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A B S T R A C T   

Gastropod hematopoiesis occurs at specialized tissues in some species, but the evidence also suggests that he
mocyte generation is maybe widespread in the connective tissues or the blood system in others. In Ampullariidae 
(Caenogastropoda), both the kidney and the lung contain putative hematopoietic cells, which react to immune 
challenges. In the current study, we wanted to explore if hematopoiesis occurs in the blood of Pomacea canal
iculata. Thus, we obtained circulating hemocytes from donor animals and tested their ability to proliferate in the 
blood of conspecific recipients. We tracked cell proliferation by labeling the donors’ hemocytes with the fluo
rescent cell proliferation marker carboxyfluorescein diacetate succinimidyl ester (CFSE). Transferred CFSE- 
labeled hemocytes survived and proliferated into the recipients’ circulation for at least 17 days. We also 
determined the cell cycle status of circulating hemocytes by using the propidium iodide (PI) and acridine orange 
(AO) staining methods. Flow cytometry analyses showed that most PI-stained hemocytes were in the G1 phase 
(~96%), while a lower proportion of cells were through the G2/S-M transition (~4%). When we instead used 
AO-staining, we further distinguished a subpopulation of cells (~5%) of low size, complexity-granularity, and 
RNA content. We regarded this subpopulation as quiescent cells. In separate experimental sets, we complemented 
these findings by assessing in circulating hemocytes two evolutionary conserved features of quiescent, undif
ferentiated cells. First, we used JC-1 staining to determine the mitochondrial membrane potential (Ψm) of 
circulating hemocytes, which is expected to be low in quiescent cells. Most hemocytes (~87%) showed high 
aggregation of JC-1, which indicates a high Ψm. Besides that, a small hemocyte subpopulation (~11%) showed 
low aggregation of the dye, thus indicating a low Ψm. It is known that the transition from a quiescent to a 
proliferating state associates with an increase of the Ψm. The specificity of these changes was here controlled by 
membrane depolarization with the Ψm disruptor CCCP. Second, we stained hemocytes with Hoechst33342 dye to 
determine the efflux activity of ABC transporters, which participate in the multixenobiotic resistance system 
characteristic of undifferentiated cells. Most hemocytes (>99%) showed a low dye-efflux activity, but a small 
proportion of cells (0.06–0.12%) showed a high dye-efflux activity, which was significantly inhibited by 100 and 
500 μM verapamil, and thus is indicative of an undifferentiated subpopulation of circulating hemocytes. Taken 
together, our results suggest that, among circulating hemocytes, there are cells with the ability to proliferate or to 
stay in a quiescent state and behave as progenitor cells later, either in the circulation or the hematopoietic 
tissues/organs.   

1. Introduction 

Pomacea canaliculata is a caenogastropod that has acquired 

international notoriety because of its invasiveness [1,2] and its role as an 
intermediate host for Angiostrongylus cantonensis, the nematode that 
causes eosinophilic meningitis, a rarely fatal but frequently disabling 
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zoonotic disease [3–5]. Because of this association, the cellular com
ponents of the internal defense system of P. canaliculata, i.e., the he
mocytes, have become the focus of attention over the past few years 
[6–13]. 

P. canaliculata hemocytes may circulate freely in the blood but some 
become resident or ‘fixed’ in tissues, such as in the renal islets [10,12] or 
the gill epithelium [13]. Adult, previously undisturbed individuals of 
this species show a circulating hemocyte concentration of ~3 × 106 

cells/mL [11,14]. This concentration is supposed to be a basal estima
tion that may fluctuate as a consequence of cell death, cell generation, 
and cell migration to and from the hemocyte reservoirs in the kidney 
islets or in hemocyte nodules that form in the lung and other tissues after 
immune challenges [10,12]. Three hemocyte ‘types’ with different 
circulating concentrations are found in the basal condition (hyalino
cytes, 63.0 ± 3.8%; granulocytes, 8.9 ± 2.6%; agranulocytes, 28.1 ±
1.6%). They have been morphologically and functionally characterized 
by Ref. [10]: hyalinocytes seem mainly involved in phagocytosis of in
truders, while granulocytes may exocytose their granules which would 
contain lytic substances, as shown by Ref. [15] in another gastropod 
species. A kind of “compound exocytosis” (sensu [16]) may also occur in 
P. canaliculata granulocytes [10]. Agranulocytes, in turn, are cells with a 
scarce cytoplasm, small mitochondria, and that are practically devoid of 
cytoplasmic granules [10]. Some agranulocytes are supposed to be 
“blast-like” cells [7], which may account for hematopoietic events in the 
blood, as observed in other gastropods [17]. Hematopoiesis should 
occur continuously to replace senescent and/or dead hemocytes, the 
generation rate of these cells should fluctuate more than most others, 
particularly in response to immune challenges [18]. 

