because of the presence of the so-
called lipochrome. It has been demonstrated by Akesson (1945), Ash-
hurst and Richards (1964), Arnold and Salkeld (1967), Gupta and Suth-
erland (1967), and Costin (1975) that the material contained in the
spherules is neutral or acid mucopolysaccharide, not a carotenoid
lipid. Hollande (1909) stated also that these cells contained an oxi-
dase. Dennell (1947), Jones (1959), and Rizki and Rizki (1959) re-

|

Fig. 4.10. A. Portion of spherulocyte of P.

ypiella, showing rough endoplasmic
reticulum (RER) and Golgi (G) involved in formation of spherule (Sp). Ca. x 15,750.
B. Portion of spherulocyte of M. melolontha, showing loose network of intracytoplas-
mic fibrils. C. Portion of spherulocyte of B. mori, showing spherule (Sp) with fine
o] ) les, rough endopl. i icul ining fibrous material in its cisternae
. (arrows), and ribosomes. x 50,400. (A from Raina, 1976; B from Devauchelle, 1971;
C from Akai and Sato, 1973)
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‘ ynonymies e
Hollande (1911) first introduced the term adipoleucocyte,” al

.d tyrosinase in the spherules of various Diptera, but Gupta and oleucocyte,” al-
Betherland (1967) : Kollman (1908) had earlier used the term “adipo-sphe rule

sy £ srosinase i » SP " cockroaches. 1 st
Sutherland (1967) found no tyrosinase in the SPs of coc though o ; - tecais naad S0 ADE
Gupta and Sutherland (1965) were supposedly the first to report SPs cell” for some hemocytes of inv ertebrates. Other terms

in cockroaches. Whitten (1964) suggested that SPs (= her hyaline are “spheroidocytes (.“'am.r‘ 1%5"3‘“;;){(1. ;9;24.’.1(;:’5!,"13?3, lom':_:
cells) may play a role in the darkening of the puparium in some cy- 1959); “later stages of splu-ntﬂo:z‘| ‘( :I ;)n. H pocyte
clorthaphous Diptera. Pérez (1910) reported that SPs took part in.lns- (Wigglesworth, 1965) (see also Chapter 8).

tolysis. Although this has been disputed by Akesson (1945), th.(- histo-
Iytic role of SPs should not be surprising, considering the fact that
before and after molting several SPs are observed to congregate on
histolyzing tissue. Gupta (1970) has suggested the probable hi‘.xtnl)liv
or phagocytic functions of SPs. It is probable that SPs both In_s(n‘l.\/vv
and phagocytize tissues in at least a few insects. The phagocytic func-
tion was reported by Kollman (1908), Cameron (1934), and Ak{mmn
(1945), but further work is needed to demonstrate clearly the histolv-
tic role of SPs. Raina (1976) found no evidence of their role in pl_mgn—
cytosis. Metalnikov and Chorine (1929) and Metalnikov (lFl‘H)llnnnd
that the SPs in Galleria are related to bacterial immunity. Nittono
(1960) stated that strains of silkworm larvae that lacked SPs com-
pletely or incompletely tended to produce relatively smaller quanti-
ties of silk. Wigglesworth (1959) suggested that SPs are involved in
the uptake and transport of other substances, such as hormones. Akai
and Sato (1973) suggested that SPs are sources of some blood pro-

i other s
m::t?::::\:i:\‘ alumt'ipl; m‘m.w-rllx\' their idl(-mlit)('”a: :o‘:::-
»ry of hemocytes. Scrutiny of the literature leads -
:ii:::f:::f :h.c_v are not Zt distinct type. Several authors have reported
that it is difficult to distinguish them from GRs (Jones, 1970; Arnouh‘;
1974). and many others did not recognize the category of in :
studies (Wittig, 1968; Akai and Sato, 1973; Costin, 1975; Funcf) ]
1975: Goffinet and Grégoire, 1975; Boiteau and Pel:ron. 1976; Raina,
1976; Beaulaton and Monpeyssin, 1977; to mention a few rece:lt
ones). Raina (1976) noted a progressive accumulation of lipid dl'ops(’f GR“
GRs and on that basis considered ADs as functional stages :t.'
Gupta and Sutherland (1966) also have reported the.ln'msformﬂon“e
GRs into ADs. Only ::le (;)f d;e D\;Itnsuuctunl studies (gewmwhew hi;
hemocytes includes as separate category. 3
Mlﬂ?l) - (h;’):Figs. 20, 21, 24) are strikingly similar hou:lle GRs (cf:
Fig. 4.11 with Fig. 4.6B) described by Hagopian (1971 other aw

teins.
thors. : =
pohemoc the basis of the histochemical nature of these cells also it is diffi-
o b “gn hﬁuﬁfy!ﬂ\e term, and hence the category, of ADs. According
Structure Crossley (1975), “ultrastructural studies of so-called Mm’ll
include cells which contain no reported lipid (Devauchelle, 3

ADs are small to large, spherical or oval cells (Fig. 4.2C) with vari-
able sizes (7-45 pm in diameter). The plasma membrane may or may

Fig. 18-22), lipid of doubtful authenticity (Pipa and Woolever,( 1965)

not have micropapillae, filopodia, or other irregular processes. The
nucleus is relatively small (compared with that in a PL or SP), round
or slightly elongate, and centrally or eccentrically located. Nuclear
size is variable (410 um in diameter). The nucleus may appear con-

cave, biconvex, punctate, or lobate.
The lami ture of the pl and nuclear membranes may not

be visible. The cytoplasm contains characteristic small to very large

material believed to be mucoprotein or
oflmn, 1968, Fig.?).”cosﬁn(lmalmdidnotnmphe&owon

i histochemistry of hemocytes in L
Mm:mnmdmmwwyu&hdwmdd&

refringent fat droplets (0.5-15 um in diameter) and other nonlipid “%mmdm’m mﬂ::
granules (0.5-9 um in diameter) and vacuoles, which, according to Ar- termed ADs only when they can be clearly gy
\: nold (1974), become filled with lipids under certain conditions. In .ad- cells.” According to him (Jones, 1975), ADs are times
' dition, the cytoplasm contains well-developed Golgi bodies, mito- smaller than fat body cells. :

chondria, and polyribosomes.

Histochemically, ADs are reported to contain PAS-positive sub-
stance in the granules (Ashhurst and Richards, 1964; Lea and Gilbert,
1966). Costin (1975) did not recognize ADs as a type in her study.
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with “lipid” droplets. This was based on their observation that meal-
worm larvae, when chilled for 20-24 hr at 5 °C, showed numerous
“lipid” droplets and ADs, other types of hemocytes being rare. Such
larvae subsequently recovered. Ludwig and Wugmeister (1953) noted
an increased amount of free fats in the hemolymph of the starving Jap-
anese beetle, Popillia japonica, and Clark and Chadbourne (1960) re-
f ADs (= their spheroidocytes) in diapaus-

ported a greater number o : di 5
gossypiella. Thus, it

ing larvae of the pink bollworm, Pectinophora

£ M. melolontha. But note that it looks like a
elle, 1971)

B ol ot Re o

Fig 4.1L Sup P g
granulocyte. x 41,500, (From Devauc|

Fig. 4.12. A. Oenocytoid of B. mori, showing concentric arrangement of intracyto-
plasmic fibrils (arrows) and eccentric nucleus (N). x 3,000. B. Oenocytoid of P. gos-
sypiella x 6,600, C. Portion of oenocytoid of B. mori, showing highly magnified view
of concentric rings of intracytoplasmic fibrils. Note also unoriented fibrils (arrows).
Ca. % 30,000. Inset (ca. x 225,000) shows fibrils in cross section. D. Portion of oeno-
) St o0 5

4 d

cytoid of P. iella, showing longi y intracy
ules (arrows), Golgi (GG), and ribosomes (Ri). x 35475. (A and C from Akai and Sato,
1973; B and D from Raina, 1976)
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seems very likely that the appearance (or transformation from PLs) of
ADs in the hemolymph at certain times is governed by the physiolog-
ical state of the insect.

4.2.6. Oenocytoid (OE)

Structure

OEs are small to large, thick, oval, spherical, or elongate cells (Figs.
4.9A.B: 4.12A,B) with widely variable sizes (16-54 um or more) and
shapes. The plasma membrane is generally without micropapillae, fil-
opodia, or other irregular processes. The nucleus is generally small,
round or elongate, and generally eccentrically located (Figs. 4.2B,
4.12A). Nuclear size may vary (3-15 um). Occasionally, two nuclei
may be present.

