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No studies are available about biochemical characteristics and modulation (i.e. by endogenous and/or environ-
mental cues) of trypsin (a key digestive endoprotease) in hepatopancreas of intertidal euryhaline crabs neither
on the possible concomitant modulation of key ectoproteases such as aminopeptidase-N (APN) involved in
final steps of protein digestion. Furthermore, nothing is still known in decapods crustaceans about the role of his-
tamine as primary chemical messenger for modulation of main components of digestive process (i.e. proteases).
We determined biochemical characteristics and investigated the effect of histamine injections; of histamine in
vitro and of acclimation of individuals to low and high salinity on trypsin and aminopeptidase-N (APN) activities
in the hepatopancreas of the euryhaline crab Cyrtograpsus angulatus (Dana 1851). Trypsin activity was maximal
at pH 7.4 and at 45 °C. APN activity increased from pH 6.6 to 7.6–9.0 and was maintained high at 37–45 °C. Both
activities exhibited Michaelis-Menten kinetics (apparent Km: trypsin = 0.36 mM; APN= 0.07 mM). The injec-
tion of 10−4 M histamine decreased trypsin activity (about 40%) in hepatopancreas while did not affect APN ac-
tivity. Similarly, in vitro 10-4 M histamine decreased trypsin activity (about 52%) in hepatopancreas but not APN
activity. Trypsin activity in the hepatopancreas was not affected by acclimation of crabs to low (10 psu) or high
(40 psu) environmental salinity while APN activity was increased (about 200%) in 10 psu. The results show the
differential modulation of trypsin and APN by distinct cues and point to histamine as modulator of intracellular
trypsin by direct action on the hepatopancreas.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Digestive enzymes are a link between ingestion, absorption and as-
similation of nutrients thus having a main physiological role in animals
(Karasov and del Rio, 2007; Karasov et al., 2011; Karasov and Douglas,
2013; Abumrad et al., 2016). Studies on the mechanisms of regulation
of key digestive enzymes (such as different proteases) are therefore of
fundamental importance for the integrated knowledge of organisms.
However, the information available about chemical messengers in-
volved in the regulation of digestive enzyme activities (i.e. different pro-
teases) is dominated by research on mammals. As pointed out by
Karasov and Douglas (2013) the field of comparative digestive physiol-
ogy at the biochemical level is constrained by the lack of information
about most invertebrate groups. Intertidal euryhaline crabs, are a
group of major ecophysiological importance in coastal and estuaries
by grants from theUniversity of
e Investigaciones Científicas y
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ecosystems. However, studies about the occurrence, biochemical char-
acteristics and mechanisms of regulation of key different proteases
such as trypsin and aminopeptidase-N (APN) in the hepatopancreas,
the main site of digestion and absorption and in which both extra and
intracellular digestion is carried out) are still scarce and fragmentary
(Michiels et al., 2015a). In fact, chemical messengers involved in the
modulation of digestive enzymes in the hepatopancreas of decapod
crustaceans in general are far from having been elucidated.

In mammal's digestive tract, various proteases (endo, exo and
ectoproteases) catalyze highly specific reactions producing different
products from protein digestion (López-Otín and Bond, 2008; Bradley
et al., 2013; Trowers and Tischler, 2014). Trypsin (EC 3.4.21.4), an endo-
peptidase of the serine protease type, is one of themost important pro-
teases in mammalian and non- mammalian vertebrates digestive tract
having a central role in protein digestion (Sainz et al., 2004;
Muhlia-Almazán et al., 2008; Vandermarliere et al., 2013, Perera et al.,
2014, Wang et al., 2014). Aminopeptidase-N (APN) (EC 3.4.11.2) an
ectopeptidase attached to the cell membrane with the catalytic site ex-
posed to the extracellular surface, plays amajor role in thefinal stages of
dietary proteins digestion in mammal's intestine yielding various prod-
ucts such as peptides which are finally digested by intracellular
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peptidases (Alpers, 1987; Mentlein and Roos, 1996; Goodman, 2010;
Fairweather et al., 2012). Mina-Osorio, 2008; Villaseñor-Cardoso et al.,
2013; Tang et al., 2016). Thus, APN activity in the digestive tract is
used as an indicator of protein digestive capacity of organisms
(Ramirez-Otarola et al., 2011). In various decapod crustaceans, trypsin
represents the main proteolytic activity in hepatopancreas (Perera et
al., 2014; Wang et al., 2014; Perera et al., 2015 while little is known
about APN (Michiels et al., 2015a). Circulating biogenic amines play an
important role in the regulation of different physiological processes in
decapod crustaceans (Fingerman et al., 1994; Cebada and García,
2007; Clark et al., 2008; Christie et al., 2014). Various biogenic amines
(i.e. histamine) have been detected in the hepatopancreas which is
also an important endocrine organ (Fingerman et al., 1994; Huang et
al., 2005). In mammal's digestive tract, histamine is involved in the reg-
ulation of digestive and absorptive processes bymodulating the activity
of key enzymes and being the major regulator of gastric acid secretion
(López Mañanes and Vega, 1994; Sander et al., 2006; Breunig et al.,
2007; Ramsay and Carr, 2011; Chang and Leung, 2014; Trowers and
Tischler, 2014). In some decapod crustaceans, histamine is involved in
the control of functions in the digestive tract (Pulver et al., 2003).
Works in our lab showed that dopamine is amodulator of distinct diges-
tive enzyme activities in the hepatopancreas of euryhaline crabs
(Michiels et al., 2013, 2015a, 2015b) but nothing is known about the
role of histamine in any decapod crustacean.

There is growing evidence that the digestive function of the gastro-
intestinal tract of animals can vary with external factors, one of the
levels of this flexibility is biochemical, such as the activity of digestive
enzymes (del Valle and López Mañanes, 2011, 2012; Karasov and
Douglas, 2013; del Valle et al., 2015). Adaptive variation in digestive en-
zyme activity can be crucial to the lifestyle of many animals (Karasov
andDouglas, 2013). Themodulation of specific digestive enzymes activ-
ities in the digestive tract can lead to adjustments in the digestive capac-
ity for specific nutrients under changing environmental conditions
(Caviedes-Vidal et al., 2000; del Valle and López Mañanes, 2011, 2012;
Romano and Zeng, 2012; Karasov and Douglas, 2013). Intertidal zone
is an extremely challenging environment in which abiotic factors such
as salinity vary abruptly both spatially and temporally. Various studies
including several of our lab, pointed out that a differential modulation
of specific digestive enzymes activities in the hepatopancreas appears
to be one strategy to face environmental salinity in euryhaline crabs
(Asaro et al., 2011; Romano and Zeng, 2012; Michiels et al., 2013,
2015a, 2015b; Pinoni et al., 2013, 2015; Wang et al., 2014). In this con-
text, we considered of interest to evaluate whether trypsin and APN ac-
tivities in the hepatopancreas are under regulation by chemical
messengers (histamine) and/or a key external cue (salinity) using as a
model the intertidal euryhalinc crab Cyrtograpsus angulatus which is
one of the dominant crabs in intertidal areas fromRio de Janeiro (Brazil)
to Patagonia (Argentina) on the Atlantic coast and in Peru and Chile on
the Pacific coast (Spivak, 1997). Then, we investigated the occurrence
and biochemical characteristics of trypsin and APN activity in the hepa-
topancreas, the effect on histamine injections and the effect in vitro of
this biogenic amine on trypsin, APN and total proteolytic activities in
the hepatopancreas and the effect of acclimation of individuals to low
and high salinity on trypsin and APN activity in the hepatopancreas.
2. Materials and methods

