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Plasmatocytes from the mothPseudoplusia includensinduce
apoptosis of granular cells
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Abstract

The primary immune response toward internal parasites and other large foreign objects that enter the insect hemocoel is encapsul-
ation. Prior studies indicated that granular cells and plasmatocytes are the two hemocyte types required for capsule formation by
the mothPseudoplusia includens(Lepidoptera: Noctuidae). Capsules formed byP. includensalso have a defined architecture with
primarily granular cells attaching directly to the target, multiple layers of plasmatocytes adhering to this inner layer of granular
cells, and a monolayer of granular cells attaching to the capsule periphery. Dye-exclusion assays indicated that granular cells die
shortly after attaching to the capsule periphery, leaving a basal lamina-like layer around the capsule. In examining the mechanisms
underlying granular cell death, we found that culture medium preconditioned by plasmatocytes induced apoptosis of granular cells.
Characteristics of plasmatocyte-induced apoptosis included condensation of chromatin, cell surface blebbing and fragmentation of
nuclear DNA. Plasmatocyte-conditioned medium did not induce apoptosis of other hemocyte types, and medium conditioned by
other hemocyte types did not induce apoptosis of granular cells. The adhesive state of granular cells and plasmatocytes also affected
levels of apoptosis. Conditioned medium from spread plasmatocytes induced higher levels of granular cell apoptosis than medium
conditioned by unspread plasmatocytes. Reciprocally, spread granular cells underwent significantly higher rates of apoptosis than
unspread granular cells in medium conditioned by spread plasmatocytes. In situ analysis indicated that granular cells on the periphery
of capsules also undergo apoptosis. Collectively, our results suggest that spread plasmatocytes release one or more factors that
induce apoptosis of granular cells, and that this response is important in the final phases of capsule formation. 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

The primary immune response toward internal para-
sites and other foreign entities that enter the insect hemo-
coel is encapsulation (Lackie, 1988; Strand and Pech,
1995a; Gillespie et al., 1997). Plasmatocytes and granu-
lar cells are the two types of hemocytes most often
observed in capsules produced by Lepidoptera. Both
hemocyte types circulate freely in the hemocoel, but
upon immune challenge these cells attach rapidly to the
foreign target and one another to form an overlapping
sheath. Pech and Strand (1996) used monoclonal anti-
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body markers and an in vitro encapsulation assay to
characterize the capsules formed by hemocytes from the
moth Pseudoplusia includens. Using Dowex 1X2 chro-
matography beads as the foreign target, encapsulation
begins within 30 min of starting an assay when individ-
ual granular cells attach to beads. After 3 h, plasmato-
cytes begin to attach to the target and one another to
form overlapping layers of cells that completely sur-
round each bead. Capsule formation then ends between
16 and 24 h when a monolayer of granular cells attaches
to the outermost layer of plasmatocytes. Once this layer
of granular cells is present, few additional hemocytes
adhere to the capsule and the capsule diameter ceases to
increase. Dye-exclusion assays using propidium iodide
indicate that greater than 95% of hemocytes in capsules
are viable after 18 h. However, many of the granular
cells that form the outer layer of the capsule are labeled
by propidium iodide at 24 h, and by 30 h intact granular
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cells are no longer visible. Instead, a diffuse, basal lam-
ina-like layer surrounds the capsule periphery. Immuno-
cytochemical studies indicate that this layer is labeled
by monoclonal antibodies, like 48F2D5, that also label
inclusions in the cytoplasm of granular cells (Pech and
Strand, 1996; Gardiner and Strand, 1999). While targets
are encapsulated more rapidly in vivo, their architecture
is virtually identical to capsules produced in vitro (Pech
and Strand, 1996; Loret and Strand, 1998).

These observations suggest that, after attaching to the
target, granular cells initiate capsule formation by releas-
ing factors that induce plasmatocytes to adhere to the
target. This is supported by experimental studies which
indicate that neither granular cells nor plasmatocytes are
capable of forming a capsule independently. However,
plasmatocytes readily encapsulate targets if they are pre-
incubated in medium conditioned by granular cells (Pech
and Strand, 1996; Strand and Clark, 1999). That encap-
sulation ceases after attachment of granular cells to the
capsule periphery also suggests a role for this hemocyte
type in terminating an encapsulation response. However,
why these peripheral granular cells die is unclear. Her-
ein, we report that these cells die by apoptosis, and that
this response is induced by factors released by spread
plasmatocytes.