The laminar nature of the plasma and nuclear membranes may not
be visible. The cytoplasm is generally thick and homogeneous and
has several kinds of plate-, rod-, or needlelike inclusions. According to
Costin (1975), the OE is distinguished by an elaborate system of fila-
ments that fills the cytoplasm (Figs. 4.24; 4.12C,D) and is visible
under a phase-contrast microscope. Histochemically, the filaments re-
semble the cytoplasm and hence are not visible in stained prepara-
tions. Hoffmann (1966) and Hoffmann et al. (1968) also have reported
such filaments. In addition to the above intracytoplasmic inclusions
and filaments, a few electron-dense spherules may be present in the
cell periphery (Devauchelle, 1971). With the exception of polyribo-
somes and the abundant, large mitochondria, which are conspicuous,
other organelles, such as ER and Golgi, are poorly developed. Sup-
posedly, lysosomes are absent.

Histochemically, OEs are reported to contain tyrosinase (Dennell,
1947), protein (Akai and Sato, 1973), and PAS-positive-only granules,
indicating the presence of glycoproteins or neutral mucopolysaccha-
rides and sulfated, periodate-reactive sialomucin (Costin, 1975).

One peculiarity of OEs seems to be their highly labile nature. Th(?y
are particularly fragile in vitro and lyse quickly, ejecting material in
the hemolymph. They are nonphagocytic.

Synonymies

No two terms have caused as much confusion as “oenocytes” and
“cenocytoids.” Oenocytes differ from oenocytoids in that they are ec-
todermal in origin, usually segmentally arranged, yellow in color, and
not hemocytes. Poyarkoff (1910) first introduced the term OE, fol-
lowed by Hollande (1911). In order to avoid any confusion between
oenocytes (proposed by Wielowiejsky, 1866) and oenocytoids, Hol;
lande (1914) proposed to replace the term oenocyte by “cerodecytes.
It is not surprising that several earlier authors mistook oenocytes for
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OEs. Even after Hollande's (1920) detailed description of OEs, sev-
eral authors (Metalnikov and Gaschen, 1922; Miiller, 1925; Tateiwa,
1928; Metalnikov and Chorine, 1929; sogojavliensky, 1932; and
Cameron, 1934) used the term oenocyte instead of OE in their respec-
tive works.

Other synonyms used for OEs are “oenocyte-like cells” (Yeager,
1945); large “non-granular spindle cells” and “non-phagocytic giant
hemocytes” (Wigglesworth, 1933, 1955; see discussion in Jones,
1965); “crystalloid” and “dark hyaline hemocytes™ (Selman, 1962);
“crystal cells” (Rizki, 1953, 1962; Nappi, 1970); and COs (Hoffmann
and Stoekel, 1968).

Interrelationship with other types

The main controversy about OEs concemns their identity as a sepa-
rate category, particularly their distinction from COs. The view that
OEs are part of the CO complex has received support owing to the ob-
servation by some authors (Lea and Gilbert, 1966) that OEs are unsta-
ble in vitro and that they undergo rapid and drastic transformation into
hyaline cells (= COs). These authors report that in Hyalophora cecro-
pia, OEs begin to transform within 15-30 sec, and fully transformed
OEs are found within 15 min. Jones (1959) and Nittono (1960) also
have reported such (rumﬁynatiun of OEs in Prodenia and Bombyx,
respectively. Coupled “.un these observations are the reports by
many authors that OEs are either found in very small numbers or are
absent. This may partly explain why several authors either have not
reported OEs in their studies or do not recognize OEs as a distinct
category. Crossley (1975), however, stated that ultrastructurally OEs
and COs are different, and indeed some authors (Hoffmann et al.,
1968) have described both OEs and COs in their ultrastructural stud-
ies. The ultrastructural identity of OEs is also supported by the fact
that although these cells eject material into the hemolymph as COs
do, this does not result in plasma gelation (Arnold, 1974).

The origin or derivation of these cells is also controversial. Gupta
and Sutherland (1966) and Beaulaton and Monpeyssin (1977) sug-
gested that OEs are differentiated from PLs. Devauchelle (1971) has
indicated that OEs might be derived from PRs. Arnold (1974) stated
that “the cells seem to be allied with the complex of granular cells, but
their origins and relationships are not understood.” Hinks and Amold
(1977) found them originating in the hemopoietic tissue.

4.2.7, Coagulocyte (CO)

Structure
COs are generally small to large (3-30 um long), spherical, hyaline,
fragile, and unstable cells, combining the features of GRs and OEs
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(Amold, 1974). The plasma membrane is generally without any micro-
papillae, filopodia, or other irrcgular processes. The nucleus is rela-
tively small (5-11 um long), generally eccentric, oval, sharply out-
lined, and under phase-contrast may appear cartwheel-like owing to
the arrangement of the chromatin in that fashion (Fig. 4.2D). Accord-
ing to Goffinet and Grégoire (1975), there is a pronounced perinuclear
cisterna (Fig. 4.13A), which, together with microruptures in the
plasma membrane, supposedly distinguishes these cells from other
types.

The laminar nature of the plasma and nuclear membranes may not
be visible. The plasma membrane may show microruptures. The cyto-
plasm is hyaline and rich in polyribosomes, but has fewer mitochon-
dria and moderately developed ER. In addition, the cytoplasm has
some spherical or elongate granular inclusions, about 1 um in diameter
(Fig. 4.13A). Frangois (1975) has described four types of such granules
in Thermobia domestica: (1) electron-dense, homogeneous granules,
generally resembling those in GRs; (2) moderately electron-dense,
homogeneous granules; (3) heterogeneous granules wi'h a central
or lateral dense zone, the remaining portion being homogeneously
granular; and (4) structured granules, with internal microtubules
(I5 nm in diameter), arranged in a parallel fashion and 40 nm apart.
Goffinet and Grégoire (1975) also described structural granules in the
COs of C. morosus. It is obvious that there is a very close resemblance
between GRs and COs.

Histochemically, COs are clearly distinguishable from PLs and GRs
according to the periodic acid-Schiff (PAS) test (Costin, 1975). Ac-
cording to her, “compared with the cytoplasm of the other types of
blood cells, that of coagulocyte has much reduced basophilia.” It is
very weakly PAS-positive.

Synonymies

Grégoire and Florkin (1950) for the first time introduced the term
“coagulocyte” or “unstable hyaline hemocyte” in Gryllulus and
Carausius. Earlier, Yeager (1945) for the first time used the term “cys-
tocyte” for cells with cystlike inclusions. Jones (1950) used that term
for “coarsely granular haemocytes,” and later (Jones, 1962) suggested
that the “term coagulocyte for these cells may be preferred to cysto-
cyte because these cells are only identified by their function.” Wigg-
lesworth (Chapter 11) synonymized “thrombocytoids” of Zachary and
Hoffmann (1973) with COs.

Interrelationship with other types

The main controversies about COs concern their identity, function,
and origin. It is still debatable whether the COs are ultrastructurally
different from GRs. Devauchellé (1971) found them indistinguishable

S—
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nymphs. More often than not, radiate PLs with pseudopodia are mis-
taken for POs. ;

These hemocytes are very large (Fig. 4.2E), extremely Hnm-'n‘('(l PL-
like cells with several gytoplasmic extensions (Fig. 4.13B). The nu-
cleus is generally large and centrally located and may appear punc-

tate.

Fig. 4.13.A.C (' )Not: ving perinuc
oty g 2 ar
a fou granulocytes “x 20,000, B. Podocyte, showing pseudopodia. Note re-

as are nd in gra uloc t;r);'(:’:;g . B. P o f\ls- ng D00 (et B

helle)

to p
Dr. G. D

I (arrows) and those of endo-
d ( less) les such
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from GRs and synonymized them with the latter. Moran (1971) found
atype of cell in Blaberus discoidalis (frequently in newly molted, un-
tanned adults) with membrane-bounded, tubule-containing bodies
(TCB) filled with rows of 34-nm tubules, which are quite different
from the intracytoplasmic microtubules. He suggested that these cells
are equivalent to COs (cystocytes). Ratcliffe and Price (1974), how-
ever, have identified COs (their cystocyte) in their work. Most re-
cently, Goffinet and Grégoire (1975) and Grégoire and Goffinet (Chap-
ter 7) claimed a separate identity for them. According to them, the
perinuclear cisternae of the COs are much more pronounced than
those of PRs, PLs, and GRs, and their plasma membrane is ruptured
during coagulation, whereas those in PRs, PLs, and GRs remain in-
tact.

The role of the COs in hemolymph coagulation is generally ac-
cepted and has been recently reconfirmed by Grégoire (1974),
Francois (1975), Goffinet and Grégoire (1975), and Grégoire and Gof-
finet (Chapter 7). Gupta and Sutherland (1966), however, have sug-
gested that COs are the effect rather than the cause of coagulation on
the basis of their observation that as soon as coagulation starts, several
PLs transform into COs. This view, however, is not accepted by
Grégoire. Supposedly, COs also contain phenol-oxidizing enzymes
(Crossley, 1975). It must be mentioned here that in several arthropod
groups coagulation of the hemolymph is caused by the GR (Gupta,
1979), and evidence is accumulating that this is also true in some in-
sects (Rowley and Ratcliffe, 1976; Rowley, 1977).