An all-encompassing, comparative view of hematopoiesis in the 
widely diverse class Gastropoda is still wanting. Indeed, studies have 
been restricted to seven families of Heterobranchia (namely, Brady
baenidae, Bulinidae, Lymnaeidae, Physidae, Planorbidae, Philomycidae 
and Strophocheilidae) and a single family of Caenogastropoda 
(Ampullariidae, to which P. canaliculata belongs to). Therefore, our 
comparative knowledge of gastropod hematopoiesis should be consid
ered as quite fragmentary. With this limitation in mind, we will only 
state that there are gastropod species in which hematopoiesis occurs 
localized in specialized tissues/organs [19–25] or widespread in the 
connective tissue or even in the entire blood system in others [20,24, 
26–28]. Indeed, P. canaliculata could be included among the species in 
which localized hematopoiesis occurs, because both basal and stimu
lated hemocyte proliferation was quantified in renal hemocyte islets 
after an immune challenge [12]. 

However, in the current study, we wanted to explore the possibility 
of hemocyte generation in the circulating blood of P. canaliculata. We 
first transferred to P. canaliculata individuals hemocytes obtained from 
conspecific donors and that were labeled with carboxyfluorescein 
diacetate succinimidyl ester (CFSE), and we later checked these hemo
cytes for survival and proliferation in the circulation [29]. In separate 
experimental sets, we complemented this by assessing stem cell-like 
features [30] in the circulating hemocytes of P. canaliculata. We 
searched for circulating hemocyte populations showing differences in: 
(1) the nucleic acid contents, estimated by employing the flow cytom
etry propidium iodide (PI) method [31], refined by the use of the 
metachromatic fluorochrome acridine orange (AO), which allowed the 
simultaneous analysis of DNA and RNA contents [32] and the distinction 
of hemocytes in different stages of the cell cycle, (2) the aggregation of 
the fluorescent probe 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimi
dazolylcarbocyanine iodide (JC-1), which allowed us to estimate the 
mitochondrial membrane potential (Ψm) [33,34] that is expected to be 
low in quiescent cells [35], and (3) the ability to extrude the fluoro
chrome Hoechst33342 (H33342) as indicative of the expression of ABC 
transporters’ genes, which is a feature of undifferentiated cells [36–38]. 

2. Materials and methods 

2.1. Animals and culturing conditions 

Adult P. canaliculata snails (11–14 g) were obtained from our Rosedal 
strain, the origin and culture conditions of which have been reported 
previously (e.g., Ref. [10,12]). Briefly, the animals were kept in aquaria 
under controlled temperature (24–26 ◦C) and photoperiod (14:10 
light/dark cycle) and fed ad libitum with a diet composed of fresh let
tuce, carp food pellets (Peishe Car Shulet, Argentina), powdered 
P. canaliculata’s eggs (as a protein and calcium supplement), and toilet 
paper (Higienol®, Argentina). 

2.2. Blood collection 

The shell of each snail was cleaned and dried with tissue paper to 
avoid contamination of the blood samples. Unless repeated blood col
lections from the same snail were needed (see Section 2.4.3), a small 
opening was made near the shell umbilicum, and the pericardium was 
opened to expose the heart ventricle, from which 0.5–1 mL of blood was 
collected using a plastic syringe moistened with an antiaggregant buff
ered saline solution (PcABS: 43 mM NaCl, 1.8 mM KCl, 30 mM EDTA, 10 
mM HEPES; pH = 7.6) designed to match the osmolality and pH of 
P. canaliculata’s plasma [10]. 

2.3. Total hemocyte count and cell viability 

After each blood withdrawal, both total hemocyte count and 
viability were recorded. The total hemocyte count was determined by 
flow cytometry following the procedure described by Ref. [39]. Briefly, 
blood samples diluted with phosphate-buffered saline (~140 mOsm; 
hereafter referred to as PBS) containing 1 × 105 beads (6.0 μm in 
diameter; Count Bright Beads, Invitrogen) were analyzed in either a 
CyAn ADP (Dako–Carpinteria, California–USA) or a FACS Aria II (Bec
ton–Dickinson, San José, California–USA) flow cytometer. A dot plot of 
forward light scatter (FSC) vs side light scatter (SSC), indicating differ
ences in cell size and internal complexity, was used to frame two regions: 
(R1) hemocytes gate and (R2) beads gate (Fig. 1A–B). The absolute 
number of hemocytes per mL of blood was calculated as: (number of 
events in R1/number of events in R2) × (1 × 105 [total beads in tube; 
from manufacturer] × 10 [inverse of the sample dilution]). 

