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ARTICLE INFO ABSTRACT

Keywords: Hemocytes are the major immune cells of crustaceans. New hemocyte production is required throughout the life
Hematopoiesis cycle of these animals to maintain a functional immune system. The mechanism of crustacean hematopoiesis has
Gfamﬂar_ce‘]l just begun to be understood and new methods are needed for the investigation of this process. Here we report the
lefere““a_“"_“ . directed differentiation of granular cells (GCs) from the hematopoietic tissue (HPT) cells of Cherax quad-
Ig:;?it:}’lpmenc tissue cell ricarinatus in vitro. We started by providing the cultured HPT cells with different additives to induce possible

differentiation. We found that crayfish muscle extract greatly promoted the physical status of the cells and
induced the formation of refractile cytoplasmic granules. The transcription of marker genes and the production
of functional prophenoloxidase further confirmed the formation of mature GCs. In our experiments, young GCs
usually started to develop in ~2 weeks post induction and over 60% of the cells became mature within 3-4
weeks. This is the first time that the fully differentiation of crustacean hemocytes is accomplished in vitro. It

provides a powerful tool for in-depth study of crustacean hematopoiesis.

1. Introduction

Hemocytes are the major immune cells of crustaceans, participating
in melanization, phagocytosis, encapsulation, nodulation, coagulation,
and the production antimicrobial peptides [1]. There are three mor-
phological types of circulating hemocytes in crustaceans, the granular
cells (GCs), semigranular cells (SGCs) and hyaline cells. In crayfish, GCs
and SGCs are the dominant types of circulating hemocytes, which
normally represent 15-35% and 65-85% of the population, respectively
[1-3]. Hematopoiesis is required throughout the life cycle of these
animals, to routinely renew the circulating hemocytes and replenish the
loss of hemocytes during immune responses or injury [1,4].

Compared with the hematopoiesis in vertebrates which has been
intensively studied, much less is known about the blood cell formation
in invertebrates. Over the past years, progress has been made to un-
derstand the hematopoiesis of crustaceans, and the research was mainly
done in fresh water crayfish. The hematopoiesis tissue (HPT) of crayfish
is a thin sheet of structure located at the dorsal side of stomach, which

contains lobules packed with progenitors of the blood lineages.
Previous research suggests that there are five morphological types of
cells in crayfish HPT. Type 1 and type 2 cells are proliferating cells that
can differentiate into both GCs and SGCs. Type 3 and 4 cells are pre-
cursors of GCs, while type 5 cells are precursors of SGCs [5]. Young
hemocytes are believed to develop in HPT, and then become mature as
they are released into circulation.

Astakine 1 (AST1), a homolog of vertebrate prokineticin, was found
to act as a key regulator for homeostasis. As a hematopoietic growth
factor, AST1 directly stimulates the proliferation of HPT cells and
promotes SGC lineage differentiation [6]. It also enhances the release of
new hemocytes by inactivating transglutaminase (TGase) and repres-
sing the cross linking of extracellular matrix proteins [7,8]. Moreover,
AST1 is able to prevent apoptosis of HPT cells and hemocytes by up-
regulating the expression of crustacean hematopoietic factor [9]. In
addition, molecules like serotonin [10] and p-thymosins [11] were
found to regulate crayfish hemotopoiesis possibly through AST1. By
contrast, Astakine 2 (AST2), a paralog of AST1, does not induce the
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glutaminase; ME, muscle tissue extract; NE, nerve tissue extract; TEM, transmission electronic microscopy; proPO, prophenoloxidase; PO, phenoloxidase
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proliferation of crayfish HPT cells. Instead, it may be involved in GC
maturation and circadian regulation of hematopoiesis [12-14].

In most of the studies concerning crayfish hematopoiesis, the pro-
duction of new hemocytes was evaluated by the variation in total he-
mocyte number and the percentages of GCs and SGCs. However, the
increase of circulating hemocyte may not solely result from new he-
mocyte production. Replenishment from sessile hemocytes can also
play a role [15-18]. On the other hand, primary cultured HPT cells has
been developed as a powerful model system to study hematopoiesis
[19]. Yet, fully differentiation of these cultured precursors into mature
hemocytes has not been reported. In most cases, the differentiation of
HPT cells was judged by the spreading (or migration) of cultured cells
or by the expression of marker genes. A method to direct differentiation
of hematopoietic stem cells into mature hemocytes is required for in
depth study of crustacean hematopoiesis.