The origin of COs is still debatable. Grégoire and Goffinet (Chapter
7) and Hinks and Amold (1977) have suggested that these cells origi-
nate in the hemopoietic organs. However, if we accept the premise
that hemocytes respond to bodily injury in the insect, it is conceivable
that either the injury itself would induce the production of COs or
some other type of hemocyte would produce them by transformation.
For more details on the structure, functions, and origin of COs, the
reader is referred to Chapter 7.

4.3. Other hemocyte types

4.3.1. Podocyte (PO)

Structure

These hemocytes have not been recognized as a separate category
in any ultrastructural study and are not ordinarily observed in the he-
mocyte samples under the light pe. They should be regarded
as a variant form of PL. According to Amold (1974), they have been
correctly identified only in Prodenia (Yeager, 1945; Jones, 1959).
However, 1 (Gupta, 1969) have observed them in P. americana
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Synonymies 5 ==
Yeager (1945) introduced the term pmloc,\'te'. (.rdl)frs (,l|8,7,11
“star-shaped amoebocytes” and Lutz’s (1895) radiate cells may have

included POs.

Interrelationship with other types § St
POs are derived from PLs. Gupta and Sutherland (1966) have sug

gested their transformation from PLs. This seems to be supwrtfdl l)y
Rizki’s (1962) observation that in D. nu-lunf:gusrcr when POs muea;«e
in differential counts, PLs decrease. Rizki's (!953) POs appear.(l’:)."
PLs. Whitten (1964) questioned the concept of POs, and Devauchelle
(1971) considered them variant forms of PLs.

4.3.2. Vermicyte (VE)
Structure 2
This form is generally called vermiform cell and should not be re:

garded as a separate category. As the name suggests, these nrle f‘x-

tremely elongated cells with slightly granular or ggranula{ cy‘:ozch;am.

The nucleus may be located centrally or eccentrically (Fig. 4.2F).

Synonymies .

Yeager (1945) introduced the term “v
“vermicyte” is more appropriate. Tuzet and
term “giant fusiform cells” for VEs.

ermiform cell,” but the term
Manier (1959) used the

Interrelationship with other types = ;
The origin of VEs is unknown. However, itis conceivable that they

i i s, as ha 5 Gupta and Sutherland
are derived from PLs, as has been suggested by i
Z‘{:)f;f;)rlL:; and Gilbert (1966) considered them a van.ant ltorm of Pl..ts.
According to Amnold (1974), “they seem to occur mainly just prior to
pupation, but never in large numbers.

4.3.3. Additional miscellaneous hemocyte types

i S thors have,
In addition to the above nine hemocyte types, several au
from time to time, reported hemocytes, many or all of W‘\l(;"; have nof
been generally accepted — for example: “haemocytoblast ng&).
lensky (1932); “leucoblast” of Arvy and S;abe (1946) and Ar:l):d( s
“proleucocytoid” and “prohaemocytoid” of Yeager (19‘;45) ]one.s'
(1950), respectively. Yeager also intmduc?‘d the term "n;:tid‘?cyh.
Rizki (1962) in his works used the terms lamellocyte’ 1 uyshlm”
cell.” The latter was adopted also by Whitten (1964). According

nold (1974), erystal cells and lamellocytes are considered variants of
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% OFEs and PLs, respectively. Gupta (1969) also suggested that the crys- various works, my own (Gupta, 1969) survey of the hemocyte litera-
tal cell is probably an OE. Terms such as “seleniform cell” (Poyarkoff, ture in many insects, and the most recent transmission electron micro-
- 1910); “miocyte” (Tillyard, 1917); “splanchnocyte” (Muttkowski, scopic (TEM) studies of hemocytes. As far as is known, only Bruntz
1924); “teratocyte” (Hollande, 1920); “pycnonucleocyte” (Morgan- (1908), Millara (1947), Barra (1969), Gupta (1969), and Frangois (1974,
thaler, 1953; Wille and Vecchi, 1966); “nucleocyte” and “rhegmato- 1975) have worked on the hemocytes of the Apterygota; and on the
o evte” (Hrdy, 1957) are rarely encountered in the literature; most likely basis of these works, both Collembola (it is controversial whether they
several of these cells are not even hemocytes. Jones (1965) introduced should be included in Apterygota) and Thysanura possess GRs. All
the term “granulocytophagous™ cell in his work on Rhodnius prolixas, higher orders of insects possess GRs (see Table 4.1). Some of the most
and Ritter (1965) and Scharrer (1965) “anucleate crescent body” and recent TEM studies (Hoffmann et al,, 1968, 1970, Baerwald and Boush,
“crescent cell,” respectively, in the cockroach, Gromphadorhina por- 1970; Hagopian, 1971; Moran 1971; Scharrer, 1972; Ratcliffe and Price,
tentosa. Zachary and Hoffmann (1973) described the hemocyte 1974; Goffinet and Grégoire, 1975; Beaulaton and Monpeyssin, 1976;
“thrombocytoid” that takes part in encapsulation in Calliphora Brehélin et al., 1976; Ratcliffe et al., 1976; Rowley and Ratcliffe, 1976;
erythrocephala (Zachary et al., 1975). Rowley, 1977; Schmit and Ratcliffe, 1977) have reported (or can be in-
Several vears ago, I (Gupta, 1969) reported that the hemocytes in terpreted to show) GRs in various insects. The most highly special-
several orders of insects have not been studied. For example, as of that ized neuropteroid orders also possess GRs.
vear, among Apterygota, only Thysanura had been studied. Among Since it has been reported by several authors that one hemocyte
the orthopteroid groups, Isoptera and Embioptera awaited studies. In type can and does differentiate into another type, it is conceivable that
the hemipteroid complex, no account of hemocytes was available in during evolution the plesiomorphic GR differentiated into other he-
i Zoraptera, Phthiraptera, Corrodentia, and Thysanoptera; and finally mocyte types. It can be postulated also that the GR originates from the
b in the geuropteroid group, hemocytes were yet to be studied in Ra- . so-called prohemocyte (PR) or stem cell and goes through the plasma-
8 |)]|l(|llj‘(‘u. Mecoptera, and Siphonaptera. It seems that situation has tocyte (PL) stage before becoming a distinct GR type. In taxa in which
changlfd very little since then, for hemocytes in most of the above only GRs have been observed (e.g., Xiphosura), the PR and PL are
. szmuy are still awaiting studies. merely evanescent stages and have not achieved distinctness as types.
- In taxa that are reported to possess other types besides PR, PL, and
4.4. Hemocyte types in various orders GR, the last perhaps further differentiated.into SP, AD, CO, and OE,
In terms of the number of species studied in various orders, Lepidop- - nmﬂly " Ellmﬁot:ier. The post-GR dxfferentmdon. is generally
tera, Hymenoptera, Coleoptera, and Diptera appear to be the most ex- e by PRs and PLs. Furthermore, in the more
tensiy r'l) studied groups. In addition to the Heteroptera, Homo;;tcr;a '.‘ighht e\i'olved taxa any of the types may be suppressed. The mais -
and Odonata; of which only a few species heve-#lar been studied: lcrentm'hun pa?hways as postulated above may be represented as
Dermaptera, Plecoptera, Trichoptera, and Thysanoptera are the most ghown in the diagram.
:\)mn‘|_\ studied groups. Hemocytes of several insect orders are un- sP
nown.
\l\'l'h the exception of the GR and possibly also PLs, all other types
of hemocytes are not present in all insect orders (see Table 4.1). Ac-
cordtng o Aok (194, 6 betmocyhe o s e sy oo e AD
in Prodenia (Yeager, 1945; Jones, 1959). Most insects seem to possess \
PRs, PLs, and GRs (see also Chapter 8).
cO
4.5. Plesiomorphic hemocyte and its differentiation into other types
lhlm\-;- reported elsewhere (Gupta, 1979) that the granuloeyte (GR) is -
the plesiomorphic hemocyte, and it is the only hemocyte that has
. been reported in all major arthropod mlps,)i'ncludin):amdied in- ~ 4.6. Phylogenetic significance of hemocyte types -
sect orders, and the Onychophora. The following account of the pres- The prospect of using variations in hemocyte types in various insect
ence of GR in Insecta is based on Arnold’s (1974) reinterpretation of orders for phylogenetic considerations is severely limited owing to (1)
— - dinoleskbbistepiita co~trum £5AV
» g - = S Fadishe s
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A lack of uniform terminology, and hence the difficulty of establishing i vealinad v btk i : :
e comparisons, and (2) paucity of comprehensive studies of hemocyte M1 ;(-ems‘ ﬁ“‘ th i t(}: B '."pter;‘" = hemlpterol('i, and neuropteroid
» types in large numbers of species within various orders to enable one si()n.u‘) )ili(.' ("R ]h.ld),y] ( llmde'ftf e ()rt.hnplel"oid Yo evolyed, the ple-
to draw meaningful conclusions on the basis of important variations. ""_(,w‘:':h kll(;Wl " ‘:Tea( . f:ren'tlated into all the distinct types
- However, hemoeyte types and their numerical variations in many in- thv‘hvm;wvtc t ‘1 lj“ p .tlryg(‘l‘ljelmsects, and th'at no f“nhe" evolution in
sects orders are known. Does the number of hemocyte types in vari- wilhin the.urlh:)‘z:h mtclurrt )‘eyondﬂmtpmn.(. l? . fjoumﬁll whether
& ous orders have any phylogenetic significance? Arold (1972a,b, 1976) e cxli .:‘.ﬂ',’lfh‘ff()up imy phylogenetic significance of the he-
and Amold and Hinks (1975) have used hemocytes in insect taxon- S «')rde::)ui‘ thi: :0 (("]_".n(‘;wr f)f:\emocyte types reP?"ted in vari-
omy, and several authors have suggested (see Gupta, 1979) that some th-;t itis \"crv Hii"! lt“tp lsu upta, 1969; Amol.d, 1974) is so variable
phylogenetic relationship among various arthropod groups can be : v difficult to discern any phylogenetic trends. On the basis
demonstrated on the basis of the oceurrence of the GR and other he- 2
e mocyte types.
v A review of the insect hemocyte literature indicates some phylo-
genetic trends in the diversity of the hemocyte types in Insecta as a
group as the evolutionary ladder is ascended (Fig. 4.14). This was ob- 3
served also by Arnold (1974), although he attributed this diversity HEMIPTEROID LINE
more to “shifts in the emphasis on certain functions or in the assign-
ment of functions to different tissues” than to phylogeny. And at ”
Jeast in certain instances he may be right. s e
As far as is known, only Bruntz (1608), Millara (1947), Barra (1969),
k-4 Gupta (1969), and Frangois (1974, 1975) have worked on the hemo-
cytes of the Apterygota; and on the basis of these works, Collembola
= possess only the plesiomorphic GR, whereas the Thysanura (Lepis- ERASOFTENON L
matidae) seem to possess PL, GR, SP, and CO. Assuming that the Thy- Oekovions
] sanura originated from Symphyla-like ancestors, and that the latter Felanm
.~ had hemocyte types comparable to those of Scutigerella (Gupta,
1968), we find that a reduction from six (PR, PL, GR, SP, AD, and CO) =
in the symphylan ancestor to four in the Thysanura has occurred. 1
have no evidence to suggest whether this is a secondary suppression
and/or reduction or, as Amold (1974) suggested, attributable to shifts
in functions. It is also possible that future studies will reveal more [cotemeora | [proTURA | Towtinkl: s
types than are presently known. g
According to Carpenter (1976), the derivation of the Pterygota from I ﬁ
¥ the apterygote Thysanura is almost universally accepted. It is also
generally believed that the pterygotes evolved along four evolution-
ary lines: paleopteroid, orthopteroid, hemipteroid, and neuropteroid. S
¥ Itis interesting to note (Fig. 4.14) that in the Palacoptera, although the >
k number of hemoeyte types has not increased from the ancestral thy-
sanuran number, the OE has already made its appearance in the very -
Ui beginning of the evolution of winged insects. In addition, the PR has
achieved distinctness, and the CO is either suppressed or its function Fig. 4.14. Diagram showing distribution of various h e 15 T SO
is taken over by the GR, which is generally the case in some other m‘“‘:ﬂ(ﬂ‘“‘l") and in symphylan ancestor of Insecta. Note that listed orders under
arthropods (aquatic Chelicerata and some Crustacea). m|ye;‘mgﬁm oy :;::' examples f‘m?’_"" not neces-
= It is also evident from Fig. 4.14 that beyond the paleopteroid line v AD = adipoh : CO = N GR = h au:'"'
~ mocvte tybes e s . : oid; PL = pl = pod b Wi Y
the nmunber of hemocyte types increased, and all the six or seven types 5 iy (P 'G:opn. |~ PR . SP = ,