Hemocyte viability was assessed by flow cytometry, using the pro
pidium iodide (PI) exclusion method [40]. Briefly, 5 μL of 1 mg/mL PI 
(Molecular Probes, Invitrogen) was added to live cell suspensions 
immediately before flow cytometry analysis. Excitation was made with 
an argon ion laser at 488 nm and signals of size (FS), internal complexity 
(SS), and PI fluorescence (FL3) were captured. Twenty thousand events 
per sample were recorded. Dot plots of FL3 vs SS were used to record cell 
viability. The viability of hemocytes obtained from the heart was ⁓99% 
(Fig. 1C–D). 

Flow cytometry analysis of circulating hemocytes obtained from 
adult animals. (A) Representative sample of control circulating hemo
cytes (R1) showing their variation in size (FS) and complexity- 
granularity (SS); 6 μm-beads (R2) were used to quantify the hemocyte 
number. (B) Dot plots of FS vs Pulse Width were used to select single 
hemocytes, discarding doublets or triplets from further analysis. (C) Dot 
plot showing the frame used to distinguish the non-viable (PI+) from the 
viable cells. (D) Histogram of PI intensity of the same hemocyte sample 
shown in panel C. 

2.4. Conspecific transfer of CFSE-labeled hemocytes 

We showed the self-renewal ability in vivo of the circulating hemo
cytes by the transfer of hemocytes fluorescently labeled with CFSE [29], 
which has been used to track in vivo proliferating cells in mice. As CFSE 
divides equally between daughter cells, successive rounds of cell 
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division can be determined by flow cytometry [41]. 

2.4.1. In vitro CFSE labeling of hemocytes 
Blood samples were centrifuged (700×g) at 4 ◦C for 10 min, and the 

hemocyte pellet was suspended in PcABS. Hemocytes were pooled and 
incubated with 1 μmol/L CFDA-SE (Cell Trace™ CFSE Cell Proliferation 
Kit, Invitrogen) in PcABS at room temperature for 10 min to yield CFSE 
by intracellular esterase activity. Then, samples were analyzed in a 
FACSAria III flow cytometer (Becton–Dickinson Bioscience, California, 
USA) to confirm CFSE labeling and adjust the CFSE fluorescence 
parameter. The hemocyte population was gated to exclude cell debris 
and cell doublets, and dot plots of SS vs FL1 (CFSE) were used to identify 
CFSE-labeled cells (i.e., CFSE+ cells; Suppl. Fig. S1). The maximum CFSE 
fluorescence was set to 105 arbitrary units. 

As DMSO is frequently used as an inhibitor for cell division in mice 
models (e.g., Ref. [42]), we additionally incubated hemocytes with 1 
μmol/L CFDA-SE and 10% DMSO (CFSE/DMSO-labeled hemocytes). 
Cell labeling was stopped by diluting samples with 2 mL of PcABS, 
containing 10% cell-free blood plasma, at 4 ◦C for 5 min. 

2.4.2. Conspecific transfer of CFSE-labeled hemocytes 
CFSE labeled-cell samples were centrifuged (700×g) for 5 min at 

4 ◦C, and the cells were suspended in PcBS. Finally, an inoculum of 200 
μL of PcBS containing 1.5 × 106 CFSE- or CFSE/DMSO-labeled hemo
cytes was injected into the foot of recipient snails (N = 3). Three addi
tional snails were injected with the same number of unlabeled 

hemocytes as a control for autofluorescence. 
Suppl. Fig. S1. Hemocytes gate selection and CFSE fluorescence 

adjustment after in vitro labeling. 
Flow cytometry analysis of CFSE-labeled hemocytes obtained from 

donor animals. (A) Representative sample of circulating hemocytes 
showing their variation in size (FSC) and internal complexity (SSC). (B) 
Dot plot of FS vs Pulse Width were used to select single hemocytes. (C) 
Dot plot of CFSE-labeled hemocytes. (D) Histogram of CFSE+ cells from 
panel C, adjusted to 105 (arbitrary units). 

