
THE MECHANISM OF ACID-BASE REGULATION IN 1 

SEAWATER-ACCLIMATED GREEN CRABS, CARCINUS 2 

MAENAS 3 

 4 

S. Fehsenfeld1§, D. Weihrauch1 5 

 6 

1 Department of Biological Sciences, University of Manitoba, 190 Dysart Road, 7 

Winnipeg, MB, Canada R3T2N2 8 

 9 

Email addresses: 10 

SF:  Sandra.Fehsenfeld@umanitoba.ca 11 

DW: Dirk.Weihrauch@umanitoba.ca 12 

 13 

§Corresponding author: 14 

Sandra Fehsenfeld 15 

General Office 212B Bio-Sci Bldg., 50 Sifton Road 16 

University of Manitoba, Winnipeg, MB R3T 2N2 Canada 17 

Ph: 204-296 2106, Fax: 204-474-7604  18 

Email: Sandra.Fehsenfeld@umanitoba.ca   19 



Abstract 20 

The present study investigated acid-base regulatory mechanisms in seawater-acclimated 21 

green crabs Carcinus maenas. In seawater (32 ppt), this decapod crustacean is osmo-22 

conforming and therefore the majority of the observed responses can be attributed to ion 23 

fluxes based on acid-base compensatory responses alone. Similar to what is observed in 24 

brackish-water acclimated C. maenas, seawater-acclimated green crabs exposed to 25 

environmental hypercapnia rapidly accumulated HCO3
- in their hemolymph to compensate 26 

for the respiratory acidosis caused by excess hemolymph pCO2 after only 24-48 hours. A 27 

full recovery of the decreased hemolymph pH was not observed in this time frame. Isolated 28 

gill perfusion experiments on anterior gill 5 applying inhibitors for potential key-29 

transporters located in the crabs’ gill epithelium supported the involvement of all 30 

investigated genes in ammonia excretion and the excretion of acid-base equivalents. The 31 

most significant effect was observed targeting basolateral applied Na+/HCO3
--32 

cotransporter and V-ATPase. Under the influence of these two inhibitors the excretion of 33 

H+ and partly for CO2 was reversed and an enrichment of these two molecules in the 34 

hemolymph was observed. A working model for acid-base regulatory mechanisms and 35 

their link to ammonia excretion in the gill epithelium of C. maenas has been hypothesized 36 

including basolateral Na+/HCO3
--cotransporter, V-ATPase, Na+/H+-exchanger, Na+/K+-37 

ATPase, carbonic anhydrase and K+-channels. The data of the present study suggests 38 

transport of CO2 and NH4
+ in acidified and non-acidified vesicles. 39 

 40 

Keywords: Carcinus maenas, green crab, CO2, ammonia, gill perfusion  41 



Introduction 42 

Over the last decades, green crabs (Carcinus maenas) have become one of the most 43 

successful marine invaders on the planet (Lowe et al., 2000). Originating from northern 44 

European waters, they nowadays can be found in both the Canadian Atlantic and Pacific, 45 

where they threaten the existing natural ecosystem communities as well as commercial 46 

fisheries (Cameron and Metaxas, 2005; Jamieson et al., 1998; Miron et al., 2005). The 47 

success of C. maenas as an invasive species can be attributed to their high capability for 48 

short-term acclimation as well as their potential for long-term adaptation to a variety of 49 

environmental challenges such as changes in salinity, temperature, high ammonia  and low 50 

pO2/ high pCO2 (Bellwood, 2002; Thomsen et al., 2010; Truchot and Duhamel-Jouve, 51 

1980; Weihrauch et al., 1999).  52 

In decapod crustaceans like the green crab, this acclimation/adaptation potential is based 53 

on the capability to maintain homeostasis of bodily fluids despite the changing 54 

environment, which is mainly achieved via ion exchange processes in the gill epithelium. 55 

Not only is the gill epithelium the major site for osmo-regulation, but it also plays an 56 

important role in acid-base balance and ammonia excretion (Henry et al., 2012).  While 57 

over the past century extensive work has been conducted to investigate osmo-regulatory 58 

and ammonia excretory patterns in gills of decapod crustaceans, hardly anything is known 59 

concerning its acid-base regulation to date.  60 

Resulting from tracer flux and voltage-clamp studies in Ussing chambers, the gill 61 

epithelium of the green crab Carcinus maenas has been characterized as a (moderate) leaky 62 

epithelium, exhibiting a relatively high trans-epithelial conductance and high ion transport 63 

rates (Riestenpatt et al., 1996). Applying inhibitors in gill perfusion experiments and on 64 



the split gill lamellae in similar experimental set-ups helped identify basolateral Na+/K+-65 