_—,
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e o}f the inl'(v)r;natinn. presen.tl,\' u\'ifililblt‘. the hemocyte types vary from possess other types besides PR, PL, and GR, the last further differenti-
o E(r)l e\';))(?){[:,[ S S by light microscope, and g (PR, PL, GR, SP, ates into SP, AD, and OE, not necessarily in that order. This post-GR
. AD, OE) types have hﬂ"" den'mnstrated by TEM. Unfortunately, differentiation is generally accompanied by distinct PRs and PLs.
- h(‘-mm_\'tes of several hemipteroid orders have not been studied Furthermore, in more highly evolved taxa, as well as in some lower
(.(-upta? 11969; Amold, 1974),-most of thf* work being coufir.u-d to a few ones, any of the types may be suppressed.
;g:-le.\ in the ‘"_‘l” Hemiptera (Poisson, 1924; Hamilton, 1931; A review of the insect hemocyte literature indicates some phylo-
nna, ‘1964; Wigglesworth, }955. 1956 ](fnes, 1965; Lai-Fook, genetic trends in the diversity of the hemocyte types as the evolution-
l‘97(); L.a'. di and Khan, 1975). Five (PR, PL, GR, AD, OE) types by ary ladder is ascended in Insecta.
light microscopy and four (PR, PL, GR, OE) by TEM studies have
been identified. The apparent absence of SP and CO in the hemip-
Semid group as a whole is probably attributable to lack of enough stud- Acknowledgments
ied specws.‘lt is difficult to imagine that these two types have been The material presented in this chapter is adopted and modified from Gupta (1979).
suppressed in the hemipteroid orders. Without the published illustrations I have included, this review would not have been
In the neuropteroid group, we find the seven major types (PR, PL, ""’;;ih:‘”‘ ‘F (l‘: providing me with "ﬁ"l;’ ;":;'"““"" ;'"d ;E:'“'i"f ;‘;‘“ ’ ald! ""d"::' ﬂc':':
(‘R' SP, AD, CO, OE), ; = s LA ' published illustrations, I am most indebted to Drs. H. Akai, R. J. rwald, N. M.
f;om each of the')rd ) dltht‘;lul;h ot d"cthest' types have been reported tin, G. Devauchelle, J. Frangois, G. Goffinet, Ch. Grégoire, A. V. Loud (for the late Dr.
” orders in this group (Gupta, 1969), and not all are rec- M. Hagopian), A. K. Raina, G. Salt, and S. Sato. I am grateful to Dr. J. W. Amold for his
ognized as types by all authors. As a matter of fact, the types of hemo- comments and suggestions. The entire credit and my deep appreciation for preparing
cyte? reported vary widely even within an order in this group. For ex- all ul..- illmtmti«mshof this mie;n- go to Dr. Y. T. Das and Mr. S. B. Ramaswamy. | sin-
ample, two to seven types have been reported in Lepid()ptera, cerely appreciate the secretarial assistance of Mrs. Joan Gross.
A Coleoptera, and Diptera; five types in Hymenoptera, Neéuroptera, and
» Megaloptera; and only three (PR, PL, GR) in Trichoptera (see Gupta, References
e 1969, for yapouS_llstinES; Arnold, 1974). Since all the orders are highly Akai, H. 1969. Ultrastructure of haemocytes observed on the fat-body cells in Philo-
3 evolvefi, it is quite conceivable that most or all major types would be samia during metamorphosis. Jpn. J. Appl. Entomol. Zool. 13:17-21.
h found in all the orders as more studies become available. Akai, H., and S. Sato. 1973. Ultrastructure of the larval hemocytes of the silkworm, Bom-
- byx mori L. (Lepidoptera: Bombycidae). Int. J. Insect Morphol. Embryol. 2(3):207-
31
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insect hef: tol l‘_zﬁlapodthgmups.b:here & dlsagreement'amon.g Can. Entomol. 102(7):830-5. i
atologists about the number of hemocyte types in vari- Amold, J. W. 1972a. Haemocytology in insect biosy ics: The prospect. Can. Ento- i
ous insects. From one or a few to as many as nine or more types mol. 104:655-9. i
have been described, particularly by light microscopy. Ultrastruc- Amold, J. W. 1972b. A comparative study of the haemocytes (blood cells) of cockroaches |
t\lm“y, howevef, only seven types have so far been identified in vari- (Insecta: Dictyoptera: Blattaria), with a view of their significance in taxonomy. Can. |
ous i ' h tte (PR), pl P (PL) ) (GR Entomol. 104:309-48,
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17.1. Introduction

The identification key presented as Table 17.1 is for the novice who is
studying insect—or for that matter any other arthropod—hemocytes for
the first time. It is often very frustrating for a beginner to try to identify
various types of hemocytes in a hemolymph sample or film under light
microscope. This key should be helpful in guiding the beginner to be-
come acquainted with the seven main types of hemocytes described
in Chapter 4. Because not all hemocyte types are readily observed in
any one species, at all developmental stages, and under all physiologi-
cal conditions, it is important to examine hemolymph samples from
different species at various developmental stages and under different
physiological conditions. The method of study is no less important.
The key is based on hemocyte observations under a phase-contrast
microscope in hanging-drop preparations of fixed or unfixed hemo-
lymph from various insects (Gupta and Sutherland, 1966, 1967; Gupta,
1968, 1969).