2. Materials and methods

2.1. Insects and hemocyte culture

Pseudoplusia includenswas reared and physiologi-
cally staged as described by Strand (1990). Hemocytes
were collected from fifth stadium (36–48 h post-ecdysis)
P. includenslarvae as outlined by Pech et al. (1994).
Briefly, 36–48 h fifth instar larvae were anesthetized
with CO2 and bled from an incision across the last
abdominal segment into anticoagulant buffer (98 mM
NaOH, 186 mM NaCl, 17 mM Na2EDTA and 41 mM
citric acid, pH adjusted to 4.5). After a 40 min incubation
at 4°C, hemocytes were washed twice by centrifugation
in Ex-cell 400 medium (JRH Biosciences). Four differ-
ent types of hemocytes are found inP. includenshemo-
lymph: granular cells, plasmatocytes, spherule cells and
oenocytoids. Hemocytes collected directly from the lar-
val hemocoel are referred to here as unseparated hemo-
cytes. Hemocyte types were identified by using estab-
lished morphological characters and the monoclonal
antibody (mAb) markers 49B11C6, 42C3A3 and
48F2D5 (Gardiner and Strand, 1999). MAb 49B11C6
specifically recognizes plasmatocytes, 42C3A3 labels
spherule cells, and 48F2D5 labels granular cells. Plasma-
tocytes, granular cells and spherule cells account for ca.
35%, 60% and 4%, respectively, of circulating hemo-
cytes in fifth stadiumP. includenslarvae (Gardiner and
Strand, 1999). The different hemocyte types can also be

isolated on Percoll gradients (Pech et al., 1994). Plasma-
tocytes, granular cells and spherule cells were isolated
on 47.5 and 62% Percoll gradients made in Ex-cell 400
medium as described by Gardiner and Strand (1999).
Plasmatocyte and granular cell fractions are ca. 92% and
94% pure, respectively, as determined by antibody labe-
ling (Gardiner and Strand, 1999). The primary contami-
nant of plasmatocyte fractions are granular cells,
whereas granular cell fractions are contaminated by plas-
matocytes. Spherule cells were ca. 98% pure with the
contaminant being oenocytoids.

2.2. Preparation of conditioned medium

Gradient-purified granular cells, plasmatocytes or
spherule cells (1×105 cells/well) were incubated in 70µl
of Ex-Cell 400 (JRH Scientific) medium in 96-well cell-
culture plates (Corning). After 24 h, the conditioned cul-
ture medium was removed from each hemocyte type and
filtered through 0.2µm filters (Acrodisc, Millipore). The
resulting solutions were referred to as 100% conditioned
media. Subsequent dilutions were made with Ex-Cell
400 medium.

2.3. Apoptosis of cultured hemocytes

Granular cells, plasmatocytes or spherule cells
(1×105 cells/well) were incubated in 96-well cell-culture
plates in hemocyte-conditioned medium and observed by
Hoffman modulation contrast or epifluorescent
microscopy on a Nikon Diaphot microscope. Apoptotic
hemocytes were identified as outlined by Strand and
Pech (1995b). Granular cells undergoing apoptosis frag-
ment into multiple membrane-bound bodies, whereas
normal and necrotic cells do not. Thus, the percentage
of apoptosing hemocytes was scored by randomly coun-
ting 200 cells in the center of a culture well. A minimum
of three culture wells were counted per replicate. The
total number of blebbing cells was then recorded in
relation to the total number of cells counted. Experi-
ments were replicated on independently collected
samples of hemocytes. Hemocytes were also stained
with the DNA-specific dye Hoechst 33342 (1µg/ml) or
rhodamine 123 (10µg/ml). When viewed under fluor-
escence, rhodamine 123 results in slightly punctate stain-
ing of cytoplasm containing functionally intact mito-
chondria (Cohen, 1993). Cell viability was monitored by
dye-exclusion assay using propidium iodide (20µg/ml).
Chromatin cleavage was confirmed by extracting DNA
from 5×106 granular cells cultured for 24 h in 100%
plasmatocyte-conditioned medium or unconditioned Ex-
Cell 400. After removing the culture medium, cell dis-
ruption buffer [0.5% Sodium Dodecyl Sulfate (SDS),
25 mM ethylenediamine-N,N,N9,N9-tetraacetic acid
(EDTA), 200 mM NaCl] was placed directly into culture
wells that were incubated for 1 h at 37°C. Proteinase K