In this study, we showed that crayfish muscle extract (ME) was able
to direct GC differentiation from HPT cells. This is the first time that the
complete differentiation of crustacean hemocytes is accomplished in
vitro. It not only provides a powerful tool to study hematopoiesis, but
also presents new ideas for crustacean blood cell formation.

2. Material and methods
2.1. Animals

Crayfish Cherax quadricarinatus were purchased from Zhangzhou
Yuansentai Agriculture Technology Co. Ltd. Healthy inter-molt males
~55 *+ 5g in weight were used in the experiments. They were main-
tained in fresh water at 25 °C and fed daily with commercial diet.

2.2. Preparation of crayfish muscle tissue extract (ME) and nerve tissue
extract (NE)

Five grams of muscle tissue or nerve tissue was collected from
healthy C. quadricarinatus and homogenized on ice in 100ml of
Leibovitz's L-15 medium. The homogenate was centrifuged at 12000 g
for 10 min at 4 °C, and the supernatant was heated at 56 °C for 30 min.
The sediment resulted from heating was removed by centrifugation and
the supernatant was sterilized by filter through a 0.22 pm filter. The
extracts were stored at —80 °C before use.

2.3. Preparation of cell-free crayfish plasma

Crayfish were prechilled on ice for 10 min and the hemolymph was
withdrawn with a cold syringe. The hemolymph was centrifuged at
1000 g for 5minat 2°C, and the supernatant (the plasma) was col-
lected. The plasma was further diluted in L-15 medium to make a 5%
stock solution. After heated at 56 °C for 30 min, this solution was passed
through a 0.22 um filter and stored at —80 °C.

2.4. Primary culture of crayfish HPT cells and induction of differentiation

HPT cells were isolated and grown as previously described [20,21].
In brief, the HPTs were incubated with 0.1% collagenase (type I and IV)
(Sigma) in CPBS (10 mM Na,HPO,, 10 mM KH,PO,, 150 mM NaCl,
10 uM CaCly, 10 uM MnCl,, and 2.7 uM KCI) at 30°C for 30 min to
dissociate HPT cells. After rinsing with L-15 medium, the cells were
collected by centrifugation at 300g for 5 min at room temperature and
re-suspended in L-15 medium. The remaining tissue mass was removed
by passing the suspension through a cell strainer (70 um). The cells
were then seeded in 48-well plates at a density of 4 x 10°/well and
grown at 27 °C. Twenty-four hours later, the medium was replaced by
fresh L-15 medium, L-15 plus 1% FBS, or L-15 plus 1% FBS supplied
with different additives. The final concentrations of the additives in the
culture medium were: 20% ME, 20% NE or 1% plasma. Three wells of
cells were used for each group and half of the culture medium was
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changed every 7 days. The experiment was repeated for three time with
different preparations of HPT cells and tissue extract. The cells were
observed daily under an optical microscope and images were taken
every 7 days.

2.5. Estimation of cell survival rate

On day 0 and day 28 post ME induction, Hoechst 33342 (Sigma-
Aldrich) was added to the culture to a final concentration of 2 pg/ml,
and incubated at room temperature for 30 min. Cells were observed
under a Leica fluorescent microscope. For each well, images were
randomly taken for five visual fields using a 20 X objective, and the
number of cells was counted using ImageJ software (https://imagej.nih.
gov/ij/index.html). Three wells of cells were examined at each time
point. The survival rate was estimated using the formula: survival
rate = average number of cells per field on day 28/average number of
cells per field on day O.