17.2. Selected species for examination

Although the key can be used to identify hemocytes from any species,
I suggest the following insects be used in the beginning: adult Bla-
berus spp. for typical prohemocytes (PRs), plasmatocytes (PLs), gran-
ulocytes (GRs), and spherulocytes (SPs); larvae of Galleria

and Porthetria dispar for typical PRs, PLs, oenocytoids (OEs), SPs,
and adipohemocytes (ADs), particularly in larvae about to molt, which
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Nucleus compact, large in relation to cell size, cen
trally located, almaost filling the cell; very thin, periph-
eral laver of homogeneous ovtoplasm around  the
nucdeus; cells may be round, oval, or elliptical, but
always small (compared with other cells in sumple)
Figs. 4.1A, 13.8)

Nucleus not compact, genel r|||\ small in relation to
cell size, not nearly filling the cell

Nucleus with chromatin arranged in cartwheel-like
fashion, generally eccentric, oval, and sharply out-
lined; cytoplasm hyaline, generally scant, may contain
some spherical or elongate granular inclusions; cell
sometimes with cystlike blebs in process of exocytosis
Figs. €. TH 1080, 130 -« - s o
(Beware! COs may be confused with OEs and with
GRs in some insects)

Nuclear chromatin not arranged in cartwheel-like
fashion, nucleus eccentric or central; cytoplasm not
hyaline, abundant, homogeneous, and without any

plate-, rod-, or needlelike inclusions and filaments A

Cytopl. generally lar or slightly

nucleus round or elongate and central, and may or
may not appear punctate; cells polymorphic and vari-
able in size in various insects (Figs. 4.1B, 13.10)
Cytopl: generally lar, thick, and h

neous with or without several kinds of plate-, m(l» or

needlelike inclusions and fil ) les” ma;
or mny not be pu-sent nudeus generally small, mund
or cells variabl;

in size and shnpe genenlly lyse quickly in vitro,
ejecting material into the hemolymph (Figs. 4.24.B,
R s e e P s S S
Cytophsm dish‘nctly gnnuhr ...........
y and ch granu-
lar mnules may or mny not be numerous; nucleus
ly small 1 with that in pl

cyte) and round or el and g 11
central (Figs 41D, I3 M) . . . . . v o xe v
(Note that GRs in lower orders are generally larger
than in higher orders.) ;
Geuales 1 gtos) it Mot and
appear as disti herules or droplets . . . . . . .
Solietad 0 A BTSN

! ber of sph varying from few to
many; nucleus rather small, central or eccentric; cells
uﬂumdw&m&hm,udymh

Prohemocyte (PR)

2

. Coagulocyte (CO)

. Plasmatocyte (PL)

- Spherulocyte (SP)
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is when GRs accumulate lipids and appear as ADs; and larval Tene-
brio molitor for ADs, particularly after the larvae have been chilled at
5 °C for 20-24 hr.

17.3. Procedure for hanging-d ti

¥ P

1. Take a square coverslip and put a tiny drop of saline-versene (NaCl,
0.9 g; KCI, 0.942 g; CaCl,, 0.082 g; NaHCO,, 0.002 g; distilled water,
100 ml + 2% versene).

. Cut the tip of the antenna or leg (or proleg) and let a drop of hemolymph
flow into the saline-versene drop.

. Carefully turn the coverslip upside down and place it over the
depression of a depression or cavity slide. Seal the sides of the coverslip
with petroleum jelly. o

4. Examine the hanging-drop preparation under the phase-contrast micro-
scope.

5. You will notice that the hemocytes are more evenly distributed near the
periphery than at the center of the hemolymph drop. It will, therefore, be
easier to focus them sharply near the periphery.

6. Make a fresh preparation for examination every 8-10 min because
hemocytes begin to deteriorate after bleeding.

7. For longer-lasting preparations, you may try hemolymph from an insect
that has been heat-fixed in water-at 60 °C for about 5 min.

o

=

17.4. Summary
A beginner’s identification key for seven mam hemocyte types (prohe-
mocytes, pl tocytes, gr ytes, vtes,

pohemo-
cytes, coagulocytes, and ytoids) is p ted. It is suggested that
hanmng—dmppmpamhonsdhemolymphbenxedhidenﬁfyhn
hemocytes under phase-contrast microscope. {
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18.1. Introduction
In general, the techniques used in vertebrate hematology must be
maodified for the study of insect hemocytes. The same principles of
technique apply, and the insect hemocytes can be observed in vivo, in
‘ vitro, in living culture, and in blood films fixed and stained in a variety
| of ways. The procedures described below are a small sampling of
[ these techniques.
Each procedure provides a somewhat different view of the cells,
and it is often useful to employ more than one method, if possible.
. Such a combination of methods at best includes an in vivo or in vitro
technique as a basis for interpretation of fixed and stained cells. To
some extent, all the methods are empirical because of variability in
the character of both hemolymph and hemocytes in different species.
| Most of the following techniques have been found suitable for a wide
‘ variety of insects, but there are preferred methods for certain species
! 531
]
—
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l"ip. l!.l 18.7 Hemo(-ytes of iruu‘u as seen with various techniques. Magmﬁntion
18.1

of Blaberus giganteus (Dictyoptera) in
vivo, ina wmg vein. 18.2. Hemocytes of Euxoa declarata (Lepidoptera) in vitro, as a
wet film. 18.3. Hemocytes of Malacosoma disstria (Lepidoptera) in vitro, in subcul-
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and for different purposes, and the in vivo procedure is obviously lim-
ited to species with transparent areas of the body.

18.2. In vivo procedure

A relatively clear and sometimes excellent view of living hemocytes
can be obtained with transmitted light through transparent regions or
appendages of certain insects. The procedure is similar to the one
long used by vertebrate hematologists to demonstrate living blood
cells in thin tissues, such as the ear membrane of the rabbit or the toe
membrane of the frog. Simply, it involves immobilization of the insect
so that the transparent structure can be manipulated under the com-
pound microscope. Wings are most suitable for this purpose, and for
best results they are sandwiched in glycerol or refined immersion oil
between thin glass coverslips to reduce diffraction at the cuticle-air
interface (Amold, 1959). The wings of orthopteroid insects are best by
far, as the blood circulates freely there in thin veins and sinuses, and
the hemocytes are large. Particularly among the large blaberoid
cockroaches, the hemocytes can be observed here with great clarity at
high magnification (Fig. 18.1), circulating freely in the blood or mov-
ing ameboidally in regions out of the main flow (Amold, 1961). Not all
clear-winged insects are so satisfactory, for a variety of reasons (Ar-
nold, 1964), including the small size of the hemocytes (e.g., among
Hemiptera), the extreme thickness of the vein walls (e.g., Odonata),
the near occlusion of veins by tracheae (e.g., Lepidoptera), the poor
circulation of blood in the wings (e.g., Diptera), or the extremely rapid
circulation of blood in the wings (e.g., Hymenoptera). Nevertheless,
with ingenuity and patience many such insects can be used to gain an
impression of the real size and form of the living hemocytes before
resorting to techniques that involve injury or sacrifice of the insect or
denaturation of the hemocytes. Similarly, with ingenuity and patience
other appendages and clear regions of the insect body can serve as
windows to the blood. The legs, prothoracic extensions, caudal cerci,
and/or respiratory structures of some aquatic insects can be useful,
and the d of the abd. sometimes provides a view of hemo-
cytes in the dorsal sinus or heart. In these cases too, clarity is im-
proved by covering the structure or area with saline (with a trace of
wetting agent) or glycerol or immersion oil under a coverslip. Al-

(continued from facing page)

ture. 18.4. Hemocytes of E. dcchum:ﬁetnﬂd"‘ i 18.5. H. ytes of
E. declarata after full Giemsa 18.6. H y nfE lecl after hema-
toxylin—eosin-alcian blue staining. Note very sel of spherul

18.7. Hemocy(es of E. declarata after i ing. Note distincti
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though phase-contrast microscopy can be used here, it is often less ef-
fective than standard light microscopy with the condenser manipu-
lated to improve contrast and depth of field (see also Chapter 20).