1567L.L. Pech, M.R. Strand / Journal of Insect Physiology 46 (2000) 1565–1573

was then added to a final concentration of 100µg/ml
followed by a 1 h incubation at 50°C. Lysates were
removed, placed into centrifuge tubes, and then extracted
three times with chloroform/phenol (1:1) and once with
chloroform. Nucleic acids were precipitated with
1/10 volume of 3 M sodium acetate and 2.5 volumes of
ethanol. The nucleic acid pellet was resuspended in
water. RNA was removed by adding 20µg/ml ribonu-
clease A and incubating for 1 h at 37°C. DNA was ana-
lyzed by agarose gel electrophoresis on a 1% agarose
gel followed by staining with ethidium bromide.

2.4. In situ detection of apoptosis in capsules

In vitro encapsulation assays were conducted as
described by Pech et al. (1995). Ninety-six-well culture
plates were precoated with Matrigel (Collaborative
Biomedical Products, Becton Dickinson Labware,
Bedford, MA); a commercially available preparation of
mammalian basement membrane. Matrigel was diluted
1:100 with ice-cold Ex-cell 400 medium and plates were
coated with 70µl of diluted Matrigel for 1 h at 27°C,
followed by five washes with medium.P. includensplas-
matocytes and granular cells do not spread on the surface
of Matrigel-coated plates (Pech et al., 1995). Wells were
filled with 50 µl of Ex-Cell 400 medium and then 4×105

unseparated hemocytes plus 50–100 Dowex 1X2 beads
were added. After 24 h, capsules were fixed in 10% for-
malin in phosphate-buffered saline (PBS), washed three
times in PBS, and transferred to 75% ethanol for 10 min.
Capsules were then permeablized with three 10 min
washes of PBS containing 0.1% Triton X-100, followed
by a 5 min incubation with 50µg/ml Proteinase K. Cap-
sules were washed with PBS and postfixed with 10%
formaldehyde. DNA strand breaks diagnostic of
apoptosis were detected by TdT-mediated dUTP–digoxi-
genin nick end labeling (TUNEL) using a commercially
available kit (ApoTag, Oncor). End-labeled DNA frag-
ments were detected using an alkaline-phosphatase-con-
jugated, anti-digoxigenin monoclonal antibody
(Boeheringer-Mannheim). To identify granular cells and
plasmatocytes, capsules were also labeled with the
monoclonal antibodies 49B11C6 and 48F2D5. Capsules
were double-labeled by first incubating with a given pri-
mary and secondary antibody, rinsing, and then incubat-
ing with the other primary and secondary antibody
(Gardiner and Strand, 1999). The secondary antibodies
used were fluorescein- or Texas-red-conjugated goat-
antimouse IgG (Jackson Labs). Capsules were then
examined by Hoffman and epifluorescent microscopy.

2.5. Image processing and analyses

All samples were examined with a Nikon Diaphot epi-
fluorescent microscope fitted with Hoffman modulation
contrast optics. Microscope images were captured as

electronic images by use of Metamorph software
(Metamorph 1.0) interfaced with a Photometrics high-
resolution camera. Files were printed from Adobe photo-
shop using a Tektronix Phaser IISDX dye-sublimation
printer. We determined treatment differences of ranked
data by analysis of variance using the GLM procedure
of JMP (2.04) for Macintosh (SAS Institute Inc.).

3. Results

3.1. Plasmatocyte-conditioned medium induces
apoptosis of granular cells

We had observedP. includenshemocytes in primary
culture on many previous occasions (see Pech et al.,
1994; Pech and Strand, 1996; Strand and Clark, 1999
for examples). During these studies, we noticed that rela-
tively few granular cells die after 24 h when maintained
as a pure population, whereas large numbers of granular
cells die by this time in cultures of unseparated hemo-
cytes. We also noted that significant numbers of granular
cells die after 24 h when co-cultured with plasmatocytes.
We thus hypothesized that plasmatocytes release factors
that kill granular cells, and that plasmatocytes may also
be involved in the death of granular cells on the periph-
ery of capsules.