2.6. Purification of GCs and SGCs

GCs and SGCs were purified from circulating hemocytes by density
gradient centrifugation as previously described [22]. In brief, hemo-
lymph were taken using a syringe preload with equal volume of pre-
chilled anticoagulant solution (26 mM sodium citrate, 30 mM citric
acid, 100 mM glucose, 140 mM NaCl, pH 5.8). Hemocytes were col-
lected by centrifugation at 350g for 3minat 4°C. Cells were re-
suspended in anticoagulant solution at a concentration of 2.5 X 10%/ul.
Hemocyte suspension (200 pl) was loaded onto a prechilled Percoll
density gradient containing (from bottom to top) 0.2ml 100% Percoll
(GE health care), 2ml 65% Percoll, and 1 ml 20% Percoll. The cells
were separated by centrifugation at 450g for 30 min at room tempera-
ture. SGCs formed a layer on the interface of 20% and 65% Percoll,
while GCs formed a layer on the interface of 65% and 100% Percoll.
Each layer was collected and diluted with 6-10 volume of anticoagulant
solution, and the cells were harvested by centrifuged at 350 g for 5 min.
The purity of the cells was determined by flow cytometry and micro-
scopy analysis [3].

2.7. Transmission electronic microscopy (TEM)

Cells were directly fixed in-well with 2.5% glutaraldehyde for 2 h at
4°C and collected by scraping and centrifugation. The samples were
post-fixed in 1% osmium tetroxide for 4 h. After dehydration in ethanol,
the specimens were embedded in Epon resin, polymerized at 60 °C for
24 h, and ultrasectioned. The slices were stained with 2% urany] acetate
and 0.4% lead citrate sequentially, and visualized with a transmission
electron microscope (JEM-1230, JEOL).

2.8. RNA isolation and RT-PCR analysis

Total RNA was isolated using SV Total RNA Isolation System
(Promega). Total hemocytes (THC), purified GCs and SGCs were pel-
leted by centrifugation, and lysed with the RNA lysis buffer provided in
the kit. Primary culture cells were lysed directly in-well after removal of
culture medium. Total RNA was extracted as instructed, and genomic
DNA contamination was eliminated by DNase treatment. First strand
cDNA was synthesis using SuperScript III Reverse Transcriptase
(Thermo Fisher Scientific) with oligo dT(;g) primer, and the genes of
interest were detected by PCR with primers listed in Supplementary
Table 1. The reaction was performed for 31 cycles of 94 °C/30s, 55 °C/
30s, and 72°C/50s, after an initiate denaturing of 94 °C/3 min. The
final extension was accomplished for 5 min at 72 °C. The PCR products
were analyzed by electrophoresis. For each experiment, 1 x 10° of
THC, GCs, and SGCs were used. The cultured cells in three wells of 48-
well plate cells were lysed and pooled at each time point. The experi-
ment was repeated for 3 times.
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2.9. SDS-PAGE and western blotting

For cultured cells, after removal of culture medium, the cells were
washed once with PBS, and lysed in-well with SDS-loading buffer. For
hemocytes, purified SGCs and GCs, cells were collected as described in
2.6 and lysed with SDS-loading buffer. The lysates were boiled for
10 min and centrifuged at 10000 g for 5minat 4°C to remove cell
debris. The protein samples were separated on 7% SDS-PAGE gel and
stained with Coomassie brilliant blue. For Western blotting, proteins
separated on SDS-PAGE were transferred to a polyvinylidene difluoride
membrane (Millipore). The blotting was performed using an iBind
Western blotting system (Thermofisher). The membrane was probed
with anti-prophenoloxidas (proPO) polyclonal antibody (see below)
and anti-a-tubulin monoclonal antibody (Sigma), followed by in-
cubating with alkaline phosphatase-conjugated goat anti-mouse (or
anti-rabbit) IgG. The signal was detected using the nitroblue tetra-
zolium/5-bromo-4-chloro-3-indolylphosphate substrate (Roche). The
experiment was repeated.

The rabbit polyclonal antibody specific for C. quadricarinatus proPO
was produced by Shanghai Immune Biotech Ltd. (China), using the
mixture of two peptides (FNFCGCGWPQHMLLPRG and YPDKRPMGF-
PFDR) derived from C. quadricarinatus proPO (GenBank no. AFD61667.
1) as the antigen.