18.3. In vitro procedure

This procedure includes a variety of techniques that involve the trans-
fer of blood from the insect to glass without or with little exposure to
air. There are two common ones: blood under oil and as a wet film
under a coverglass. Perhaps the simplest technique is to sever the an-
tenna under mineral oil on a glass slide. Blood issues from the cut end
and forms a discrete globule on the slide, protected from the air by the
inert oil. Under oil immersion, or at lower magnification with an im-
mersion adapter, the hemocytes can be observed in their normal form
as they flow from the antenna and in gradually changing form on the
glass surface.

The more common technique, the wet film, involves directly trans-
ferring a drop of blood to the microscope slide and covering it imme-
diately with a coverslip ringed with petroleum jelly to exclude air.
The hemocytes are seen here clearly (Fig. 18.2), both in suspension
for a short time and attached to the glass. They slowly alter their form
and size under these conditions and should be examined immedi-
ately. It is here that the explosive so-called coagulocytes may be iden-
tified best. The view of cells in culture is somewhat similar to this (Ar-
nold and Sohi, 1974), through the flat surface of the standard tissue
culture flask (Fig. 18.3), but the typical hemocyte forms are not main-
tained in subcultures.

The technique for wet films can be used effectively also with
treated blood. Heat-fixed blood can be used directly, or living blood
can be diluted in fluids that suppress coagulation, such as Turk’s dilut-
ing fluid (Fisher) or dilute solutions of sequestering agents such as
tetrasodium ethylenediaminotetraacetate. Here the form of the hemo-
cytes is retained for longer periods than in wet films of living blood.

18.4. Blood film preparation

Although vertebrate blood can be prepared for microscopy by placing
a drop directly on a microscope slide and drawing it out with a cover-
slip to dry quickly in air, insect blood treated in this way will usually
agglutinate before the film can be made or'else will show much cellu-
lar distortion. For this it is best to fix insect blood before pre-
paring the film. This is accomplished in two ways: by a suitable de-
gree ol heat fixation or by dilution of the blood in a fixative that does
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not immediately cause gelation of the hemolyimph. Heat fixation can
be followed by other types of fixation if desired, after the film has
dried on the slide

The vertebrate tec hnique, using live blood directly on the slide, can
serve in special preparations where cell form is less important than
nuclear integrity. In such case, a bead of fresh blood is exposed imme-
diately to acetic acid vapor for rapid fixation. This procedure, as de
tailed below, is effective for demonstrating mitosis in hemocytes,
using nuclear stains

18.4.1. Fixation and slide preparation,

Heat can serve to fix hemocytes verny rapidly within the insect, with-
out appreciable change to their shape or size, and at the same time
prevent coagulation of the hemolymph. Consequently, after heat fixu-
tion, the blood can be withdrawn from the insect und‘\pn'.id casily on
a microscope slide without clumping or distortion of the cells. At the
same time, the film of blood and its cells adheres evenly to the glass
without need for adhesives. Heat fixation is accomplished by plung-
ing the insect into water held at approximately 60 “C for a short
period. The temperature can be varied within 5 °C, depending on the
size of the insect, and the exposure varied from 1 to 10 min on the
same basis. Within these limits, the temperature and time are not criti-

cal, but should be regulated for particular species by empirical test-

ing. Slide preparation with heat-fixed blood is a siﬁlpl(- process of
placing a drop on the slide and touching it with the edge of a cover-
slip, which is then drawn along the slide with the drop trailing be-
hind. The resulting blood film is air-dried (preferably on a slide
warmer at about 32 °C) before staining. !

Dilution of living blood directly into a water-soluble chemical fixa-
tive also accomplishes rapid fixation of the hemocytes with little coag-
ulation of the hemolymph or cell distortion. It is the preferred method
for some insects and for some purposes, especially where a succession
of blood samples is required from the same insect. Dilute solutions of
formalin (5%) or glutaraldehyde (0.4 M) are recommended. The pro-
cedure involves the pooling of some of the fixative solution on the mi-
croscope slide, immersing an appendage such as the antenna in it, and
severing the appendage so that the blood flows directly into the solu-
tion without contacting the air. Blood from other types of wounds can
also be dropped from above directly into the fixative so that exposure
to air is very brief. In either case the mixture is stirred immediately to
prevent clumping of the cells and can be spread on the slide if de-
sired. The mixture is then air-dried completely on the slide and rinsed
to remove traces of fixative before staining.
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18.4.2. Staining

For most purposes, hemocytes are stained in one of the Romanowsky
preparations, which depend on the formation of azure and other .n\i(lfl—
tion products of methylene blue, usually in (-mnhilmlmq with cosin
(Humason, 1967). With these preparations, variation of the buffer
level toward the acid side increases the precision of nuclear staining
and decreases cyvtoplasmic basophilia; the reverse increases the
amount of blue in various elements. One can, therefore, alter the ef-
fect of the stain for different purposes. We find that the Giemsa prepa-
ration is most reliable and use it almost exclusively. It can be used
directly for rapid staining or with differentiation for more elegant re-
sults (see also Chapter 20).

Rapid Giemsa stain'ng (Fig. I8.4)

Solution of Giemsa (Fisher): 1 drop of concentrate per milliliter dis-
tilled water in a Stender dish. Place air-dried slides directly in the so-
lution or after 1 min in absolute methyl alcohol. Inspect slides for
depth of staining after 3 min (max. 5 min). Rinse in distilled water for
1 min. Blot-dry using Kodak lens-cleaning tissue. Mount permanent
slides in Canada balsam; temporary slides in glycerol or immersion

oil.

Full Giemsa staining (Fig. 18.5)

Immerse air-dried films of heat-fixed hemolymph in Giemsa solu-
tion (1 drop of concentrate per milliliter distilled water) for 20 min to
2 hr. Rinse in distilled water; then immerse briefly in distilled water
to which a few drops of lithium carbonate have been added (to differ-
entiate red-staining structures). Rinse in distilled water, then immerse
briefly in distilled water to which a few drops of dilute hydrochloric
acid have been added (to differentiate blue-staining structures). Rinse
in distilled water and examine. Repeat differentiation if staining is too
dense. Blot dry using Kodak lens-cleaning tissue. Mount in Canada

balsam.

Comments. Cells are better differentiated than when rapid Giemsa
method is used; excellent for photography.

Hematoxylin-eosin-alcian blue staining (Fig. 18.6)

Immerse air-dried films of heat-fixed hemolymph in 15%acetic acid
in methanol for 20 min. Hydrate through graded alcohols to distilled
water. Immerse in 1% alcian blue 8GX in 0.1 N HCI for 20 min. Rinse
in distilled water and immerse in Harris's hematoxylin for 20 min.
Rinse in distilled water and differentiate in acid alcohol; then blue in
Scott’s solution. Examine and repeat differentiation if necessary. De-
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hydrate to 90% alcohol and immerse in 1% eosin in 90% alcohol for
3 min. Rinse off excess stain in 90% alcohol, transfer to absolute alco-
hol, then to xylene; mount in Canada balsam.

Comments. Mitotic cells are easier to identify than in Giemsa-
stained preparations. Spherulocytes are very distinet, retaining pale
blue, whereas the cytoplasm of all other cell types stains pink to pink-
ish purple.

Acetocarmine staining (Fig. 18.7)

Express small bead of fresh hemolymph from a COg-narcotized in-
sect onto the center of a round coverglass and invert over a vial of gla-
cial acetic acid for 90 min. Reverse coverglass with hemolymph up-
permost in a solid watch glass and cover with acetocarmine
(Humason, 1967) for 90 min. Blot off excess stain carefully and squash
the preparation gently onto a microscope slide in a drop of Venetian
turpentine.

Comments. Cell types are identifiable; mitotic cells very clear in all
cell types; excellent for photography.

Acridine orange staining
« Express a small drop of fresh hemolymph from a COy-narcotized in-
sect onto a quartz microscope slide. Mix with an equal volume of acri-
dine orange solution, 0.1 mg/ml in 0.9% NaCl. Place coverglass over
hemolymph preparation and i diately ine with fi
microscope.

& nts. The inclusions of spherulocytes are rapidly and specifi-
cally stained to give an intense orange fluorescence. Nuclei of all he-
mocytes give a yellowish green fluoroscence.

18.5. Summary

Techniques for light py of insect hemocytes are modifica-
tions of those used in vertebrate hematology and include in vivo and
in vitro procedures as well as methods of fixation and staining. The in
vivo proced utilize transp regions of the insect body, prefera-
bly the wings sandwiched in an inert solution under glass. The in
vitro procedures include the examination of blood issuing from a
wound under oil, of the cells in culture, or more commonly of prepara-
tions of covered wet films of living blood ringed with inert oil to ex-
clude air. Preparation of insect blood for standard histological staining
should be preceded by the killing of the insect in hot water to fix the
cells and prevent hemolymph coagulation or by dilution of the living
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19.1. Introduction

The three most common measurements made to describe the blood
picture of a given insect at a given time or from one time to another are
total hemocyte count (THC), differential hemocyte count (DHC), and
blood volume (BV). The purpose of this chapter is to examine the
methods used to obtain these values and their reliability.