To address this possibility, we purified granular cells
on Percoll gradients and placed them into culture wells
that contained unconditioned Ex-Cell 400 medium or
Ex-Cell 400 medium that had been preconditioned by
plasmatocytes. In both treatments, granular cells attached
and spread on the surface of 96-well plates within
30 min of placing them into culture. Greater than 95%
of granular cells in unconditioned Ex-Cell 400 remained
spread and viable after 24 h [Fig. 1(A)]. The nuclei of
these cells were uniformly stained by the DNA-specific
dye Hoechst 33342 [Fig. 1(B)] and their cytoplasm was
stained by rhodamine 123 [Fig. 1(C)], which labels func-
tionally intact mitochondria (Cohen, 1993). In contrast,
granular cells in 100% plasmatocyte-conditioned
medium exhibited several diagnostic characteristics of
cells undergoing apoptosis. First, granular cells in plas-
matocyte-conditioned medium began to fragment into
membrane-bound bodies after 16 h in culture [Fig. 1(D)].
The proportion of cells exhibiting this response also had
increased noticeably by 24 h [Fig. 1(E)]. Staining with
Hoechst 33342 revealed that blebbing granular cells con-
tained nuclei with greatly condensed chromatin that was
often fragmented into small, dense spheres [Fig. 1(F)].
However, these cells were also stained by rhodamine
123 [Fig. 1(G)]. Unlike necrotic cells, cells undergoing
apoptosis often contain intact mitochondria (Cohen,
1993). Another characteristic of apoptosis is the degra-
dation of nuclear DNA into discrete fragments of
approximately 200 bp. Examination of granular cell
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Fig. 1. Plasmatocyte-conditioned medium induces apoptosis of granular cells. (A) Hoffman modulation contrast image of spread granular cells
in unconditioned Ex-Cell 400 medium. Granular cells were isolated on Percoll gradients and had been in primary culture for 24 h. Nuclei (N) of
granular cells in unconditioned medium, visualized with the nuclear stain Hoechst 33342, are uncondensed (B) and contain intact mitochondria as
evidenced by positive staining with rhodamine 123 (C). (D) Hoffman image of granular cells after 16 h in 100% plasmatocyte-conditioned Ex-
Cell 400 medium. Most granular cells remain attached and spread on the surface of the culture plate (SG), whereas some granular cells are in the
process of blebbing into membrane-bound bodies (BG). (E) A much larger percentage of granular cells are in the process of blebbing after 24 h
in 100% plasmatocyte-conditioned medium. The nuclei (N) of blebbing granular cells (BG) are highly condensed or fragmented (F), but still contain
intact mitochondria (G). Scale bar for (A)–(F) equals 75µm.

DNA by agarose gel electrophoresis revealed that
samples from 100% plasmatocyte-conditioned medium
formed a nucleosomal ladder, whereas samples from
unconditioned medium remained in a high-molecular-
mass form [Fig. 2(A)]. Lastly, serial dilution of plasma-
tocyte-conditioned medium with Ex-Cell 400 resulted in
a linear decrease in the percentage of granular cells
undergoing a blebbing response after 24 h in culture
[Fig. 2(B)]. Taken together, these results indicated that
medium conditioned by plasmatocytes induces apoptosis
of granular cells.

3.2. The effects of plasmatocyte-conditioned medium
on granular cell apoptosis are specific

To assess whether apoptosis of granular cells was spe-
cific to plasmatocyte-conditioned medium, we also cul-
tured granular cells in medium preconditioned by other
hemocyte types. Our results indicated that significantly
more granular cells apoptosed in plasmatocyte-con-
ditioned medium than in granular-cell- or spherule-cell-
conditioned medium (Table 1). Reciprocally, plasmato-
cyte-conditioned medium induced a significantly larger
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Fig. 2. Fragmentation of granular cell DNA and dose-dependent
effects of plasmatocyte-conditioned medium. (A) Agarose gel showing
granular cell DNA (5µg/lane) from cells cultured for 24 h in 100%
plasmatocyte-conditioned medium (P) and unconditioned Ex-Cell 400
medium (U). Size markers are indicated to the left. (B) Effect of con-
ditioned-medium concentration (v/v) on apoptosis of granular cells in
vitro. Apoptosis was assayed by counting the number of blebbing and
normally spread granular cells after 24 h in 10–100% plasmatocyte-
conditioned medium. Unconditioned Ex-Cell 400 medium served as
the negative control (0% plasmatocyte-conditioned medium on the
graph). Each data point is the mean percentage±standard deviation
(SD) of apoptosed granular cells from five independent collections
of hemocytes.

percentage of granular cells to apoptose than plasmato-
cytes or spherule cells (Table 1). We concluded from
these experiments that apoptosis-inducing activity was
produced specifically by plasmatocytes and acted only
on granular cells.