2.1. Chemicals

Azocasein, L-alanine-p-nitroanilide (L-Ala-pNA), N-α-Benzoyl-DL-
Arginine-p-Nitroanilide (BAPNA), tris (hydroxymethylaminomethane)
(Tris), the ethyleneglicol N, N′, N′-tetraacetic acid (EGTA), bovine serum
albumi and histaminewere from Sigma (St. Louis,MO, USA); Coomassie
blue G250 was from Fluka (Germany). All chemicals used were of ana-
lytical grade. All solutions were prepared in distilled water.
2.2. Animal collection and maintenance

Crabs were caught from the mudflat area of Mar Chiquita coastal la-
goon (Buenos Aires, Province Argentina) (37°32′−37°45′S; 57°19′−
57°26′W). Only adult male crabs with a carapace width N2.5 cm were
collected. Animals were transported to the laboratory in lagoon water
on the day of collection. For all the experiments salinity was measured
in practical salinity units (psu). The crabs (20 individuals per aquarium)
were maintained in natural seawater (35 psu), dilute sea-water
(10 psu) or concentrated seawater (40 psu) for at least 10 days prior
to use (Pinoni and López Mañanes, 2004, 2008). Dilute seawater was
obtained by dilution of natural seawater with distilled water. Concen-
trated seawater was obtained by addition of commercial marine salt
(Red Sea Salt, Israel) to natural seawater (López Mañanes et al., 2000;
Pinoni and López Mañanes, 2004, 2008; Pinoni, 2009). The aquaria
contained 36 L of water, continuously aerated and filtered. A regime of
12 h light/12 h dark was applied and the temperature was kept at
22 ± 2 °C. The water was continuously filtered by means of an Atman
filter (HF-0400). Aquaria were shielded by black plastic to reduce dis-
turbance. Crabs were fed three times a week with Vita fish commercial
food (30% carbohydrates, 44% protein, 12% fat; about 0.07 g
individual−1) but they were starved 24–48 h prior to the experiments.
No differences in the feeding behavior occurred in the experimental
conditions used.

2.3. Assay of trypsin, APN and total proteolytic activity

Trypsin activity was determined using benzoyl- Arg-p-nitroanilide
(BAPNA) as substrate with some modifications (dimethyl sulfoxide
was not used). The reaction was initiated by addition of substrate
(final concentration 1.23 mM) to a reaction mixture that contained an
aliquot of the sample in 50 mM Tris buffer pH 7.4. After incubation for
15 min at 45 °C, the reaction was stopped by addition of 250 mL of
KOH and absorbance was determined at 410 nm. For characterization
studies of trypsin activity, the procedure was the same as described
above except that the activity was determined in the presence of vari-
ous pHs (range 4.5 to 11.0) (50 mM phosphate buffer pH 4. 5 and
50mMTris-HCl, pH 6.0–8.0; 50mMglycine, pH 11.0) and temperatures
(4–70 °C). To study the effect of BAPNA concentration on the activity of
trypsin, activity was determined at pH 7.4 at 45 °C in the presence of in-
creasing concentrations of BAPNA (from 0.12 to 2.32 mM) in the reac-
tion mixture.

The APN activity was determined using L-alanine-p-nitroanilide (L-
Ala pNA) as substrate (Roncari and Zuber, 1969) as described (del Valle
and LópezMañanes, 2008, 2011; Naya et al., 2011)with somemodifica-
tions. In the standard assay, the reaction was initiated by adding the
substrate (final concentration 0.41 mM) to a reaction mixture contain-
ing an adequate aliquot of the corresponding sample (which falls on
the linearity zone on an activity vs protein concentration plot) in
50 mM Tris buffer pH 7.6. After incubation for 15 min, the reaction
was stopped by the addition of 0.5mL of cold 2M acetic acid and absor-
bancewas determined at 384 nm. To study the effect of pH and temper-
ature on APN activity, the procedure was the same as described above
except that the activity was determined in the presence of varying pH
(range 6.6–9) (50 mM Tris–HCl buffer pH 6.6–9.0) and temperature
(4–45 °C) of the reaction mixture. To study the effect of L-Ala-pNA con-
centration on APN activity, the procedure was the same as described
above except that the activity was determined at pH 7.6 at 37 °C in
the presence of varying L-Ala-pNA concentrations (0.04–0.6 mM) in
the reaction mixture. To study the effect of bestatin on APN activity,
the activity was measured as described before but in the absence and/
or the presence bestatin (13 mM–55 mM). Bestatin is an inhibitor of
APN which is commonly used as a tool to characterize this activity in
several tissues (Bauvois and Dauzonne, 2006; Chen et al., 2013).

Total proteolytic activity was assayed by adding an aliquot of the
sample (linearity zone on activity vs protein concentration plot) to a
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reaction mixture containing 1% w/v azocasein in 0.1 M Tris- HCl buffer
(pH 7.5). The assay conditions used were optimal for this activity in
the hepatopancreas of C. angulatus as described in our previous work
(Pinoni, 2009). After incubation at 45 °C for 30 min, the reaction was
arrested by adding 0.75 mL of cold trichloroacetic acid (TCA) (10% w/
v) (Pinoni, 2009; Pinoni et al., 2011). Absorbance was measured at
440 nm (A440) (Metrolab 330) in the supernatant resulting after
centrifuging at 1800 ×g for 20 min (IEC-Centra 7R, refrigerated). One
unit activity (U) was defined as the amount of enzyme extract that pro-
duced an increase of 1 in A440. The proteolytic activitywas expressed as
U h–1 mg protein–1.

Individuals acclimated to 35 psu were used in these experiments.
The determination of enzyme activity was always performedwith sam-
ples that had been stored at−20 °C,without any previous thawing. Pro-
tein was assayed according to Bradford (1976). Bovine serum albumin
was used as standard.

2.4. Hemolymph osmolality

Hemolymph (about 500 μL) was sampled from the infrabranchial
sinus of 5–10 individuals by means of a syringe at the base of the cheli-
ped and transferred to an iced centrifuge tube. Serumwas separated by
centrifugation at 10,000 × g (Beckman, Microfuge, B) for 30 s as we de-
scribed before (Michiels et al., 2013, 2015a). Osmolality was measured
with a micro-osmometer (Osmomat 030 D, GONOTEC).

2.5. Effect of the injection of histamine on the activity of digestive enzymes
in hepatopancreas

The individuals were anesthetized by cold for 20 min and subse-
quently injected into the base of the cheliped with 100 μL of saline solu-
tion (400 mMNaCl, 10mMKCl) in the absence (control) or presence of
histamine 10−4 M. After 30min of injection, the activities of trypsin and
APN in hepatopancreas were determined.