2.10. Detection of phenoloxidase (PO) activity

The PO activity was detected as described previously [23,24] with
some modification. In brief, cultured HPT cells were fix with 2.5%
glutaraldehyde in PBS for 15 min and wash twice for 10 min in 55 mM
sodium phosphate buffer (PB) pH 6.8 containing 0.3% Triton X-100.
After three washes with PB, the cells were incubated in 5mM L-dopa,
5% sucrose in PB for 7 hat 27 °C. Hemocytes, purified GCs and SGCs
were seeded as described before [25], and the PO activity was mea-
sured. The experiment was repeated.

3. Results
3.1. ME induces differentiation of GCs from cultured HPT cells

Crayfish HPT contains progenitors for SGCs and GCs, and the suc-
cessfully culture of HPT cells in vitro provides a useful tool to study
hematopoiesis [19]. However, fully development of these progenitors
into mature hemocytes in vitro has not yet been reported. In our pre-
vious work, we found that HPT cells could survive in L-15 medium
containing 1% FBS for 2-3 weeks (data not shown). Here to induce
hemocyte differentiation and maturation from cultured HPT cells, dif-
ferent additives, including 20% of ME, 20% of NE, and 1% of plasma,
were added to the medium. The concentrations of the additives were
chosen according to previous reports [26-29] and our preliminary
observation (data not shown). We found that the supplement of either
plasma or NE had a negative effect on the survival of HPT cells. Most of
the cells in these two groups died within 21 days (Fig. 1, row 4 and 5).
In contrast, the addition of ME greatly improved the physical status of
the cells, prolonging their survival time from 2 to 3 weeks to over a
month (Fig. 1, row 3, Supplementary Fig. 1). Interestingly, small re-
fractile granules appeared in the cytoplasm of some cells at ~14 days
post induction (dpi). The size of granules, the number of granules per
cell, and the ratio of cells containing granules increased with time. At
21-28 dpi the refractile granules were observed in over 60% of the cells
which were very similar in morphology with GCs. The average survival
rate of culture cells was estimated to be ~70% at 28 dpi by cell staining
and counting. In our experiment, some cells could survive for 2 months,
when they were flat and looked just identical to mature GCs
(Supplemental Fig. 1). Besides, there were some cells in the culture that
did not develop into GCs. These cells spread a lot and became very long
and thin. They connected to each other and built up a network-like
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structure (Supplementary Fig. 2). We currently don't know what type of
cells they are. To confirm this observation, the experiment was repeated
for three times with HPT cells and tissue extract prepared from different
animals, and similar results were obtained. To optimize the induction
condition, ME was added to the culture at a final concentration of 5%,
10%, 20%, 30%, 50%, and 100%, separately. It turned out that the
supplement of 20% and 30% ME gave the best result (data not shown).
Therefore, 20% ME was used in the following experiments.

The ME-induced cells were further analyzed by TEM, and the for-
mation of GCs were investigated. The results showed that the un-in-
duced HPT cells had a large nuclear/cytoplasmic ratio with no or few
granules in the cytoplasm (Fig. 2 A). With the progress of induction, the
nuclear/cytoplasmic ratio decreased and electronic density cytoplasmic
granules gradually appeared in the cells (Fig. 2 B and C). At 28 dpi, the
cells containing granules (Fig. 2 C) were very similar to mature GCs
(Fig. 2 D). The size of cytoplasmic granules from 30 GCs developed in
the culture (at 28 dpi) and 30 GCs from the circulation were measured
(over 700 granules were analyzed for each group). We found that the
average diameter of the granules in GCs developed in our system
(1.04 um) was comparable to that of the granules in circulating GCs
(1.26 pm). Based on these morphological evidences, we speculate that
ME efficiently promotes the differentiation of HPT cells along the GC
lineage.

3.2. The transcription of marker genes in ME-induced cells

The transcription of marker genes for mature hemocytes (prophe-
noloxidase, proPO), GCs (superoxide dismutase, SOD), and un-
differentiated HPT cells (proliferation cell nuclear antigen, PCNA)
[2,20] were analyzed by RT-PCR (Fig. 3). THC, purified SGCs and GCs
were used as controls. We found that the transcription level of PCNA
was high in un-induced HPT cells, and greatly reduced after ME in-
duction. No PCNA expression was detected in THC, GCs, or SGCs. In
contrast, low level of SOD transcription was detected in both THC and
GCs, but not in SGCs, un-induced HPT cells, or induced HPT cells.
Moreover, the transcription of proPO was detected in THC, GCs, SGCs,
and ME-induced HPT cells, but not in un-induced cells. The changes in
the transcription profile of marker genes suggest the development of
mature hemocytes from HPT cells.