3.3. Apoptosis-inducing activity is associated with
hemocyte spreading on foreign surfaces

Capsule formation byP. includensrequires that both
granular cells and plasmatocytes change from non-

Table 1
Effects of conditioned medium from different hemocyte types on
apoptosis of granular cells, and apoptosis of different hemocyte types
in plasmatocyte-conditioned mediuma

Medium n %
Apoptosis±SD
of granular cells

Granular cell 7 4.0±2.0
Plasmocyte 7 28.5±5.1
Spherule cell 7 6.5±2.6
Ex-cell 400 (unconditioned) 7 6.0±2.5
Test statistic:H=14.88,df=3, P,0.0019

Target cell n %
Apoptosis±SD
in plasmatocyte-
conditioned
medium

Granular cells 6 28.7±3.5
Plasmatocytes 6 1.2±0.9
Spherule cells 6 1.6±1.1
Test statistic:H=11.96,df=2, P,0.0025

a Each replicate is cells or conditioned medium prepared from dif-
ferent gradients. Conditioned medium was prepared by culturing hem-
ocytes in unmodified 96-well cell culture plates (see Materials and
methods). Each hemocyte type was cultured in 100% conditioned
medium. The percentage of cells undergoing apoptosis was scored 24 h
later as the number of blebbing cells divided by the total number of
hemocytes counted (see Materials and methods). Analyses were perfor-
med on ranked data (Kruskal–Wallis test).

adhesive cells in circulation to strongly adhesive cells
that can attach to the foreign target and one another. This
change from a non-adhesive to an adhesive state also
likely affects other responses, given thatP. includens
hemocytes degranulate and release factors while spread-
ing (Loret and Strand, 1998; Gardiner and Strand, 1999;
Strand and Clark, 1999). As noted previously (see
Materials and methods), granular cells and plasmato-
cytes spread rapidly on untreated culture plates but do
not spread on culture plates precoated with Matrigel. To
assess whether adhesive state was involved in plasmato-
cyte-induced apoptosis of granular cells, we first col-
lected conditioned medium from: (1) spread plasmato-
cytes on untreated culture plates and (2) unspread
plasmatocytes on Matrigel-coated plates. We placed
each type of conditioned medium into new untreated cul-
ture wells and then added granular cells. Granular cells
spread within 30 min on the surface of culture plates in
both sources of medium. After 24 h, however, signifi-
cantly more granular cells had apoptosed in conditioned
medium from uncoated plates than in medium from
Matrigel-coated plates (Table 2). We then examined
whether the adhesive state of granular cells also affected
levels of apoptosis. This was done by placing granular
cells into uncoated or Matrigel-coated wells containing
medium conditioned by spread plasmatocytes. Signifi-
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Table 2
Percentage (±SD) of granular cells that undergo apoptosis in plasmato-
cyte-conditioned mediuma

Target Source of conditioned medium

Plasmatocytes Plasmatocytes
on untreated on Matrigel-
culture plates coated culture

plates

Granular cells on untreated 27.2±4.7 7.1±1.6
culture plates

Test statistic:t=8.3, P,0.0001
Granular cells on Matrigel-coated 7.6±2.3 6.9±1.9
culture plates

Test statistic:t=1.22,P,0.10

a Each replicate represents cells or conditioned medium prepared
from five different gradients. Granular cells were cultured in 100%
plasmatocyte-conditioned in medium. Each hemocyte type was cul-
tured in 100% conditioned medium. The percentage of granular cells
undergoing apoptosis was scored 24 h later as the number of blebbing
cells divided by the total number of hemocytes counted (see Materials
and methods). Analyses were performed on ranked data (Wilcoxon
two-sample test).

cantly more granular cells underwent apoptosis on unco-
ated wells than on Matrigel-coated wells (Table 2).