2.4.3. Repeated blood sampling 
Repeated blood withdrawals were performed at 3, 6, 9, and 17 days 

after the transfer of CFSE-labeled hemocytes by gently pushing the 
operculum to induce exsanguination through the “blood pore” [7,43, 
44]; prior to blood withdrawals, the animal shells were cleaned as 
described in Section 2.2. Blood samples thus obtained were filtered 
through a cell-strainer (35 μm, Falcon, Becton Dickinson), collected on 
Petri dishes, and immediately diluted with 1 mL of PcABS to prevent 
hemocyte adhesion/aggregation. All blood samples were analyzed by 
flow cytometry. 

2.4.4. Flow cytometry analysis of circulating hemocytes in recipient animals 
As different hemocyte types circulate in the blood [10] and they may 

show different labeling or division kinetics, we did not attempt to 
distinguish individual peaks of CFSE intensity (as it is customary for 
analyzing CFSE data). Instead, we classified the hemocytes as CFSE+ or 

Fig. 1. Total hemocyte count and cell viability.  
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CFSE− , and recorded the proportion of CFSE+ cells (see Refs. [45,46]), 
along the different sampling times (3, 6, 9, and 17 days post-injection) in 
the CFSE, CFSE/DMSO, and control (autofluorescence) groups (Suppl. 
Fig. S2). 

Suppl. Fig. S2. Flow cytometry analysis of recipients’ hemocytes 
after the conspecific transfer of CFSE-labeled cells. Dot plots 
showing the frames used to classify CFSE− and CFSE+ cells in the CFSE, 
CFSE/DMSO, and control (autofluorescence) groups. 

2.5. Cell cycle of circulating hemocytes 

To determine the cell cycle of circulating hemocytes, we used the 
propidium iodide (PI) flow cytometric assay, which has been widely 
used in different experimental models [31,40]. By using this method, it 
was possible to identify circulating hemocytes in the different phases of 
the cell cycle (G1, S, and G2–M). A complementary approach based on 
the simultaneous analysis of DNA and RNA contents by using the 
metachromatic fluorochrome acridine orange (AO), which was useful to 
further distinguish G1 from G1q (quiescent) cells [32]. 

2.5.1. Identification of cell cycle phases by PI-staining 
Blood samples were centrifuged (700×g) for 10 min at 4 ◦C, and the 

hemocytes thus obtained were fixed with ice-cold 70% ethanol for 20 
min. Then, ⁓5 × 105 fixed cells were suspended and stained with 50 μg/ 
mL PI in a 0.1% sodium citrate solution containing 200 μg/mL ribonu
clease A, for 30 min at room temperature. Samples were analyzed by 
flow cytometry, and dot plots of either size (FS) or internal complexity 
(SS) vs PI fluorescence (FL3) were used to identify the different phases of 
the cell cycle (G1, G1q, and S/G2–M). Additionally, the DNA content 
was quantified (median fluorescence intensity, MFI) and compared be
tween the phases G1 and S/G2–M (P ≤ 0.05, Mann–Whitney U-test). 
Data were given as mean ± SEM for each group (N = 4). 

2.5.2. Identification of quiescent, non-cycling cells by AO-staining 
Hemocytes were further classified based on the differential staining 

of DNA and RNA with AO, following the procedure by Ref. [32]. For this 
purpose, 2 × 105 live cells were incubated in 200 μL of an acidic saline 
solution (150 mM NaCl, 60 mM HCl, 0.1% Triton X-100; pH = 1.2) for 
15 s and in saline citrate–phosphate buffer (37 mM citric acid, 126 mM 
NaH2PO4, 1 mM EDTA, 150 mM NaCl; pH = 6) containing 0.6 μg/mL 
AO for 4 min. All steps were performed at 4 ◦C to prevent DNA dena
turation and hemocyte aggregation. 

DNA–AO and RNA–AO complexes were detected by flow cytometry. 
Dot plots of DNA (green fluorescence, FL1) vs RNA (red fluorescence, 
FL3) were used to identify quiescent, non-cycling G1q cells, while dis
tinguishing them from those entering the cell cycle, as described by 
Ref. [32]. Small cells (FSlow) with low RNA content (RNAlow) were 
regarded as G1q cells. Also, because it was assumed that an increase in 
both DNA and RNA contents parallels the progression through the cell 
cycle [32], large (FShigh) hemocytes with high RNA content (RNAhigh) 
were regarded as active-cycling cells. Additionally, the RNA content was 
quantified (arbitrary fluorescence units) and compared between quies
cent and active-cycling cells (P ≤ 0.05, Mann–Whitney U-test). Data 
were given as mean ± SEM (N = 3 per group). Statistical analysis was 
performed with GraphPad Prism v.5.00 (GraphPad Software, San Diego, 
California, USA). 