2.6. In vitro effect of histamine on the activity of digestive enzymes in
hepatopancreas

Sections of hepatopancreas (100 mg) from crabs maintained in
35 psu were incubated in absence or presence of histamine (10−4 M)
in 2 mL of a medium containing (mM): 400 NaCl, 13KCl 10 MgCl2 8.8
H3BO3, pH 7.6 at 30 °C (Michiels et al., 2015a,b). After 30min of incuba-
tion, tissuewashomogenized in buffer Tris–HCl 50mMpH7.4 (4mL×g
tissue−1). Total proteolytic, trypsin and aminopeptidase\\N activity
were assayed (Resch-Sedlmeier and Sedlmeier, 1999; Lwalaba et al.,
2010). Trypsin activity was also tested in the medium (indicator of re-
leased enzyme activity) (Resch-Sedlmeier and Sedlmeier, 1999;
A B

Fig. 1. (A) Effect of pH (4.5 to 11.0) on trypsin activity in hepatopancreas of C. angulatus. Activ
values are expressed as a relation to the specific activity at pH 7.4 (100%, 3.7 ± 0.2 μmol min
on trypsin activity in hepatopancreas of C. angulatus. The activity was measured at pH 7.4 a
relation to the specific activity at 45 °C (100%, 3.7 ± 2.9 μmol min−1 mg prot−1). Data ar
2.32 mM) on the activity of trypsin in hepatopancreas of C. angulatus. Activity was measured
activity at 1.60 mM BAPNA (100%, 1.77 ± 0.6 μmol min−1 mg prot−1). Data are means ± 5 S.E
Lwalaba et al., 2010). Trypsin activity was not detected in the medium
throughout the experimental period, neither in the absence, nor in the
presence of the agents tested.

2.7. Preparation of enzymatic extracts

The crabswere anesthetized by cold by putting themon ice for about
20 min. The hepatopancreas was immediately excised, mixed with ho-
mogenizingmedium (0.5M Tris/HCl pH 7.4; 4mL g−1 of hepatopancre-
as tissue) and homogenized (CAT homogenizer × 120, tool T10) on ice.
The homogenate was centrifuged at 10000 ×g for 15 min (Sorval, rotor
SS34, refrigerated). The hepatopancreas from one individual was used
for each preparation of enzyme extract. The supernatantwas fractionat-
ed into 0.5 mL aliquots and stored at −20 °C until use.

2.8. Statistical analysis

The results of the effect of different substrate concentrations on the
enzymatic activities were analyzed by a nonlinear regression analysis
(GraphPad Prism4.0 software). The curves that appear are the ones
which best fit to the experimental data according to stimation by
GraphPad Prism 4.0 software, showing adjustment to the Michaelis-
Menten model. Km values (Michaelis–Menten constant) were estimat-
ed from this curve (GraphPad Prism 4.0 software). The statistical analy-
sis of the data was realized using the Sigma 3.0 program for Windows,
which automatically performs previous test of equality of variances
and normality. Analysis of variance (repeated measures ANOVA) or t-
tests were used to estimate the statistical significance of the differences
and P b 0.05 was considered significant. A post-hoc (Dunn's) was used
to identify differences.

3. Results

3.1. Trypsin and APN activity in hepatopancreas of Cyrtograpsus angulatus:
effect of pH, temperature, BAPNA and L-Ala-pNA

Trypsin activity in hepatopancreas increased from pH 4.0 to pH 7.4.
At pH 11.0 trypsin activity was approximately 40% lower than the activ-
ity at pH 7.4 (Fig. 1A). Trypsin activity was similar at 4 and 37 °C and in-
creased at 45 °C. At 70 °C, the activity decreased about 80% compared to
the activity at 45 °C (Fig. 1B). The effect of different concentrations of
BAPNA (0.12 to 2.32 mM) on the activity of trypsin is shown in
Fig. 1C. Trypsin activity in hepatopancreas of C. angulatus exhibited
Michaelis-Menten kinetics (apparent Km= 0.36 mM). APN activity in-
creased from pH 6.6 to 7.6. At pH 8.0 APN activity was about 15% lower
than the activity at pH 7.6 (Fig. 2A). APN activity increased slightly be-
tween 4 °C and 20 °C and the highest value was observed at 37 °C. At
C

ity was measured at 45 °C and in the presence of 1.23 mM of BAPNA. The trypsin activity
−1 mg prot−1). Data are mean ± 5 individuals S.E. (B) Effect of temperature (4 to 70 °C)
nd in the presence of 1.23 mM of BAPNA. The trypsin activity values are expressed as a
e mean ± 5 individuals S.E. (C) Effect of increasing concentrations of BAPNA (0.12 to
at pH 7.4 at 45 °C. The trypsin activity values are expressed as a relation to the specific
individuals. Different letters indicate significant differences (p b 0.05).
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Fig. 2. (A) Effect of pH (6.6 to 9) on the activity of APN in hepatopancreas of C. angulatus. Activity was measured at 37 °C and in the presence of 0.41 mM of L-Ala-pNA. The APN activity
values are expressed as a relation to the specific activity at pH 7.6 (100%, 3.31± 2 μmol min−1 mg prot−1). Data are mean± SE 5 individuals. (B) Effect of temperature (4–45 °C) of APN
activity in hepatopancreas of C. angulatus. Activity wasmeasured at pH 7.6 and in the presence of 0.41mM of L-Ala-pNA. The APN activity values are expressed as a relation to the specific
activity at pH 7.6 (100%, 2.39 ± 1 μmol min−1 mg prot−1). Data are mean ± S.E 5 individuals. (C) Effect of the concentration of L-Ala pNA (from 0.04 to 0.58 mM) of APN activity in
hepatopancreas of C. angulatus. Activity was measured at 37 °C and at pH 7.6. The APN activity values are expressed as a relation to the specific activity at pH 7.4 (100%, 2.3 ±
0.8 μmol min−1 mg prot−1). Data are mean ± S.E 5 individuals. Different letters indicate significant differences (p b 0.05).
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45 °C, APN activity was approximately 47% lower than the activity re-
corded at 37 °C Fig. 2B. The effect of different concentrations of L-Ala-
pNA (0.04 to 0.58 mM) on APN activity is shown in Fig. 2C. APN activity
in hepatopancreas of C. angulatus exhibited Michaelis-Menten kinetics
(apparent Km = 0.07 mM). APN activity in hepatopancreas was not
inhibited by bestatin (range of concentrations tested: 13 mM–55 mM)
(data not shown).
3.2. Effect of the injection of histamine on trypsin, APN and total proteolityc
activity in hepatopancreas of C. angulatus

The injection of 10–4 M histamine produced a decrease of trypsin ac-
tivity (about a 40%) in hepatopancreas of C. angulatus (Fig. 3A). No effect
was found on APN activity in hepatopancreas of C. angulatus (Fig. 3B).
Similar to that found for trypsin activity, total proteolityc activity de-
creased about 40% by histamine 10−4 M (Fig. 3C).
Fig. 3. (A) Effect of the injection of histamine on the activity of trypsin inhepatopancreas of C. an
from the corresponding control. A p b 0.05 was considered significant. Data are means ± S.E
hepatopancreas of C. angulatus. White bars: Control; Black bars: histamine 10−4 M.⁎Indic
significant. Data are means ± S.E. 5 individuals. (C) Effect of the injection of histamine on Tot
histamine 10−4 M. ⁎Indicates significant difference from the corresponding control. A p b 0.05
3.3. In vitro effect of histamine on trypsin, APN and total proteolityc activity
in hepatopancreas of C. angulatus

In vitro, 10–4 M histamine decreased trypsin activity (about 52%) in
hepatopancreas of C. angulatus (Fig. 4A). APN activity was not affected.
(Fig. 4B). A decrease of total proteolytic activity (about 48%) was
found in the presence of 10−4 M histamine (Fig. 4C).