3.3. The GCs derived from culture HPT cell produce functional proPO

To see the change in protein expression profile during the differ-
entiation process, lysates of the culture cells were collected at different
stages and analyzed by SDS-PAGE (Fig. 4 A). Based on our result, the
amount of two major proteins (~110kDa and ~30kDa) of HPT cells
steadily decreased with the progress of induction. A band of
70-100 kDa emerged at 7 dpi, and increased over time. No obvious
change was found in the cells grown in medium without ME supply. The
70-100 kDa protein appeared during induction is similar in size with
proPO, an enzyme that is mainly stored in mature GCs [4,5,24] (Fig.
S3). Therefore, the cell lysates were further analyzed by Western blot-
ting with anti-proPO antibody (Fig. 4 B, Fig. S3) and the protein was
confirmed to be proPO. No signal was detected when pre-immune
serum was used. The amount of proPO in the induced cells at 56 dpi
was comparable to that in the mature hemocytes.

proPO is the key enzyme of melanization, which was mainly ex-
pressed and stored in GCs [4,5,20,24,30] (Fig. S3). PO is the active form
of proPO and its activity can be measured by using L-dopa as the sub-
strate [23,24]. When hemocytes (total hemocyte, or purified SGCs and
GCs) were fixed and incubated with L-dopa for 7 h (Fig. 5 D, E, F), all
the GCs turned black, implying a strong PO activity. In contrast, SGCs
only exhibited a very weak (or no) PO activity. Therefore, PO activity
can be used as a “marker” for the maturation of GCs. To confirm the
differentiation of GCs from HPT cells, we further measured the PO
activity in these cells. No PO activity was detected in un-induced cells
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21 dpi

Fig. 1. Primary cultured HPT cells supplied with different additives. Crayfish HPT cells were grown in L15 medium (row 1), L15 + 1% FBS (row 2), L15 + 1%
FBS + 20% ME (row 3), L15 + 1%FBS + 1% plasma (row 4), or L15 + 1%FBS + 20% NE (row 5). Every 7 days, images of the cells were taken and half of the

culture medium was changed. Bar, 20 um.

(Fig. 5A), a low level of PO activity was detected in some cell with
granules at 14 dpi, while much stronger activity was detected at 28 dpi
(Fig. 5B and C). The intensity of PO activity in the GCs developed in
vitro varied from cell to cell, suggesting that they might in different
stage of differentiation. The enzyme activity in a considerable portion
of ME-induced cells at 28 dpi was comparable to that in circulating GCs.
These data further support the successful formation of mature GCs in
our experiment.

4. Discussion

In this study, we tried to induce differentiation of HPT cells in vitro
by adding different additives to the culture medium. It has been shown
that several regulators for hematopoiesis, such as AST1 [12], AST2
[13], thymosin [11], and serotonin [10], are present in the hemolymph
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and brain tissue. In addition, muscle extract is often used as a supple-
ment in primary cell cultures [27,29,31], and it has been shown to
induce differentiation of neural stem cells in mammals [28,32].
Therefore, we used plasma, ME and NE as our candidates to induce
possible hemocyte differentiation.

We demonstrated that ME could induce efficient differentiation of
GCs from cultured HPT cells. Hemocytes of crustaceans are classified
based mostly on morphological features, especially the number and size
of cytoplasmic granules [3]. In our experiments, the development of
GCs was determined by light microscopy (Fig. 1) and TEM analysis
(Fig. 2). The formation of large refractile cytoplasmic granules were
seen in ME-induced HPT cells. The size of the granules and the number
of granules per cell were similar to those in circulating GCs at ~ 28 dpi.