2.6. Assessment of mitochondrial membrane potential (Ψm) 

This was made by using 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetrae
thylbenzimidazolylcarbocyanine iodide (JC-1) fluorescent cation stain
ing (MitoProbe™ JC-1 Assay Kit for Flow Cytometry; M34152) [33,34]. 
As JC-1 monomers accumulate in the mitochondrial matrix and aggre
gate as a consequence of high Ψm, their emission spectrum changes from 
green to red [33,47]. The polymer/monomer ratio is thus an accurate 
measure of Ψm [48], which also takes into consideration both 

mitochondrial mass and cell size [49]. The specificity of this change is 
controlled by the exposure of cells to the Ψm-disruptor carbonyl 
cyanide-3-chlorophenylhydrazone (CCCP). 

For this purpose, 2 × 105 live cells were incubated in PBS containing 
2 μM JC-1 for 120 min. Control cells were incubated with 2 μM JC-1 and 
50 μM CCCP to depolarize mitochondria. Dot plots of green (FL1) vs red 
(FL2) fluorescence were used to identify live cells with either a low or 
high Ψm. Then, the red/green ratio was quantified (arbitrary fluores
cence units) and compared between the two subpopulations (P ≤ 0.05, 
Mann–Whitney U-test). Data were given as mean ± SEM (N = 4). 

2.7. Assessment of H33342-efflux activity 

The efflux of DNA-binding Hoechst dyes associates with the 
expression of ABC transporters and multidrug resistance (MDR) efflux 
pumps [50,51]. There has been shown that a variety of stem cells express 
ABC transporters and MDR efflux pumps, which are interpreted as parts 
of a cellular multixenobiotic resistance (MXR) defense system [51–53]. 
To assess the ABC transporters’ activity of presumptive adult stem cells, 
we measured the ability of circulating hemocytes to exclude H33342 
dye. 

For this purpose, 5 × 105 live cells were incubated in PcABS con
taining 5 μg/mL of H33342 and maintained for 90 min at 37 ◦C; samples 
were gently agitated every 10 min (N = 3). Under these conditions, a dye 
balance was reached between the extracellular and intracellular media. 
Additional P. canaliculata individuals were exposed to different con
centrations of the ABC-transporter inhibitor verapamil (50, 100, and 
500 μM; N = 3). Hemocytes were then washed, centrifuged, suspended 
in the culture medium, and analyzed by flow cytometry to identify those 
cells able to exclude the dye. 

Cells with a high efflux pump activity (H33342low) were identified at 
the bottom left corner of the dot plots of blue (FL1) vs violet (FL3) 
fluorescence according to the dual parameter method by Ref. [52] and 
were recorded and compared between groups. The percent inhibition of 
ABC transporters by verapamil was also recorded in hemocytes with 
high efflux pump activity (H33342high). Ninety-nine % confidence in
tervals were used to assess the significance of differences between 
groups. 

3. Results 

3.1. Conspecific transfer of CFSE-labeled hemocytes 

CFSE-labeled hemocytes from donor snails were found in blood of all 
the conspecific recipients and they could be followed by repeated ex
sanguinations (Suppl. Fig. S2). In the CFSE group, the proportion of 
CFSE+ cells followed a decreasing trend (Fig. 2A), and the median rate of 
loss of CFSE-labeled hemocytes during the first six days post-injection 
was faster than at later time points (0.006%/day vs 0.0006%/day). In 
turn, the proportion of CFSE-labeled cells in the CFSE/DMSO-group did 
not change in two of the studied animals, but it dropped to zero at the 
ninth day post-injection in the other studied animal (Fig. 2B). 

CFSE histograms were used to track the CFSE profiles in both the 
CFSE and CFSE/DMSO groups (Fig. 2C–D). At least two peaks of fluo
rescence intensity were found in the CFSE group, during the observation 
period, concomitantly with the decrease in cell frequency of the peak of 
maximum fluorescence intensity (Fig. 2D), and this is indicative of 
transferred cells’ division in the circulation of recipient snails. Also, the 
occurrence of some peaks of lower fluorescence intensities (e.g., 104) 
indicated that an average CFSE+ cell underwent more than three divi
sion cycles. In the CFSE/DMSO group, no lower fluorescence intensity 
peaks were found, and the peak of maximum intensity did not decrease 
in height. A time-dependent decrease in the fluorescence intensity of 
CFSE was seen in the two groups (Fig. 2C–D, dashed lines). 
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3.2. Cell cycle of circulating hemocytes 

The PI-staining method showed that most circulating hemocytes (96 
± 2%) were in the G1 phase, whereas a lower percentage of cells was 
found in phases S/G2-M (4 ± 2%; Fig. 3A). Also, the two subpopulations 
differed significantly in their DNA contents (Fig. 3B). 