3.4. Effect of low and high salinity on tripsyn and APN activity in hepato-
pancreas of C. angulatus

To determine the effect of low and high salinity on trypsin and APN
activities in hepatopancreas of C. angulatus, individuals were main-
tained at 35, 10 and 40 psu, salinities in which this crab osmoconforms,
hyper and hypo-regulates, respectively (Table 1).

Trypsin activity in hepatopancreas of C. angulatus was not affected
by low or high salinity (Fig. 5A). In 10 psu APN activity was about
gulatus.White bars: Control; Black bars: histamine 10−4M.⁎Indicates significant difference
. 5 individuals. (B) Effect of the injection of histamine on the activity of APN activity in
ates significant difference from the corresponding control. A p b 0.05 was considered
al proteolytic activity in hepatopancreas of C. angulatus. White bars: Control; Black bars:
was considered significant. Data are means ± S.E. 5 individuals.



Fig. 4. (A) In vitro effect of histamine on trypsin activity in hepatopancreas of C. angulatus acclimated at 35‰ salinity. Slices of hepatopancreaswere incubated as described in theMaterials
andMethods section in the absence (control) and in the presence of histamine 10−4 M. After incubation, Trypsin activity wasmeasured as described in theMaterials andMethods. White
bars: Control; Black bars: histamine10−4M. ⁎Indicates significant difference from the corresponding control. A p b 0.05was considered significant. Data aremeans±S.E. 5 individuals. (B)
In vitro effect of histamine on APN activity in hepatopancreas of C. angulatus acclimated at 35‰ salinity. Slices of hepatopancreaswere incubated as described in theMaterials andMethods
section in the absence (control) and in the presence of histamine 10−4 M. After incubation, APN activity was measured as described in the Materials and Methods. White bars: Control;
Black bars: histamine 10−4M. ⁎Indicates significant difference from the corresponding control. A p b 0.05was considered significant. Data aremeans± S.E. 5 individuals. (C) In vitro effect
of histamine on Total proteolytic activity in hepatopancreas of C. angulatus acclimated at 35‰ salinity. Slices of hepatopancreas were incubated as described in theMaterials andMethods
section in the absence (control) and in the presence of histamine 10−4M. After incubation, Trypsin activity wasmeasured as described in theMaterials andMethods.White bars: Control;
Black bars: histamine 10−4 M. ⁎Indicates significant difference from the corresponding control. A p b 0.05 was considered significant. Data are means ± S.E. 5 individuals.
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200% higher than in individuals exposed to 35 psu. In 40 psu APN activ-
ity was similar to that in 35 psu (Fig. 5B).

4. Discussion

In this work we investigated the occurrence, biochemical character-
istics, and modulation by histamine and low and high salinity of key
endo (trypsin) and ecto (APN) proteases in the hepatopancreas of the
intertidal euryhaline crab Cyrtograpsus angulatus. The occurrence of
specific digestive enzyme activities in the hepatopancreas of crusta-
ceans has been linked with the nature of the components of the diet
that are potentially used for metabolic processes (Pavasovic et al.,
2007; Figueiredo and Anderson, 2009). The hepatopancreas, a multi-
function organ, has been pointed out as a site where both extra and in-
tracellular digestion take place (Carter and Mente, 2014). The
occurrence of both trypsin and APN activity in the hepatopancreas of
C. angulatus would indicate an adequate battery to carry out intra and
extracellular digestion and then for total digestion of dietary proteins
(Mentlein, 2004; Fairweather et al., 2012; Perera et al., 2015). This ca-
pacity would be in accordance with the dietary habit is in accordance
with the dietary habit of this crab in Mar Chiquita lagoon (Spivak,
Table 1
Osmolality (mOsm kg−1) in the external medium and hemolymph of C. angulatus.

35 psu 10 psu

Medium Hemolymph Medium

Osmolality 882 ± 6 872 ± 21 269 ± 15

⁎Indicates significant difference from corresponding value in the external environment. Data a
1997, Botto et al., 2005). For dietary components such as protein a pos-
itive relationship has been predicted between their level in the natural
diet and the presence or amount in the digestive tract of enzymes nec-
essary for their breakdown (Karasov and Douglas, 2013). To our knowl-
edge, no reports are available on biochemical characteristics of trypsin
activity in the hepatopancreas of intertidal euryhaline crabs. The main-
tenance of trypsin activity in hepatopancreas of C. angulatus at different
pHs and high temperatures (45 °C) and the Michaelis–Menten kinetics
(Fig. 1) are in agreement with that found in various decapod crusta-
ceans (Murthy and Saxena, 1979; Van Wormhoudt et al., 1980;
García-Carreño, 1992a, 1992b; Guizani et al., 1992; Vega-Villasante et
al., 1995; Ceccaldi, 1997; Buarque et al., 2009, 2010). A previous work
of our lab on the euryhaline crab Neohelice granulatawas the first to es-
tablish the occurrence and biochemical characteristics of APN activity in
hepatopancreas of an intertidal euryhaline crab (Michiels et al., 2015a).
The highest APN activity in the hepatopancreas of C. angulatus at the pH
range 7.6–9.0 was similar to that described for this enzyme in verte-
brates intestine (Sabat et al., 1998) and to that we found for this activity
in hepatopancreas of N. granulata as well as the Michaelis-Menten ki-
netics (Michiels et al., 2015a) while the higher APN activity at 37 °C
and the decrease at 45 °C (Fig. 2) differs from N. granulata (Michiels,
40 psu

Hemolymph Medium Hemolymph

653 ± 14⁎ 1015 ± 16 878 ± 8⁎

re the mean ± E.S. 5–10 individuals.



Fig. 5. (A) Effect of acclimation to low (10 psu) and high salinity (40 psu) on Trypsin
activity in hepatopancreas of C. angulatus. The activity was measured as described in the
Materials and Methods section. A p b 0.05 was considered significant. Data are mean ±
SE for 5–6 individuals (B) Effect of acclimation to low (10 psu) and high salinity
(40 psu) on APN activity in hepatopancreas of C. angulatus. The activity was measured
as described in the Materials and Methods section. A p b 0.05 was considered significant.
Data are mean ± SE for 5–6 individuals.
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2015a). Furthermore, unlike we observed in hepatopancreas of N.
granulata (Michiels et al., 2015a), bestatin (an inhibitor of APN activities
in mammal intestine; Chen et al., 2013) did not affect this activity in
hepatopancreas of C. angulatus (not shown). Whether the different re-
sponses to temperature and bestatin of APN activity in hepatopancreas
of both species of euryhaline crabs are due to the occurrence of different
forms with distinct features needs further investigation.