Additionally, the expression of marker genes was analyzed.
Hemocyte-lineage marker genes have been identified in fresh water



F. Li, et al.

un-induced

induced HPT cells

B-actin

Fig. 3. RT-PCR analysis of marker gene expression. Total RNA was isolated
from total hemocytes (THC), purified GCs, SGCs, and cultured HPT cells at
different time post ME-induction. Genomic DNA contamination was eliminated
by DNase treatment. First strand cDNA was synthesis with oligo dT ) primer,
and the marker genes were detected by PCR. B-actin was used as a internal
control. The PCR products were analyzed by electrophoresis. For each experi-
ment, 1 x 10° of THC, GCs, and SGCs were used. The cultured cells in three
wells of 48-well plate cells were lysed and pooled at each time point. The ex-
periment was repeated for 3 times.

14 dpi
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Fig. 2. Ultra-structural analysis of the cells induced
by ME. HPT cells grown in L15 medium containing
1% FBS and 20% ME were collected at different time
post induction. The samples were fixed with 2.5%
glutaraldehyde and 1% osmium tetroxide, sequen-
tially. After dehydration in ethanol, the specimens
were embedded in Epon resin and ultrasectioned.
The slices were stained with 2% uranyl acetate and
0.4% lead citrate, and observed using a transmission
electron microscope. GCs collected from the circu-
lation was used as a control. A. Un-induced; B. 14
dpi; C. 28 dpi; D. GC.

crayfish Pacifastacus leniusculus, which include PCNA (specific for HPT
cells); a two-domain Kazal proteinase inhibitor (KPI) (specific for
SGCs), SOD (specific for GCs), and proPO (specific for circulating he-
mocytes, mainly expressed and stored in GCs) [2,5,20]. We failed to
amplified KPI gene from C. quadricarinatus. Therefore, only PCNA, SOD
and proPO were analyzed in this study. As shown in Fig. 3, the ex-
pression of PCNA, the marker gene for undifferentiated cells, sig-
nificantly decreased in ME-induced cells, while the expression of
proPO, the marker gene for mature hemocytes greatly increased. The
shift of gene transcription profile indicated that the cultured cells did
undergo differentiation and maturation. However, no obvious differ-
ence in the transcription level of proPO in SGCs and GCs could be seen
by RT-PCR

Although both SGCs and GCs transcribed proPO, we found that the
enzyme protein was mainly stored in GCs (Fig. S3). This is in agreement
with several previous reports [4,5,24]. In addition, GCs exhibited a very
high PO activity, while SGCs exhibited no or very low PO activity
(Fig. 5 E and F). Therefore, the PO activity can be used as a biochemical
marker for the maturation of GCs. Further analysis indicated that the
amount of proPO protein in ME-induced cells increased with time
(Fig. 4). At 28 dpi, a large portion of the cells produced functional
proPO that was comparable to circulating GCs (Fig. 5 C), confirming the
formation of mature GCs. However, since not all the cultured cells
differentiated into GCs, and the cells differentiated along the GC lineage
were at various stages, the amount of proPO protein in ME-induced
cells was not as much as that in equal amount of mature GCs at 28 dpi
(Fig. S3).

We've noticed that SOD, a marker gene of GCs [2], was not detected
in ME-induced cells within 28 days of induction. In our experimental
animals, the transcription level of SOD was relatively low (Fig. 3). It is
likely that SOD is not constitutively expressed in GCs. As an immune-
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Fig. 4. SDS-PAGE and Western blotting analysis of the cells induced by ME. The
HPT cells grow in culture medium with (ME) or without ME (no ME) were
collected at different time point and lysed with SDS-loading buffer. The protein
samples were separated on SDS-PAGE gel and stained with Coomassie brilliant
blue (A). For Western blotting analysis, the proteins were transferred to a
polyvinylidene difluoride membrane and probed with anti-porPO monoclonal
antibody (B) and anti-a-tubulin monoclonal antibody (C). The proPO bands are
indicated with arrows.

related gene, it may be induced during pathogen infection as previously
reported [33-35].
Taken together, the morphological and biochemical evidences

un-induced

14 dpi

GCs
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demonstrate that ME can induce GC differentiation form HPT cells. This
is the first time that the differentiation and maturation of crustacean
hemocytes are accomplished in vitro. The formation of GCs could be
observed at ~14 dpi, and > 60% of the cells differentiated into mature
GCs at 21-28 dpi (Fig. 1). Convincing results were obtained from dif-
ferent experiments, with different preparations of HPT cells and tissue
extracts. Therefore, we offer a simple and reliable system to study the
mechanism of crustacean hematopoiesis in vitro, which will greatly fa-
cilitate the identification of regulatory factors that are critical for this
procedure. Moreover, crayfish hemocytes are comparable to the cells of
the myeloid lineage in vertebrates, considering their function in innate
immunity and blood clotting. Thus this model system can also be used
to study the regulation of cells involved in innate immunity from an
evolutionary point of view.