The AO-staining method showed three circulating hemocyte 

subpopulations, which differed according to their nucleic acids contents 
(Fig. 4A): two low RNA content cell subpopulations (G1 and G1q cells), 
which differed in size, and a third subpopulation with high DNA and 
RNA contents (S/G2–M cells). Small cells with low RNA content were 
interpreted as quiescent, non-cycling cells, and they represented 5.0 ±
0.9% of the circulating hemocytes, while cycling S/G2-M cells 
comprised 7 ± 3% of the hemocyte population. G1q cells had an average 

Fig. 2. Transfer of conspecific CFSE- 
labeled hemocytes. (A) Proportion of 
CFSE+ cells through time in the CFSE 
group. (B) Proportion of CFSE+ cells 
through time in the CFSE/DMSO group. 
(C) Histogram of CFSE+ cells showing 
temporal changes in blood of a repre
sentative recipient snail. Arrows indi
cate distinct fluorescence peaks on day 
17 after transfer. (D) Histogram of 
CFSE+ cells showing temporal changes 
after repeated exsanguinations of a 
representative recipient snail in the 
CFSE/DMSO group. No distinct fluores
cence peaks are found. The solid line 
indicates the peak of maximum CFSE 
fluorescence intensity (⁓105), and the 
dashed lines indicate the time- 
dependent fluorescence decay in the 
two groups (CFSE and CFSE/DMSO).   

Fig. 3. Cell cycle in circulating hemocytes (PI-staining). (A) Representative histogram of DNA fluorescence showing the marks used to distinguish G1 from S/G2- 
M hemocytes. (B) Relative comparison of DNA content (arbitrary units) between hemocytes in the G1 and S/G2-M phases. MFI, median fluorescence intensity. Data 
are shown as mean ± SEM. *P < 0.05 (Mann–Whitney U-test; N = 4). 
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~4 times less RNA content than cycling S/G2-M cells, although showed 
no difference with G1 cells (Fig. 4B). 

3.3. Mitochondrial membrane potential of circulating hemocytes 

Most hemocytes (~87%) showed high JC-1 dye accumulation (high 
green fluorescence) and aggregation (high red fluorescence) (Fig. 5A; 
upper right quadrant). Besides, a small proportion of hemocytes (~11%) 
showed high accumulation (high green fluorescence), but low aggre
gation (low red fluorescence), thus indicating a low mitochondrial 
membrane potential (Ψm

low) (Fig. 5A; lower right quadrant). Hemocytes 
did not neither accumulate (low green fluorescence) nor aggregate (low 
red fluorescence) JC-1 stain when they were exposed to the mitochon
drial membrane potential disruptor, CCCP (Fig. 5B; lower left quadrant). 
The changes found in the two hemocyte populations (Ψm

high and Ψm
low) 

were those only associated with the formation of JC-1 aggregates 
(Fig. 5C), because there was no statistically significant difference in the 
accumulation of JC-1 monomers (P > 0.05, Mann–Whitney U-test). 

3.4. H33342 efflux activity of circulating hemocytes 

Most of the circulating hemocytes (>99%) had low or null H33342 
dye-efflux ability. However, a very-small cell population (0.06–0.12%) 
showed a high dye-efflux pump activity (P4 region, Fig. 6A and B). 
Verapamil caused a significant inhibitory effect on total H33342-efflux 

activity in P4 cells exposed to 100 and 500 μM verapamil (99% confi
dence intervals, Fig. 6C). 

4. Discussion 

Our knowledge about gastropod hematopoiesis may be biased 
because current evidence comes almost exclusively from seven families 
of the clade Heterobranchia. There are few studies on other clades, even 
the Caenogastropoda, which encompass 60% of the extant gastropod 
species. Among the latter, only two species of Ampullariidae, namely 
Marisa cornuarietis and Pomacea canaliculata, have been studied in this 
regard [8,12,54]. In both species, the available data suggest that he
mocyte production seems localized at defined tissues. In M. cornuarietis, 
it has been reported in the lung roof and the connective tissue [54]. In 
P. canaliculata hematopoiesis was localized in the kidney islets [12]. 
However, as observations in M. cornuarietis and other gastropods sug
gest, hematopoiesis may also occur widespread in the blood [17]. 