3.4. Granular cells on the periphery of capsules die
by apoptosis

We encapsulated targetsin vitro and then used
TUNEL assays to determine whether hemocytes in cap-
sules undergo apoptosis. We examined more than 500
capsules at different stages of development. Fig. 3 sum-
marizes the progression of events we observed. After
16 h, capsules were nearly fully formed as indicated by
the presence of granular cells around the capsule periph-
ery (labeled by mAb 48F2D5) and the overlapping layers
of plasmatocytes (labeled by mAb 49B11C6) that form
the capsule’s interior [Fig. 3(A)]. In situ labeling by
TUNEL assay revealed that almost no hemocytes were
labeled by dUTP–digoxigenin at this time (data not
presented). By 24 h, however, many of the peripheral
granular cells were dying as indicated by staining with
propidium iodide (data not presented). Concomitantly, a
flocculent layer, also labeled by mAb 48F2D5, began to
develop around the periphery of the capsule [Fig. 3(B)].
TUNEL assay resulted in nuclear labeling of several
hemocytes in 24 h old capsules [Fig. 3(C)]. Most of
these cells were located on the capsule periphery and,
by double-labeling with anti-hemocyte mAbs, were
identified as granular cells [compare Fig. 3(B) with Fig.
3(C)]. No hemocytes were labeled in control experi-
ments when we omitted dUTP–digoxigenin or the pri-
mary antibody from the reaction. After 30 h, few intact
granular cells remained around the capsule periphery but
the flocculent layer labeled by mAb 48F2D5 was clearly

visible [Fig. 3(D)]. A small number of plasmatocytes
was also visible on the capsule periphery at this time
[Fig. 3(D)]. However, examination of capsules from later
time points indicated that this flocculent layer remained
present and that almost no additional hemocytes of any
type attached to the capsule.

4. Discussion

The goal of this study was to explain previous obser-
vations that granular cells become permeable to propo-
dium iodide shortly after attaching to the periphery of
capsules (Pech and Strand, 1996; Loret and Strand,
1998). Our results indicate that granular cells undergo
apoptosis if cultured in plasmatocyte-conditioned
medium. The response was specific since only granular
cells undergo apoptosis and only medium conditioned
by plasmatocytes induces apoptosis. Activation of the
apoptosis pathway also appears to be linked to adhesion
given that: (1) spread granular cells undergo much
higher levels of apoptosis than unspread cells, and (2)
only conditioned medium from spread plasmatocytes
contains apoptosis-inducing activity. Our TUNEL assays
also indicate that many granular cells on the exterior of
capsules die by apoptosis. Collectively, these results sug-
gest that apoptosis of granular cells on the capsule per-
iphery is induced by the overlapping layers of plasmato-
cytes that form the interior of the capsule. As noted in
the Introduction, granular cells are also the first hemo-
cytes in P. includensto attach to the foreign target.
Unfortunately, we were unable to identify these cells
after large numbers of plasmatocytes had attached and
spread around the target. We assume our inability to
identify these cells is because they also die, but whether
death is due to apoptosis or necrosis is unclear.

A wide range of stimuli including DNA damage, viral
infection, growth factor withdrawal and interactions with
immunocytes can induce apoptosis of target cells. These
diverse signals converge upon a central apoptosis path-
way, leading to activation of one or more members of
cysteinyl aspartate specific proteinases (caspases)
(Cohen, 1997; Yuan, 1997; Thornberry and Lazebnic,
1998). Caspases are translated as inactive zymogens that
are likely activated through proteolytic cascades (Frazier
and Evan, 1996). At least 11 types of caspase have been
identified from vertebrates and invertebrates including
insects (Kuida et al., 1998). Analysis of human caspases
indicates that some are clearly involved in regulation of
apoptosis, whereas others participate in processing of
proinflammatory cytokines or cleavage of other caspases
(Nicholson and Thornberry, 1997). We thus hypothesize
that plasmatocyte-induced apoptosis of granular cells
involves caspase activation. While no caspases have
been identified fromP. includens, one caspase has been
identified from the lepidopteranSpodoptera frugiperda
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Fig. 3. Apoptosis of granular cells in capsules. (A) Fluorescent image of a 16 h old capsule double-labeled by the anti-plasmatocyte mAb 49B11C6
and anti-granular cell mAb 48F2D5. The core of the capsule is comprised primarily of plasmatocytes (P) (green) while rounded granular cells (G)
(red) are attached to the capsule periphery. (B) Fluorescent image of a 24 h old capsule. Granular cells (G) around the capsule periphery are more
irregular in shape than seen in (A), and a flocculent layer (also red) is beginning to develop. (C) Hoffman image of the same capsule as shown
in (B). Digoxigenin-labeled cell nuclei (purple) are located primarily around the capsule periphery. Comparison with (B) indicates that most
digoxigenin-labeled cells co-localize with cells identified by antibody staining to be granular cells [compare arrows for granular cells on the capsule
periphery (G) versus a given plasmatocyte (P)]. (D) Fluorescence image of a 30 h old capsule. Individual granular cells are no longer visible but
the flocculent outer labeled by mAb 48F2D5 is visible (arrow). Scale bar for (A)–(D) is 30µm.