Despite its inherent physiological importance the modulation of
digestive enzymes by primary chemical messengers in the hepato-
pancreas of decapod crustaceans has been poorly investigated
(Resch-Sedlmeier and Sedlmeier, 1999; Michiels et al., 2013,
2015a, 2015b). In this context, to our knowledge there are no
works dealing with the possible modulation by chemical messengers
of trypsin activity in the hepatopancreas neither with the possible
role of histamine as modulator of digestive enzymes. In mammals,
histamine has a main role in regulation of key enzymes and channels
involved in digestion and absorption processes (López Mañanes and
Vega, 1994; Sander et al., 2006; Breuning et al., 2007; Ramsay and
Carr, 2011). In previous works, we showed that dopamine differen-
tially affected distinct digestive enzymes suggesting the role of bio-
genic amines as primary chemical messengers in mechanisms of
regulation of these activities in hepatopancreas of decapod crusta-
ceans (Michiels et al., 2013, 2015a, 2015b). The decrease of trypsin
activity as well as of total proteolytic activity in hepatopancreas of
C. angulatus induced by injection of 10−4 M histamine (Fig. 3A.) sup-
ports the idea of the role of this chemical messenger and of biogenic
amines in the modulation of digestive enzymes. The effect of hista-
mine was specific on trypsin activity because aminopeptidase-N ac-
tivity was unaltered (Fig. 3B). Furthermore, the concomitant and to
the same extent decrease in both trypsin and total proteolytic activ-
ity, while no effect occurred on APN activity, suggest that diminished
trypsin activity account for the decreased total proteolytic activity
induced by the injection of histamine. The differential responses to
histamine suggest its specific action on distinct protease activities
in hepatopancreas. On the other hand, the similar effect (decrease)
induced in vitro by 10−4 M histamine on trypsin and total proteolyt-
ic activity in the hepatopancreas points out the occurrence of a direct
effect of histamine on this organ (Fig. 4A, C). Again, the fact that in
vitro 10−4 M histamine did not affect APN activity (Fig. 4B) further
supports the idea of a distinct modulation of specific proteases by
this biogenic amine. Moreover, parallel experiments in our lab
show that injection of 10−4 M histamine or in vitro 10−4 M histamine
(using sections of hepatopancreas) induce an opposite effect (increase)
on total lipase activity in the hepatopancreas of C. angulatus (Michiels,
2015). This suggests that histamine, in fact, differentially modulates
specific digestive enzymes in the hepatopancreas. In mammal's
digestive tract, the physiological actions of histamine are mediated by
specific membrane receptors coupled to distinct signaling pathways
such as that of cAMP and Ca++(Chang and Leung, 2014). The differen-
tial effect of histamine in the hepatopancreas of C. angulatus (decrease
of trypsin/increase of lipase activity), suggests that distinct signaling
pathways could be being activated leading, in turn, to a differential
modulation (increase/decrease) of specific digestive enzyme activities.
Whether the in vitro effect of histamine involves its binding to specific
receptors coupled to different signaling pathways in hepatopancreas
of C. angulatus requires further investigation. It has been proposed
that some digestive enzymes activities in the hepatopancreas of deca-
pod crustaceans can be intracellularly regulated (Sánchez-Paz et al.,
2006; Michiels et al., 2015b). In this context, we previously showed
the stimulation by dopamine of intracellular lipase activity in hepato-
pancreas of the euryhaline crab N. granulata (Michiels et al., 2015b).
Since no release of trypsin occurred the results of the present
work also suggests themodulation by histamine of intracellular trypsin
activity in hepatopancreas of C. angulatus.

Differential modulation of specific digestive enzymes activity in re-
sponse to key environmental cues is an important strategy at the bio-
chemical level in various animals, which could lead to adjustments in
digestive capacity and consequently in protein, carbohydrate and/or
lipid metabolism (Caviedes-Vidal et al., 2000; del Valle and López
Mañanes, 2011, 2012; Romano and Zeng, 2012; Karasov and Douglas,
2013). In some species of euryhaline crabs distinct environmental salin-
ity affects specific digestive enzymes in the hepatopancreas (Asaro et al.,
2011; Romano and Zeng, 2012; Wang et al., 2014; Pinoni et al., 2013;
Michiels et al., 2015a). Previous work from our laboratory showed
that various responses in different tissues occurs in C. angulatus upon
distinct environmental salinities, which involve a differential modula-
tion of different enzyme activities (López Mañanes et al., 2002; Pinoni
and López Mañanes, 2004, 2008; Pinoni, 2009; Michiels et al., 2013).
In this context,we have previously shown that an increase of proteolytic
activity (about 40%) occurs in hepatopancreas of this crab upon acclima-
tion to low salinity (10 psu) while no change occurs in high salinity
(40 psu) (Michiels et al., 2013). In this work, we further investigated
the possible components (i.e. specific endo and/or ectoproteases activi-
ties) involved in this response. The higher APN activity in hepatopancre-
as of individuals in 10 psu (Fig. 5B) supports the idea that modulation of
APN activity is one of the components accounting for the increased pro-
teolytic activity (by using azocasein as substrate) found in the hepato-
pancreas in response to low salinity (Michiels et al., 2013). Since
trypsin activity was not affected by acclimation to low salinity APN ac-
tivity appeared to be specifically modulated by environmental salinity.
Osmoregulatory adaptation in response to low salinity requires various
molecular and biochemical changes such as increased hemolymph
amino acids (Romano and Zeng, 2012). The increase of APN activity
could lead to an enhanced capacity for final steps of protein digestion
and consequently, to a higher availability of amino acids in relation to
hyper-regulation (Table 1) as we suggested for N. granulata (Michiels
et al., 2015a). In mammal's intestine, APN form complexes with amino
acid transporters inducing changes in kinetic parameters of the trans-
porters (Fairweather et al., 2012). Upon hypo-osmotic stress gluconeo-
genesis from amino acids has a role in adjustments of the intracellular
level of nitrogenated compounds in hepatopancreas of the euryhaline
crab N. granulata (Schein et al., 2005; Martins et al., 2011). Nothing is
known about the occurrence of these biochemical routes andmetabolic
pathways or of amino acid transport systems in the hepatopancreas of
in C. angulatus. We previously found that, contrary to low salinity,
total protease activity in the hepatopancreas of C. angulatuswas not af-
fected by high salinity (40 psu) upon hypo-regulatory conditions
(Table 1) (Michiels et al., 2013). The results of this work showing that
neither trypsin nor APN activity in hepatopancreas of C. angulatus
were affected by acclimation to 40 psu further suggests that specific dif-
ferential adjustments in proteases activities occurs in hepatopancreas in
relation to different salinity conditions.
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5. Conclusions

The occurrence of trypsin and APN activity in the hepatopancreas of
C. angulatus are differentially affected by internal (histamine) and envi-
ronmental (low salinity) cues suggesting that these key endo and
ectoproteases are under regulation by different pathways. In this con-
text, the results show the role of histamine as modulator of trypsin ac-
tivity in the hepatopancreas suggesting its direct action on this tissue
to modulate intracellular trypsin activity, while APN activity appears
to be one component of responses underlying biochemical adjustments
to low salinity.
Acknowledgments

This study was partly supported by grants from the University of
Mar del Plata and from Consejo Nacional de Investigaciones Científicas
y Tecnológicas (CONICET) (PIP 00009), Argentina. M. S. Michiels was
supported by post-doctoral scholarship from CONICET (Argentina).

References

Abumrad, N.A., Nassi, F., Marcus, A.K.I.V.A., 2016. Digestion and Absorption of Dietary Fat,
Carbohydrate, and Protein. Sleisenger & Fordtran's Gastrointestinal and Liver Disease.
10th ed. Elsevier Saunders, Philadelphia, PA.

Alpers, D.H., 1987. Digestion and absorption of carbohydrates and proteins. In: Johnson,
L.R. (Ed.), Physiology of the Gastro-Intestinal Tract. Raven Press, New York,
pp. 1469–1487.

Asaro, A., del Valle, J.C., López Mañanes, A.A., 2011. Amylase, maltase and sucrase activi-
ties in hepatopancreas of the euryhaline crab Neohelice granulata (Decapoda:
Brachyura: Varunidae): partial characterization and response to low environmental
salinity. Sci. Mar. 75, 517–524.