19.2. Total hemocyte count

The first study of THCs in insects was made by Tauber and Yeager
(1934). In 1935, they studied Orthoptera, Odonata, Hemiptera, and
Homoptera. A year later, these same authors extended their study to
include Neuroptera, Coleoptera, Lepidoptera, and Hy
insects were heat-fixed (60 °C for 5-10 min) and bled from a proleg,
after which the blood sample was diluted with physiological saline.
The THC (i.e., the number of circulating hemocytes per cubic milli-
meter) was determined by the method employed for mammalian
blood counts. This work represents an outstanding contribution and
has served as a model for subsequent investigations.

D The

Tauber-Yeager (1935) fluid (NaCl, 4.65 g; KCI, 0.15 g; CaCl,,
539
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0.11 g; gentian violet, 0.005 g; and 0.125 ml acetic acid/100 ml) was
used also by Fisher (1935), Smith (1938), and Shapiro (1967, 1968).
Other physiological saline solutions were utilized by Rosenberger
and Jones (1960), Collin (1963), and Gupta and Sutherland (1968).
Acetic acid, a component of the Tauber-Yeager fluid, was used for
Galleria (Stephens, 1963; Shapiro, 1966; Jones, 1967a) and for He-
liothis (Shapiro et al., 1969; Vinson, 1971). Turk’s solution (1-2% gla-
cial acetic acid, slightly colored with gentian violet) was used for Pec-
tinophora (Clark and Chadbourne, 1960) and for Euxoa (Arold and
Hinks, 1976). Patton and Flint (1959) reported that Turk’s solution did
not prevent coagulation in hemolymph samples of Periplaneta. Ver-
sene (1-2% tetrasodium EDTA) was superior to Turk’s solution and
oxalate and was routinely used. Wittig (1966), studying phagocytosis
in Pseudaletia larvae, also found versene (2% plus a trace of methy-
lene blue) to be superior to glacial acetic acid. Formalin (10% in
0.85% NaCl) has also been employed as a diluting fluid (Jones, 1956).
Physiological saline did not prevent cell agglutination, but the addi-
tion of acetic acid (1%) or formaldehyde reduced clumping.

In making total counts from Pieris, the first and second drops of he-
molymph were utilized (Kitano, 1969). The first drop of hemolymph in
unfixed and unfed Rhodnius contained more h ytes than the sec-
ond drop (Jones, 1962). The number of hemocytes was also reduced
from three successive drops of Bombyx hemolymph (Matsumoto and
Sakurai, 1956). On the other hand, Wittig (1966) found no significant
differences in DHCs taken from the first and second drops of Pseuda-
letia hemolymph. Jones (1956) used the first drop of Sarcophaga he-
molymph for DHCs. The rest of the hemolymph was placed on a sec-
ond slide, and a portion was used for THCs. Some 3 or 4 drops of
Prodenia hemolymph were allowed to flow on a glass slide. A portion
of the blood was drawn into a Thoma white blood cell pipette, diluted,
and counted (Rosenberger and Jones, 1960). After the hemolymph
was diluted in a pipette, the first 3 or 4 drops were discarded (Jones,
1967a; Shapiro, 1967, 1968).

In many instances, hemolymph was drawn into a Thoma white
blood cell pipette, diluted, and ¢ dinah ter. The he-

24
molymph dilution ranged from 1:20 (Rosenberger and Jones, 1960; -

Wittig, 1966) to 1:50 (Clark and Chadbourne, 1960; Shapiro, 1967) to
1:100 (Fisher, 1935; Gupta and Sutherland, 1968). Wittig (1966) ad-
justed the dilution of hemolymph so that a suspension contained be-
tween 800 and 1,600 cells/mm? area counted. This adjustment could
not be made when the t of blood available or the ber of he-
mocytes per cubic millimeter was low.

Fisher (1935) found that the standard white cell pipette required too
much hemolymph from Periplaneta. A micropipette was made that re-
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quired only 1.7 ul and a final dilution of 1:44. Patton and Flint (1959)
also used a special micropipette for Periplaneta in which 1 gl of he-
molymph could be drawn and diluted 1:100.

THCs are counted in a standard hemacytometer according to the
formula (Jones, 1962);

hemocytes in x I-mm squares x dilution x depth of chamber
number of I-mm squares counted

Kitano (1969) counted the number of hemocytes in the smallest
square (0.00025 mm?), counted 80 squares, and multiplied by a factor
of 4,000 to give THC. Fisher (1935) counted hemocytes from three of
the four white cell squares in each of the two chambers. Wittig (1966)
calculated the THC per cubic millimeter by counting cells in four I-
mm? areas in each of the two chambers. Hemocytes from five 1-mm?
squares (the four corner and central squares) were counted by Rosen-
berger and Jones (1960), Jones (1967a), Shapiro (1966, 1967), and
Gupta and Sutherland (1968). White cells in all nine 1-mm? squares
were counted by Clark and Chadbourne (1960).

In counting the hemocytes, a variation is to be expected. But when
the distribution of the cell count was uneven and clumping was ob-
served, the counts were discarded (Rosenberger and Jones, 1960; Sha-
piro, 1967; Kitano, 1969). Stephens (1963) questioned whether it was
reasonable to discard counts when the means of the two chambers dif-
fered greatly. Wittig (1966) felt that such a rejection was justified if it
was done on the basis of percent of the mean instead of the number of
cells per volume, “for the weight of a number is different for high and

low means.”

19.3. Differential hemocyte count

In general, the method used by Shapiro (1966) may be considered typ-
ical. Larvae were submerged in a hot-water bath (56-58 °C for 1-
2 min), and a proleg on the sixth abdominal segment was cut with fine
scissors. The hemolymph was allowed to fall on a clean, grease-free
microscope slide, and a smear was made in the conventional manner,
by drawing a second slide across the first one at a 45 ° angle. The
smear was allowed to air-dry and was stained by a modified Pappen-
heim-panoptic method (Pappenheim, 1914). The details of the
method are as follows: (1) flood air-dried smear with May-Griinwald
solution and allow to remain on slide for 3 min; (2) add distilled water
so that a layer is formed and allow to stand for 2 min; (3) discard the
May-Griinwald-water layer; (4) flood slide with Giemsa solution (1
part concentrated Giemsa to 40 parts distilled water) and allow to dry;
(5) wash slide in running tap water and allow to dry.
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The smear is examined under oil immersion, and 200 cells per slide
are differentiated. By this method of staining, azurophilic material ap-
pears purple red; chromatin, reddish violet; and basic protoplasm,
blue (Pappenheim, 1914).

Using the Yeager (1945) classification system as modified by Jones
(1959), the following types of hemocytes were counted: prohemocytes
(PRs), plasmatocytes (PLs), granulocytes (GRs), adipohemocytes
(ADs), spherulocytes (SPs), podocytes (POs), and oenocytoids (OEs).
Degenerating cells and cells in mitosis were also counted. In addi-
tion, hemocytes were found that could not be placed in the preceding
classes with certainty; these cells were designated as unclassified
cells. Jones (1962) recommended that a minimum of five insects of a
given stage and physiological status be used. Whenever possible, a
minimum of 200 cells should be classified per insect.

In Rhodnius, 100 hemocytes were classified from each of five in-
sects as either PRs, PLs, GRs, or OEs. Mitotically dividing cells were
also counted (Jones, 1967b). Vinson (1971) examined stained blood
films from a minimum of five Heliothis larvae per time period. A mini-
mum of 150 cells per larva was classified. A minimum of 200 and a
maximum of 5,000 cells were counted in Tenebrio larvae (Jones and
Tauber, 1954). Jones (1967a) counted 200— 1,000 cells in each Galleria
larva. Whenever possible, 200 cells were counted in Sarcophaga
(Jones, 1956), in Periplaneta (Gupta and Sutherland, 1968), and in
Drosophila (Nappi and Streams, 1969). Arnold and Hinks (1976) ex-
amined 200 hemocytes per smear of the noctuid, Euxoa. Five smears
were examined per instar.

From 15 to 20 sections of each face fly larva, Orthellia, were exam-
ined, and a minimum of 100 cells was counted per section (Nappi and
Stoffolano, 1972). Wittig (1966) counted 350—400 hemocytes for each
DHC from Pseudaletia. Yeage: (1945) attempted to count at least 400
cells in each DHC from Prodenia, but could not from young larvae,
old pupae, and adults. Differential counts from Anagasta larvae were
obtained by classifying 500 cells per smear. At least 10 larvae from
each larval stage were used (Amold, 1952a). In a subsequent study on
the effects of fumigants on the hemocytes of. Anagasta, Arnold (1952b)

made DHCs fror: 20 larvae per time period; 500 cells were also
counted in blood smears of Blaberus (Amold, 1969).