The successful induction of GC differentiation also raises several
interesting questions. The first question is what molecule (s) directs the
differentiation towards GC lineage. Because addition of crayfish NE or
plasma hastened the death of cultured cells (Fig. 1), we speculate that
the molecule(s) directing GC formation may mainly exist in muscle
tissue, rather than in nerve tissue or hemolymph. The known factors
involved in crayfish hematopoiesis, including AST1 [6], ASK2 [12],
crustacean hematopoietic factor [9], thymosines [11], TGase [7],
clotting protein [36], exist in hemolymph, and some of them, like
clotting protein and TGase are quite abundant. In addition, a hemato-
poietic related molecule, serotonin [10], is abundant in the nerve
system. Therefore, they may not be the factor(s) that function in our
system. As reported in vertebrates, hormones or growth factors present
in the muscle tissue may play a role [28,32,37,38]. It will be very in-
teresting to identify this unknown hematopoiesis regulator from muscle
extract in the future.

Moreover, the procedure of GC differentiation and maturation in
crayfish is obscure so far. It has been reported in P. leniusculus that HPT
may contain common stem cells of both SGCs and GCs, and precursor
cells specific for GCs or SGCs, but the percentages of these cells have not
yet been determined [5]. GCs is certainly not present in HPT, which
have been proved by previous researches [5,19,20] and our own ob-
servation. It was described in several literature that the GCs become
mature as they are released to the circulation. But the intermediate
stage of GC maturation in the circulation is unknown. How long it takes
and how it is regulated remained unclear. The only experimental

Fig. 5. Analysis of PO activity in ME-induced cells.
At different time post ME induction, HPT cells were
fix in 2.5% glutaraldehyde and penetrated in 0.3%
Triton X-100. To measure PO activity, the cells were
incubated in 5mM L-dopa for 7h and observed
under a microscope (A, B, C). The cells with PO ac-
tivity are indicated with black arrows. Total circu-
lating hemocytes (D), purified GCs (E), and SGCs (F)
were used as controls. GCs are indicated with black
arrow heads and SGCs are indicated with white
arrow heads (B, C, and D). Bar, 20 um.

28 dpi
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evidence we can find was provided by Soderhill et al. [20]. They
showed that when crayfish were injected with BrdU, the first labeled
cells found in the circulation were all SGCs, whereas labeled GCs ap-
peared in a few days. In our experiment, ~70% of cultured HPT cells
survived till 28 dpi, and over 60% of them differentiated into GCs
(Figs. 1 and 2). It suggests that a large majority of the progenitors in
HPT have GC potential, and it take at least 21 days for them to dif-
ferentiate into mature GCs. Notably, the HPT cells were un-
distinguishable from SGCs in the early stage of induction, before the
formation of cytoplasmic granules. Therefore, it is likely that the so call
GCs and SGCs in the circulation are not actually two types of mature
hemocytes. At least some of them may represent different develop-
mental stages of the GC lineage. How many cells in the circulation are
in this intermediate stage, and whether they conduct any immune
function, remain to be explored. The transdifferentiation of hemocyte
from one type to another occurs in both vertebrates and drosophila. In
vertebrates, monocytes located at the site of infection can undergo
further differentiation into macrophages [39]. In drosophila, plasma-
tocytes are able to develop into either lamellocytes [15] or crystal cells
[40]. The existence of an intermediate stages between pluripotent and
fully differentiated hemocytes has been suggested in drosophila, and
the cells in the intermediate stage are immune functional. For now, we
don't know whether it is a similar case in crustacean, and it will be very
interesting to look into it.
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