Bauvois, B., Dauzonne, D., 2006. Aminopeptidase-N/CD13 (EC 3.4.11.2) inhibitors: chem-
istry, biological evaluations, and therapeutic prospects. Med. Res. Rev. 26 (188–130).

Botto, F., Valiela, I., Iribarne, O., Martinetto, P., Alberti, J., 2005. Impact of Burrowing Crabs
on C and N Sources, Control, and Transformations in Sediments and FoodWebs of SW
Atlantic Estuaries.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein-dye binding. Anal. Biochem. 72, 248–254.

Bradley, S.G., Antalis, T.M., Bond, J.S., 2013. Proteases in the mammalian digestive system.
In: Brik, K., Stocker, W. (Eds.), Proteases: Structure and Function. Springer, Vienna,
pp. 373–393.

Breunig, E., Michel, K., Zeller, F., Seidl, S., Weyhern, C.W.H.V., Schemann, M., 2007. Hista-
mine excites neurones in the human submucous plexus through activation of H1, H2,
H3 and H4 receptors. J. Physiol. 58, 731–742.

Buarque, D.S., Castro, P.F., Santos, F.M.S., Lemos, D., Júnior, L.B.C., Bezerra, R.S., 2009. Digestive
peptidases and proteinases in the midgut gland of the pink shrimp Farfantepenaeus
paulensis (Crustacea, Decapoda, Penaeidae). Aquac. Res. 40 (7), 861–870.

Buarque, D.S., Castro, P.F., Santos, F.M.S., Amaral, I.P.G., Oliveira, S.M., Alves, K.B., Bezerra,
R.S., 2010. Digestive proteinases and peptidases in the hepatopancreas of the south-
ern brown shrimp (Farfantepenaeus subtilis) in two sub-adult stages. Aquac. Nutr. 16
(4), 359–369.

Carter, C.G., Mente, E., 2014. Protein synthesis in crustaceans: a review focused on feeding
and nutrition. Cent. Eur. J. Biol. 9, 1–10.

Caviedes-Vidal, E., Afik, D., Martınez del Rio, C., Karasov, W.H., 2000. Dietary modulation
of intestinal enzymes of the house sparrow (Passer domesticus), testing an adaptative
hypothesis. Comp. Biochem. Physiol. A 125, 11–24.

Cebada, J., García, U., 2007. Histamine operates Cl–-gated channels in crayfish neurosecre-
tory cells. J. Exp. Biol. 210, 3962–3969.

Ceccaldi, H.J., 1997. Anatomy and physiology of the digestive system. Crust. Nutr. 6,
261–291.

Chang, E.B., Leung, P.S., 2014. Intestinal water and lectrolyte transport. In: Leung, P.S.
(Ed.), The Gastrointestinal System. Springer, Netherlands, pp. 107–134.

Chen, L., Yi-Lun, L., Guiqing, P., Fang, L., 2013. Structural basis for multifunctional roles of
mammalian aminopeptidase. Proc. Natl. Acad. Sci. 109, 17966–17971.

Christie, A.E., Fontanilla, T.M., Roncalli, V., Cieslak, M.C., Lenz, P.H., 2014. Identification and
developmental expression of the enzymes responsible for dopamine, histamine,
octopamine and serotonin biosynthesis in the copepod crustacean Calanus
finmarchicus. Gen. Comp. Endocrinol. 195, 28–39.

Clark, M., Khan, R., Baro, D.J., 2008. Crustacean dopamine receptors: localization and G
protein coupling in the stomatogastric ganglion. J. Neurochem. 104, 1006–1019.

del Valle, J.C., López Mañanes, A.A., 2008. Digestive strategies in the South American sub-
terranean rodent Ctenomys talarum. Comp. Biochem. Physiol. A 150, 387–394.

del Valle, J.C., López Mañanes, A.A., 2011. Digestive flexibility in females of the subterra-
nean rodent Ctenomys talarum in their natural habitat. J. Exp. Zool. A 315, 41–148.

del Valle, J.C., López Mañanes, A.A., 2012. Fisiología integrativa y adaptativa de roedores
subterráneos Ctenomys talarum: modelo de estudio de cambios plásticos frente a
variaciones del ambiente y de demanda energética LAP Lambert. Academic Publish-
ing GmbH&Co·KG Eds. Editorial Académica Española (51 pp. ISBN-13:978-3-8473-
6195-4 ISBN-10:3847361953).
del Valle, J.C., Acuña, F.H., López Mañanes, A.A., 2015. Digestive flexibility in response to
environmental salinity and temperature in the non-symbiotic sea anemone
Bunodosoma zamponii. Hydrobiologia 759, 189–199.

Fairweather, S.J., Bröer, A., O'Mara, L.M., Broer, S., 2012. Intestinal peptidases form func-
tional complexes with the neutral amino acid transporter B0AT1. Biochemist 446,
135–148.

Figueiredo, M.S.R.B., Anderson, A.J., 2009. Digestive enzyme spectra in crustacean deca-
pods (Paleomonidae, Portunidae and Penaeidae) feeding in the natural habitat.
Aquac. Res. 40, 282–291.

Fingerman, M., Nagabhushanam, R., Sarojini, R., Reddy, S.P., 1994. Biogenic amines in
crustaceans: identification, localization, and roles. J. Crustac. Biol. 14, 413–437.

García-Carreño, F.L., 1992a. The digestive proteases of langostilla (Pleuroncodes planipes,
Decapoda): their partial characterization, and the effect of feed on their composition.
Comp. Biochem. Physiol. B Comp. Biochem. 103 (3), 575–578.

García-Carreño, F.L., 1992b. The digestive proteases of langostilla (Pleuroncodes planipes,
Decapoda):their partial characterization, and the effect of feed on their composition.
Comp. Biochem. Physiol. B 103, 575–578.

Goodman, B.E., 2010. Insights into digestion and absorption ofmajor nutrients in humans.
Adv. Physiol. Educ. 34, 44–53.

Guizani, N., Marshall, M.R., Wei, C.I., 1992. Purification and characterization of a trypsin-
like enzyme from the hepatopancreas of crayfish (Procambarus clarkii). Comp.
Biochem. Physiol. B 103, 809–815.

Huang, H.Y.H., Li, Y.,Wang, Z., 2005. Immunocytochemical localization of endocrine cells in
the digestive system of the mud crab, Scylla serrata. J. Xiamen Univ. Nat. Sci. 44, 94–97.

Karasov, W.H., del Rio, C.M., 2007. Physiological Ecology: How Animals Process Energy,
Nutrients, and Toxins. Princeton University Press, Princeton, New Jersey (275 pp.).

Karasov, W.H., Douglas, A.E., 2013. Comparative digestive physiology. Comp. Physiol.
271–283.

Karasov, W.H., Martínez del Rio, C., Caviedes-Vidal, E., 2011. Ecological physiology of diet
and digestive systems. Annu. Rev. Physiol. 73, 69–93.

LópezMañanes, A.A., Vega, F.V., 1994. Effect of histamine on soluble andmembrane-asso-
ciated carbonic anhydrase (CA) activity of pig and bovine gastric mucosa. Gen.
Pharmacol. 25, 1723–1727.

López Mañanes, A.A., Magnoni, L.J., Goldemberg, A.L., 2000. Branchial carbonic anhydrase
(CA) of gills of Chasmagnathus granulata (Crustacea Decapoda). Comp. Biochem.
Physiol. B 127, 85–95.