that has also been implicated in regulation of apoptosis
(Ahmad et al., 1997).

Studies with several insects report that granular cells
are the first hemocytes to adhere to encapsulation targets,
followed by the attachment of large numbers of plasma-
tocytes (reviewed by Ratcliffe et al., 1985; Lackie, 1988;
Strand and Pech, 1995b). The mechanisms involved in
regulating the initial adhesion of granular cells to the

target are unknown. However, a family of peptides
designated as ENF-peptides have been shown exper-
imentally to induce lepidopteran plasmatocytes to attach
to foreign surfaces (Clark et al., 1997; Wang et al., 1999;
Strand et al., 2000; Volkman et al., 1999). The size and
primary structure of ENF-peptides argue strongly against
their being either an adhesion ligand or receptor, but they
do possess features consistent with the suggestion that
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they function as cytokines that regulate plasmatocyte
adhesion. Recent studies with the ENF-peptide family
member plasmatocyte spreading peptide (PSP1) fromP.
includenssuggest that granular-cell-stimulated adhesion
of plasmatocytes is due in part to PSP1 (Clark et al.,
1998; Strand and Clark, 1999). PSP1 appears to induce
plasmatocytes to transport adhesion molecules to their
surface where they interact with their cognate receptors
(Strand and Clark, 1999).

In contrast, the signals that induce granular cells to
attach to the periphery of capsules, the origin of the
flocculent, basal lamina-like layer that ultimately sur-
rounds each capsule, and why, after these events occur,
plasmatocytes cease to attach to capsules are unknown.
The presence of a basal lamina around capsules has been
reported in other species besidesP. includens
(Grimstone et al., 1967; Han and Gupta, 1989; Porchet-
Hennere, 1990), suggesting that this feature may be
widespread and diagnostic of capsules that are fully
developed. Granular cells have also been implicated in
the formation of basal laminae that surround insect
tissues and the hemocoel (Nardi and Miklasz, 1989;
Chain et al., 1992; Wigglesworth, 1973; Ball et al.,
1987). These results suggest that granular cells on the
capsule periphery are the source of the basal lamina
around capsules. The ability of cells to adhere to differ-
ent extracellular matrix proteins depends in large meas-
ure on the types of receptor present on their surface.
PSP1 induces exocytosis of adhesion proteins that plas-
matocytes are clearly capable of binding to, whereas
granular cells may release extracellular matrix proteins
on the capsule periphery to which plasmatocytes do not
adhere. Whether these factors are released before granu-
lar cells undergo apoptosis or as a consequence of
undergoing apoptosis is currently under investigation.

In a previous study, we found that granular cells also
undergo apoptosis whenP. includenslarvae are parasit-
ized by the braconid waspMicroplitis demolitor(Strand
and Pech, 1995b). In this case, apoptosis is due to infec-
tion of granular cells byM. demolitor polydnavirus
(MdPDV), which is injected into hosts when the wasp
lays its egg. MdPDV-induced apoptosis depends upon
direct infection of granular cells by MdPDV and
expression of viral genes, but participation of plasmato-
cytes is not required. Future studies should reveal
whether any relationship exists between viral and plas-
matocyte activation of the apoptosis pathway in granu-
lar cells.
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