In this work, we tested the hypothesis of a circulating hemocyte 
population able to divide in the blood. The transfer of CFSE-labeled 
hemocytes allowed us to detect proliferating hemocytes in the blood 
of recipient P. canaliculata individuals (Fig. 2), indicating the presence of 
proliferative hematopoietic cells in the donors’ circulation. The different 
peaks of decreasing fluorescence intensities, found in CFSE-labeled cells 
from the control group (Fig. 2), corresponded to successive cell divisions 
in the recipients’ circulation. The absence of different fluorescence 

Fig. 4. Circulating hemocyte subpopulations: non-cycling cells (G1 and G1q) are distinguished from the active-cycling (S/G2–M) cells by AO-staining. (A) 
Dot plot of FS (cell size) vs FL3 (RNA fluorescence) showing the three subpopulations. (B) Relative RNA contents (median fluorescence intensity in arbitrary units) of 
G1, G1q and S/G2-M cells. Data are shown as mean ± SEM. *P < 0.05 (Mann–Whitney U-test, N = 3). 

Fig. 5. Mitochondrial membrane potential of circulating hemocytes. (A) The dot plot shows most hemocytes (87%; upper right quadrant) exhibiting high 
accumulation (green fluorescence, FL1) and aggregation (red fluorescence, FL2) of the dye JC-1; only a smaller subpopulation (11%; lower right quadrant) shows low 
red fluorescence, indicative of low mitochondrial membrane potential. (B) The membrane potential disruptor CCCP depresses both green and red fluorescence, and 
the difference between both subpopulations disappeared. (C) The red/green fluorescence ratio (aggregation/accumulation) shows a significant difference between 
the two subpopulations evidenced on panel A. Data are shown as mean ± SEM. *P < 0.05 (Mann–Whitney U-test, N = 4). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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peaks in the CFSE/DMSO group could be indicating inhibition of cell 
proliferation by DMSO, as was reported for mice leukocytes [42]. 

The proportion of CFSE-labeled cells dropped fast during the first 6 
days after transfer and then decreased 10-fold in the following days 
(Fig. 2A and B). The rapid loss of cells in the first 6 days may be due to 
(1) a high death rate of CFSE-labeled hemocytes in the recipient’s cir
culation; (2) a high cell division rate; (3) dilution of CFSE-labeled cells in 
the circulation because of the migration of native (i.e., unlabeled) cells 
from hemocyte reservoirs, such as the hemocyte renal islets; or (4) the 
migration or aggregation of CFSE-labeled cells into organs/tissues. Some 
of these non-mutually exclusive possibilities have been the subject of 
mathematical modeling in other experimental animals to estimate pro
liferation and death rates (e.g., Ref. [45]; for sheep lymphocytes). The 
third and fourth possibilities refer to the to and fro hemocyte migration 
between different compartments (e.g., between blood and tissue reser
voirs) that would happen in response to different factors such as antigen 
administration [14] or environmental changes, as shown in the ampul
lariid Pila globosa [55]. 

We also performed a flow cytometry assessment of the cell cycle of 
circulating hemocytes, by using both PI- and AO-staining methods, as a 
more direct approach to explore whether both quiescent and prolifera
tive cells occurred in the circulation. PI-staining showed that most 
circulating hemocytes were found in G1 phase (~96%), while a lower 
proportion of cells were between S and G2–M phases (Fig. 3). In turn, 
when using AO-staining (Fig. 4), we distinguished different hemocyte 
subpopulations in the circulation, based on cell size, complex
ity–granularity, and RNA content. Among these subpopulations, this 
procedure allowed us to further distinguish a 5%-subpopulation of 
quiescent hemocytes (G1q) from two others subpopulation of non- 
quiescent cells (G1 and S/G2-M, 87% and 7%, respectively). 

Together, the CFSE-labeling and cell cycle data support the occur
rence of both quiescent and proliferating cells in the circulating blood of 
P. canaliculata. Some of the quiescent hemocytes may move towards 
differentiation, while a small part may remain in the quiescent state and 
behave as progenitor cells later, either in the circulation or the he
matopoietic tissues/organs. 

Furthermore, we wanted to explore whether two conserved stem 
cell-like features [30] could be detected in circulating hemocyte sub
populations of P. canaliculata, namely a low mitochondrial membrane 
potential and a high ABC transporter dye-efflux capacity, as evidenced 
by the JC-1 and Hoechst33342 staining methods, respectively. 

The pluripotency of stem cells seems strongly associated with a low 
mitochondrial metabolism [56–60], while the activation of mitochon
drial metabolism precedes proliferation and differentiation [49,61]. 
[49] have taken advantage of this property to purify adult stem cells in 
mice, using JC-1 as an accurate Ψm marker, which normalize data ac
cording to mitochondrial mass and cell size. 