López Mañanes, A.A., Meligeni, C.D., Goldemberg, A.L., 2002. Response to environmental
salinity of Na+- K+ atpase activity in individual gills of the euryhaline crab
Cyrtograpsus angulatus. J. Exp. Mar. Biol. Ecol. 274, 75–85.

López-Otín, C., Bond, J.S., 2008. Proteases: multifunctional enzymes in life and disease.
J. Biol. Chem. 283, 30433–30437.

Lwalaba, D., Hoffmann, K.H., Woodring, J., 2010. Control of the release of digestive en-
zymes in the larvae of the fall armyworm, Spodoptera frugiperda. Arch. Insect
Biochem. Physiol. 73, 14–29.

LópezMañanes, A.A., Vega, F.V., 1994. Effect of histamine on soluble andmembrane-asso-
ciated carbonic anhydrase (CA) activity of pig and bovine gastric mucosa. Gen.
Pharmacol. 25 (8), 1723–1727.

Martins, T.L., Chittó, A.L.F., Rossetti, C.R., Brondani, C.K., Kucharski, L.C., Da Silva, R.S.M.,
2011. Effects of hypo- or hyperosmotic stress on lipid synthesis and gluconeogenic
activity in tissues of the crab Neohelice granulata. Comp. Biochem. Physiol A 158,
400–405.

Mentlein, R., 2004. Cell-surface peptidases. Int. Rev. Cytol. 235, 165–213.
Mentlein, R., Roos, T., 1996. Proteases involved in themetabolism of angiotensin II, brady-

kinin, calcitonin gene-related peptide (CGRP), and neuropeptide Y by vascular
smooth muscle cells. Peptides 17 (4), 709–720.

Michiels, M.S., 2015. Fisiología Bioquímica Digestiva De Crustáceos Decápodos: Estudio
Integrativo Sobre La Actividad De Enzimas Digestivas En Cangrejos Eurihalinos.
UNMdP FCEyN Phd Thesis. (127 pp.).

Michiels, M.S., del Valle, J.C., López Mañanes, A.A., 2013. Effect of environmental salinity
and dopamine injections on key digestive enzymes in hepatopancreas of the euryha-
line crab Cyrtograpsus angulatus (Decapoda: Brachyura: Varunidae). Sci. Mar. 77,
129–136.

Michiels, M.S., del Valle, J.C., López Mañanes, A.A., 2015a. Biochemical characteristics and
modulation by external and internal factors of aminopeptidase-N activity in the he-
patopancreas of a euryhaline burrowing crab. J. Comp. Physiol. B. 185, 501–510.

Michiels, M.S., del Valle, J.C., López Mañanes, A.A., 2015b. Lipase activity sensitive to
dopamine, glucagon and cyclic AMP in the hepatopancreas of the euryhaline
burrowing crab Neohelice granulata (Dana, 1851) (Decapoda, Grapsidae).
Crustaceana 88, 51–65.

Mina-Osorio, P., 2008. The moonlighting enzyme CD13: old and new functions to target.
Trends Mol. Med. 14, 361–371.

Muhlia-Almazán, A., Sánchez-Paz, A., García-Carreño, F.L., 2008. Invertebrate trypsins: a
review. J. Comp. Physiol. B. 178, 655–672.

Murthy, R.C., Saxena, P., 1979. Trypsin activity in the hepatopancreas of Macrobrachium
lamarrei (Crustacea: Decapoda). Experientia 35 (6), 789–790.

Naya, D.E., Veloso, C., Sabat, P., Bozinovic, F., 2011. Physiological flexibility and climate
change: the case of digestive function regulation in lizards. Comp. Biochem. Physiol.
A 159, 100–104.

Pavasovic, A., Anderson, A.J., Mather, P.B., Richardson, N.A., 2007. Influence of dietary pro-
tein on digestive enzyme activity, growth and tail muscle composition in redclaw
crayfish, Cherax quadricarinatus. Aquac. Res. 38, 644–652.

Perera, E., Rodríguez-Viera, L., Perdomo-Morales, R., Montero-Alejo, V., Moyano, F.J.,
Martínez- Rodríguez, G., Mancera, J.M., 2014. Trypsin isozymes in the lobster Panulirus
argus (Latreille, 1804): from molecules to physiology. J. Comp. Physiol. B. 1–19.

Perera, E., Rodríguez-Viera, L., Perdomo-Morales, R., Montero-Alejo, V., Moyano, F.J.,
Martínez- Rodríguez, G., Mancera, J.M., 2015. Trypsin isozymes in the lobster

http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0005
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0005
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0005
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0010
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0010
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0010
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0015
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0015
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0015
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0015
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0020
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0020
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0025
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0025
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0025
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0030
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0030
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0035
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0035
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0035
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0040
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0040
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0040
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0045
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0045
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0045
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0050
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0050
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0050
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0055
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0055
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0060
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0060
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0060
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0065
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0065
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0070
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0070
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0075
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0075
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0080
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0080
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0085
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0085
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0085
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0085
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0090
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0090
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0095
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0095
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0100
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0100
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0105
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0105
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0105
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0105
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0105
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0110
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0110
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0110
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0125
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0125
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0125
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0130
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0130
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0130
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0140
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0140
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0145
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0145
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0145
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0150
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0150
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0150
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0160
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0160
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0165
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0165
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0165
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0170
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0170
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0175
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0175
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0180
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0180
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0185
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0185
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0190
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0190
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0190
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0195
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0195
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0195
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0200
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0200
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0200
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0200
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0200
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0205
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0205
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0210
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0210
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0210
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0215
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0215
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0215
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0220
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0220
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0220
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0230
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0235
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0235
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0235
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0240
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0240
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0240
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0245
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0245
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0245
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0245
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0250
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0250
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0250
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0255
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0255
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0255
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0255
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0260
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0260
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0275
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0275
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0280
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0280
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0285
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0285
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0285
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0290
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0290
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0290
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0300
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0300
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0305


235M.S. Michiels et al. / Comparative Biochemistry and Physiology, Part A 204 (2017) 228–235
Panulirus argus (Latreille, 1804): from molecules to physiology. J. Comp. Physiol. B.
185, 17–35.

Pinoni, S.A., 2009. Mecanismos demantenimiento del medio interno en respuesta a estrés
ambiental en crustáceos decápodos de interés regional. (Phd Thesis). Universidad
Nacional de Mar del Plata, Mar del Plata.

Pinoni, S.A., López Mañanes, A.A., 2004. Alkaline phosphatase activity sensitive to envi-
ronmental salinity and dopamine in muscle of the euryhaline crab Cyrtograpsus
angulatus. J. Exp. Mar. Biol. Ecol. 307, 35–46.

Pinoni, S.A., López Mañanes, A.A., 2008. Partial characterization and response under
hyperregulating conditions of Na+/K+-ATPase and levamisole-sensitive alkaline
phosphatase activities in chela muscle of the euryhaline crab Cyrtograpsus angulats.
Sci. Mar. 72, 15–24.

Pinoni, S.A., Iribarne, O., Löpez Mañanes, A.A., 2011. Between-habitat comparison of di-
gestive enzymes activities and energy reserves in the SW Atlantic euryhaline
burrowing crab Neohelice granulata. Comp. Biochem. Physiol. A 158, 552–559.