19.4. Blood volume

BV is a little used but important value. It has been reported that an
inverse relationship exists between the THC and BV in Bombyx (Nit-
tono, 1960), in adults of Locusta (Webley, 1951), and in last-stage
nymphs and adults of Periplaneta (Wheeler, 1962, 1963). In addition,
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Wheeler (1963) found that the absolute number of circulating hemo-
cytes per cubic millimeter, obtained by multiplying the BV and the
THC, was relatively constant, notwithstanding .('h.unz(-\ in both the
BV and the THC.

In a few instances, BVs were determined by weighing insects, re-
moving as much hemolymph as possible, and reweighing the insects
(Richardson et al., 1931; Amold and Hinks, 1976). This exsanguina-
tion method appears crude, as more sophisticated methods are ay ail-
able. Smith (1938) employed the cell dilution method of Yeager and
Tauber (1932). The following formula was used: :

v e

9 = ot
€0 — &,

where V,, = total blood volume; d = amount of dilution fluid in cubic
millimeters; co = original cell count per cubic millimeter; ¢, = di-
luted blood cell count per cubic millimeter; and ¢ = volume nf! blood
drawn in making the original count,

A dye solution method (Yeager and Munson, 1950) was used for Sar-
cophaga (Jones, 1956), Tenebrio (Jones, 1957), and Galleria (Shapiro
1966; Jones, 1967a). An 0.29% amaranth red dye in 0.85% NaCl was in-‘
Jected into Sarcophaga larvae and pupae, 5% of body weight (Jones
1956). Galleria larvae were injected with 10 ul of 1% amaranth red ir;
saline per gram body weight. The dye was allowed to circulate within
the hemocoel for 3-5 min. Then hemolymph was drawn, and the in-
tensity of color was compared to a series of standards. Hemolymph
volume percent were converted into microliters (Jones, 1967a).

Shapiro (1966) investigated the BV of Galleria larvae. The dye
method employed was essentially that used by Yeager and Munson
(.195()) and modified by Lee (1961) with further modifications by Mar-

Jected, the larva was placed in a shell vial (1.5 x 6.4 cm), and the dye
was allowed to circulate within the hemocoel. After 10 min, a proleg
on the sixth abdominal segment was cut, and the blood was collected
in a capillary tube (Kimax No. 34500) that had been flooded with pure
nitrogen to retard melanization. The blunt end of the tube was sealed
on an alcohol burner, and the tube was refrigerated (4 °C) for several
minutes and centrifuged (3,100 mm for 10 min). The tube was re-
cooled, and the portion of the tube containing sedimented hemocytes
was cut off and discarded. The pl was drawn into a disposable
anmmond micropipette (10-ul capacity) and diluted in 1 merrou-
son’s buffer (0.995 M). This solution and the standard (Aronsson’s

544 M. Shapiro

the relative absorbances were determined with a Beckman DB spec-
trophotometer at 515 mm, the wavelength at which the maximum ab-
sorbance of amaranth occurred. ;
Previously, the absorbances of known concentrations of amaranth
had been determined, and, in accordance with Beer's law, the uhsnr—-
bance was proportional to the concentration. The ul)snrh;‘uu-v value of
the test sample was plotted against the concentrations of k?um’n sam-
ples, and the concentration of the test sample was thus obtained. Once
the concentration of amaranth in the test sample had l)('-('n deter-
mined, the blood volume was calculated by the following formula:

,_dle' ="

V="

where V = blood volume in microliters; d = volume of dye injected
in microliters; ¢’ = original concentration in percent; ¢" = concentra-
tion of dye after circulation in percent. In order to obtain the blood
volume, V is divided by the body weight of the larva.

19.5. Reliability as influenced by internal and external factors

Reliability of data is influenced by two factors, acting st‘pi.ll'i]tt‘l_\' orin
concert: (1) internal factors, which are related to real (1iﬂeren.ces be-
tween insects, and/or (2) external factors, caused by problems in tech-
niques. These two areas will be discussed and assessed.

19.5.1. Internal factors

Some of the variations between similar insects have been shown to be
related to real factors in physiology (Arold, 1974). Patton and Fli'nt
(1959) observed that blood cell counts of Periplaneta varied signifi-
cantly intraspecifically and with the stage of development. The mean
cell count was 50,400/mm® with a range of 21,000-99,000 and a stan-
dard deviation of 21,000. The authors concluded that a norm must be
established for each insect before the THC can be employed as a mea-
sure of the physiological state. Collin (1963) showed that the variabil-
ity of the total count in Melolontha was about 30%. He felt that the
great variability in the relative proportions of hemocytes (DHC) made
it difficult to use that measure as an index of the physiological or path-
ological state of the insect. Jones (1967b) found the great variability of
unfixed DHCs of Rhodnius was not attributable to great variations be-
tween sequential 100-cell counts per sample or to great differences
between the sexes.
Although total counts from insects were variable, the range ol?-
tained was “quite comparable to the range obtained by other investi-
gators from mammals” (Tauber and Yeager, 1935). Yeager (1945)

buffer) were placed in separate 1.0-ml cuvettes (10-mm light path) and

T T

Hemocyte counts, blood volume, and mitotic index 545

tested the relisbility of the DHC by examining smears from 100 in-
sects and determining the larval stages of the donors. Some 76% of the
smears were identified correctly as to larval stage. Moreover, 82% of
these positives were identified correctly to within 48 hr of the true
age. In Galleria, the ratio of round to fusiform PLs could be utilized as
an index of larval weight of insects within the rearing colony (Shapiro,
1966).

Insects used for hematological studies should be as uniform as pos-
sible; of the same stage, instar, age, size (Wittig, 1966), and possibly
sex. In last-stage armyworms, even among an apparently homugmw-
ous group, individual THCs ranged from 75% to 140% of the mean of
the group. The mean of a treated group is related to the average count
from a group of untreated insects not only at a given time, but also dur-
ing a particular time frame in insect development, when cell popula-
tion changes may occur (Wittig, 1966).

Because of inherent variations, replications must be made. In Pseu-
daletia, more replications of THCs were required than of DHCs, be-
cause of greater variabilities in the former. Severe treatments, which
might lead to overt disease or death, would be expected to result in
hematological changes (Wittig, 1966). Jones and Tauber (1954)
that normal or high THCs among mealworms had little signif@fnce,
but greatly reduced THCs accompanied by abnormal hewocytes sig-
nified morbidity and eventual mortality. Rosenberger and Jones
(1960) believed that the THC in Prodenia wga not a good indication of
health, as normal counts were obtaind-mgt'h healthy and unhealthy
ver from a given treatment or condi-
e blood picture will probably be slight
e range of variations found among untreated insects

insects. When an insect can
tion, however, ch
and well wi
(Wittig,

19.5.2. External factors

In general, the external factors may be (1) inherent problems of the
method itself and/or (2) failure of the investigator to utilize a given
method correctly. It is quite possible that two methods, both used to
obtain the same data for a given parameter, may have differences in
sensitivity. For example, exsanguination of i ts for BV
ments is less precise than the dye dilution method. Heat fixation
would be useless for studying coagulation in insect hemolymph, as
coagulocytes can be recognized only in unfixed preparations. The
choice of a given method is dependent upon the types of data re-
quired. Differences in total counts between heat fixed and unfixed he-
molymph from stoneflies were felt to be attributable primarily to tech-
nical difficulties (Arnold, 1966).

When a given technique is selected, it must be followed precisely.
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Even small differences in sampling and counting procedures could
lead to large differences in the data produced. The “technique should
not be varied in its details during a test, unless it has been established
that such changes do not affect the result” (Wittig, 1966). Because it is
often difficult to obtain consistent results owing to variations within
the insect population, it becomes important not to ad_d more variabil-
ity to the system. It would be beneficial to the field of insect hematol-
ogy if workers using the same species of test insect would use the
same techniques, so that variations attributable to different tech-
niques could be minimized.

19.6. Summary

Techniques are available to investigate changes in hemocyte popula-
tions regarding cell numbers (THCs), cell types (DHCs), and blood
1 M , these p ters can be combined to determine
the absolute numbers of hemocytes within an insect at a given time or
through time. Unfortunately, many studies have involved a single pa-
rameter. The reliability of these techniques must be critically evalu-
ated so that only the best available ones are used in hematological
studies. We must answer the question: Does heat fixation preserve the
hemocyte population in situ or does it artifactually cause large num-
bers of hemocytes to enter the circulation. Perhaps, each method
» defined as to its best usage, so that a mosaic of techniques
for use, it must be followed precisely.
pro ariations in results. Assuming

that a given method is carried out well, mOTC SteentI0 Sehe €
to the test insect. The population should be defined as to age, stage,
size, and sex in order to minimize inherent variations. If periodicity is
apwblemuﬁrumpvoducibﬂi(yofdataisconoemcd,thcnhests
must be carried out at the same time. Is periodicity of hemocyte popu-

lations a problem? The growth and develop t of the insects sh
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