Our current flow cytometry analysis of circulating hemocytes with 

JC-1 showed the occurrence of a small population with low Ψm (Fig. 5) 
that may be similar to the “very-small embryonic-like stem cells” of 
[62]; found in humans, mice and chickens, which show sparse, globular 
mitochondria, with poorly developed cristae and placed around the 
nucleus, which has also been reported in other mammalian embryonic 
stem cells [63–66]. Perinuclear small, round mitochondria with poorly 
developed cristae, were also observed in P. canaliculata [10], but the 
significance of this cytoplasmic localization is yet uncertain [64]. 
Notwithstanding, most circulating hemocytes in the current study 
showed a high, homogenous mitochondrial activity (Ψm

high = 87%), 
which is consistent with the occurrence of elongated mitochondria, with 
well-developed cristae and a dense matrix, frequently observed in 
circulating hemocytes [10]. 

Multixenobiotic resistance (MXR) is an important defense system, as 
it shows a high capacity of efflux for a wide range of environmental 
pollutants [37]. For instance, in mice, MDR1 has been shown to be an 
important cause of multidrug resistance in both stem and cancer cells 
[36]. In the aquatic invertebrates studied in this respect, the role of MXR 
is acquired from P-glycoprotein (P-gp), Mrp1, and Bcrp, which are 
members of the ABC transporters superfamily [67,68]. Activity of these 
ABC proteins can be quantified by the accumulation of fluorescent 
markers like H33342 and rhodamine 123, in the absence or presence of 
specific inhibitors (e.g., verapamil) [37]. It has been shown that stem 
cells from diverse sources show a high activity of efflux pumps of the 
ABC transporters, such as P-gp and Bcrp, and thus exclude the above 
mentioned dyes [36,53]. Particularly, with H33342 staining, a specific 
cell population can be sorted, the so-called “side-population” [51,52]. 
This portion is enriched in “repopulating” stem cells, which comprise 
0.05% of the bone marrow cells [53]. In turn, most differentiated cells 
undergo down regulation of the encoding genes and thus show high 
dye-staining [36]. 

Invertebrate and vertebrate ABCs share structural features [37]. In 
this work, we found two hemocyte subpopulations with different ABC 
transporters activities (Fig. 6). Most circulating hemocytes (99%) 
showed high H33342-staining and, thus, may correspond to mature 
circulating hemocytes with low dye-efflux activity. A small subpopula
tion (0.06–0.12%) showed low H33342 dye staining, suggesting a high 
ABC transporter activity which was inhibited by 100 and 500 μM 
verapamil, as that reported for the “side-population” of humans and 
mice [52,53]. This small population may be interpreted as circulating 
quiescent progenitor cells. Furthermore, the sensitivity of H33342 efflux 
to verapamil indicates that a P-gp–like efflux transporter [69] may be 
involved in these stem-like hemocytes. 

5. Conclusions and future research 

In summary, our results show that adult hemocytes can proliferate in 
the blood of recipient P. canaliculata individuals and, to our knowledge, 

Fig. 6. Hoechst33342 (H33342) dye-efflux activity of circulating hemocytes. (A) Control hemocyte sample showing a subpopulation (P4) with low dye fluo
rescence, indicating a high dye-efflux activity. (B) Hemocytes exposed to verapamil (500 μM), an inhibitor of ABC transporters. (C) Percent inhibition (mean ± SEM) 
of H33342-efflux activity at the different verapamil concentrations tested (0, 50, 100, and 500 μM) in P4 cells. Differences between groups were assessed using 99% 
confidence intervals (N = 3 per group). 
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this work represents to the first successful transfer of CFSE-labeled he
mocytes in a gastropod. We also describe, for the first time, circulating 
hemocytes in all phases of the cell cycle in P. canaliculata. We found 
evidence for quiescent, non-cycling small hemocytes with low 
complexity-granularity and RNA content, as well as active-cycling cells 
with high DNA and RNA contents. Further, our studies suggest that a 
circulating subpopulation of hemocytes retains functional features of 
stem cells, i.e., a low mitochondrial membrane potential and high 
H33342 dye-efflux activity. 

Taken together, our data supports the hypothesis of a circulating 
stem cell population in P. canaliculata, which would add to our earlier 
findings of hematopoiesis in the kidney hemocyte islets and the lung 
nodules, among others. Importantly, this would open avenues to 
investigate molecular markers linked to functions in this system of 
progenitor cells, which may be used for comparative studies within the 
highly diverse clade Caenogastropoda. 
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