Pinoni, S.A., Michiels, M.S., López Mañanes, A.A., 2013. Phenotypic flexibility in response
to environmental salinity in the euryhaline crabNeohelice granulata from themudflat
and the saltmarsh of a SW coastal lagoon. Mar. Biol. 160, 2647–2661.

Pinoni, S.A., Méndez, E., Mañanes, A.A.L., 2015. Digestive flexibility in a euryhaline crab
from a SW Atlantic coastal lagoon: alkaline phosphatase activity sensitive to salinity
in the hepatopancreas. J. Mar. Biol. Assoc. U. K. 95, 1133–1140.

Pulver, S.R., Thirumalai, V., Richards, K.S., Marder, E., 2003. Dopamine and histamine in
the developing stomatogastric system of the lobster Homarus americanus. J. Comp.
Neurol. 462, 400–414.

Ramirez-Otarola, N., Narváez, C., Sabat, P., 2011. Membrane-bound intestinal enzymes of
passerine birds: dietary and phylogenetic correlates. J. Comp. Physiol. B. 181,
817–827.

Ramsay, P.T., Carr, A., 2011. Gastric acid and digestive physiology. Surg. Clin. N. Am. 91,
977–982.

Resch-Sedlmeier, G., Sedlmeier, D., 1999. Release of digestive enzymes from the crusta-
cean hepatopancreas: effect of vertebrate gastrointestinal hormones. Comp. Biochem.
Physiol. B 1, 187–192.

Romano, N., Zeng, C., 2012. Osmoregulation in decapod crustaceans: implications to aqua-
culture productivity, methods for potential improvement and interactions with ele-
vated ammonia exposure. Aquaculture 334, 12–23.

Roncari, G., Zuber, H., 1969. Thermophilic aminopeptidases from Bacillus
stearothermorphilus. Isolation, specificity, and general properties of the thermostable
aminopeptidase. Int. J. Protein Res. I, 45–61.

Sabat, P., Novoa, F., Bozinovic, F., Martinez del Rio, C., 1998. Dietary flexibility and intesti-
nal plasticity in birds: a field and laboratory study. Physiol. Biochem. Zool. 71,
226–236.
Sainz, J.C., García-Carreño, F., Hernández-Cortés, P., 2004. Penaeus vannamei isotrypsins:
purification and characterization. Comp. Biochem. Physiol. B 138, 155–162.

Sánchez-Paz, A., García-Carreño, F., Muhlia-Almazan, A., Peregrino-Uriarte, A.,
Hernández-López, J., Yepiz-Plascencia, G., 2006. Usage of energy reserves in crusta-
ceans during starvation: status and future directions. Insect Biochem. Mol. Biol. 36,
241–249.

Sander, L.E., Lorentz, A., Sellge, G., Coeffier, M., Neipp, M., Veres, T., Bischoff, S.C., 2006. Se-
lective expression of histamine receptors H1R, H2R, and H4R, but not H3R, in the
human intestinal tract. Gut 55, 498–504.

Schein, V., Fernandes Chittó, A.L., Etges, R., Kucharski, L.C., VanWormhoudt, A., da Silva, R.,
2005. Effect of hyper or hypo-osmotic conditions on neutral amino acids uptake and
oxidation in tissues of the crab Chasmagnathus granulata. Comp. Biochem. Physiol.
140, 561–567.

Spivak, E., 1997. Cangrejos estuariales del Atlántico sudoccidental (25°–41°S) (Crustacea:
Decapoda: Brachyura). Invest. Mar. Val. 25, 105–120.

Tang, J., Qu, F., Tang, X., Zhao, Q., Wang, Y., Zhou, Y., Liu, Z., 2016. Molecular characteriza-
tion and dietary regulation of aminopeptidase N (APN) in the grass carp (Cteno-
pharyngodon idella). Gene 582, 77–84.

Trowers, E., Tischler, M.E., 2014. Gastrointestinal Physiology: A Clinical Approach. Spring-
er, The University of Arizona Tucson, AZ, USA http://dx.doi.org/10.1007/978-3-319-
07164-0.

Van Wormhoudt, A., Ceccaldi, H.J., Martin, B.J., 1980. Adaptation de la teneur en enzymes
digestives de l'hépatopancréas de Palaemon serratus (Crustacea, Decapoda), à la com-
position d'aliments expérimentaux. Aquaculture 21 (1), 63–78.

Vandermarliere, E., Michael, M., Lennart, M., 2013. Getting intimate with trypsin, the lead-
ing protease in proteomics. Mass Spectrom. Rev. 32 (6), 453–465.

Vega-Villasante, F., Nolasco, I.H., Civera, R., 1995. The digestive enzymes of the Pacific
brown shrimp activity in the whole digestive tract. Comp. Biochem. Physiol. B 112,
123–129.

Villaseñor-Cardoso, M.I., Frausto-Del-Río, D.A., Ortega, E., 2013. Aminopeptidase N (CD13)
is involved in phagocytic processes in human dendritic cells and macrophages.
Biomed. Res. Int. 1-12.

Wang, W., Wu, X., Liu, Z., Zheng, H., Cheng, Y., 2014. Insights into hepatopancreatic func-
tions for nutrition metabolism and ovarian development in the crab Portunus
trituberculatus: gene discovery in the comparative transcriptome of different hepato-
pancreas stages. PLoS One 9, 1–15.

http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0305
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0305
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0310
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0310
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0310
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0315
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0315
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0315
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0320
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0320
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0320
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0320
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0320
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0320
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0325
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0325
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0325
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0330
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0330
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0330
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf2080
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf2080
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf2080
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0335
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0335
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0335
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0340
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0340
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0340
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0345
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0345
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0355
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0355
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0355
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0360
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0360
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0360
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0365
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0365
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0365
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0375
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0375
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0375
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0380
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0380
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0385
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0385
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0385
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0390
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0390
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0390
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0395
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0395
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0395
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0400
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0400
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0415
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0415
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0415
http://dx.doi.org/10.1007/978-3-319-07164-0
http://dx.doi.org/10.1007/978-3-319-07164-0
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0425
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0425
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0425
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0430
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0430
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0435
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0435
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0435
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0440
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0440
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0440
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0445
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0445
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0445
http://refhub.elsevier.com/S1095-6433(16)30285-9/rf0445

	Trypsin and N-�aminopeptidase (APN) activities in the hepatopancreas of an intertidal euryhaline crab: Biochemical characte...
	1. Introduction
	2. Materials and methods
	2.1. Chemicals
	2.2. Animal collection and maintenance
	2.3. Assay of trypsin, APN and total proteolytic activity
	2.4. Hemolymph osmolality
	2.5. Effect of the injection of histamine on the activity of digestive enzymes in hepatopancreas
	2.6. In vitro effect of histamine on the activity of digestive enzymes in hepatopancreas
	2.7. Preparation of enzymatic extracts
	2.8. Statistical analysis

	3. Results
	3.1. Trypsin and APN activity in hepatopancreas of Cyrtograpsus angulatus: effect of pH, temperature, BAPNA and L-Ala-pNA
	3.2. Effect of the injection of histamine on trypsin, APN and total proteolityc activity in hepatopancreas of C. angulatus
	3.3. In vitro effect of histamine on trypsin, APN and total proteolityc activity in hepatopancreas of C. angulatus
	3.4. Effect of low and high salinity on tripsyn and APN activity in hepatopancreas of C. angulatus

	4. Discussion
	5. Conclusions
	Acknowledgments
	References