ATPase and Cl--channels, as well as apical Na+/K+/2Cl--cotransporter supported by apical 66 

and basolateral K+-channels, to be the key-players in trans-branchial active NaCl transport 67 

in moderate hyper-osmoregulators such as C. maenas and Neohelice (Chasmagnathus) 68 

granulatus (Lucu and Siebers, 1987; Onken et al., 2003; Riestenpatt et al., 1996). 69 

Basolateral Na+/K+-ATPase and Cs+-sensitive K+-channels have also been shown to be 70 

involved in ammonia excretion through the gills of C. maenas, as well as a cytoplasmic V-71 

ATPase and a functional microtubule network (Weihrauch et al., 1998, 2004). In 72 

conclusion, these authors compared the NaCl uptake mechanism in the gill epithelium of 73 

these decapod crustaceans to the mechanism also proposed for the thick ascending limp 74 

(TAL) of the Henle’s loop in the mammalian kidney. In addition to the transporters 75 

mentioned above, the Na+/H+-exchanger (NHE4) and the Na+/HCO3
--cotransporter 76 

(NBCn1) have been identified in the basolateral membrane of the TAL to be involved in 77 

ammonia re-absorption from the pertitubular space into the epithelial cells (Houillier and 78 

Bourgeois, 2012). In contrast to the mammalian TAL the current working model for acid-79 

base regulation of mitochondria-rich cells in the gills of freshwater teleosts supports a 80 

basolateral, electrogenic 1Na+/3HCO3
- (NBC1) mediated base-excretion from the cell into 81 

the blood, involving carbonic anhydrase and apical Na+/H+-exchanger (isoforms 1 and 3; 82 

Evans et al., 2005).  83 

Unfortunately, to the authors’ knowledge only one experiment on gill ion transporters in 84 

respect to acid-base regulation has been conducted in decapod crustaceans to date. By 85 

application of inhibitors and measuring the transepithelial potential difference (PDte) in 86 

perfusion experiments on the isolated gill in brackish-water acclimated green crabs, Siebers 87 



et al. (1994) identified oxidative metabolism and carbonic anhydrase to play the central 88 

roles in acid-base regulation by the gill epithelium. On the other hand the authors excluded 89 

active proton excretion, apical Na+/H+-exchange, anion exchange, or Na+/K+/2Cl--90 

cotransport to participate in acid-base regulation of the gill epithelium. 91 

On the whole animal level however, a direct link between acid-base regulation and 92 

ammonia status to salinity acclimation in decapod crustaceans has been delivered by a few 93 

studies. When acclimated to dilute salinities, blue crabs Callinectes sapidus elevated 94 

hemolymph ammonia levels, while at the same time hemolymph pH and HCO3
- increased 95 

at constant pCO2 (Mangum et al, 1976). A similar response was observed in Carcinus 96 

maenas (J. P. Truchot, 1981) and the Chinese mitten crab Eriocheir sinensis (Henry and 97 

Cameron, 1982). Additionally, acid-base status in crabs is dependent on the strong ion 98 

difference: the adjustments in hemolymph Na+ and Cl- concentrations due to dilute salinity 99 

acclimation are balanced by the weaker ions H+, OH- and HCO3
- in order to maintain the 100 

electrical neutrality of the body fluids (Stewart, 1978). In a third study, inhibition of CA, a 101 

major key-player in acid-base balance by promoting the dissociation of H2CO3 (CO2) into 102 

H+ and HCO3
-, simultaneously led to a dose-dependent decrease in hemolymph osmolarity 103 

and Na+ and Cl- concentrations in low salinity acclimated Pachygrapsus crassipes (Burnett 104 

et al., 1981), C. sapidus (Henry and Cameron, 1983) and C. maenas (Henry et al., 2003). 105 

Based on these links of ammonia and acid-base regulation on the organismal level in 106 

decapod crustaceans, it can be hypothesized that also on the level of the gill epithelium 107 

transporters known to be involved in salinity acclimation will play an important role in 108 

acid-base regulation in decapod crustaceans.   109 



While most studies on osmo-regulation in decapod crustaceans have been conducted in 110 

brackish-water acclimated specimen, the present study concentrates on seawater-111 

acclimated green crabs. At 32 ppt, C. maenas is osmo-conforming and keeps its 112 

hemolymph osmolality isotonic to the surrounding seawater. As a result, NaCl movements 113 

are believed to be mainly passive (Zanders, 1980), as also supported by the high 114 

transepithelial conductance measured in gills of the marine osmoconforming edible crab 115 

Cancer pagurus (Weihrauch et al., 1999). This allows for the investigation of the most 116 

basic underlying principles of acid-base regulation in these osmo-conforming animals, 117 

uncoupled from a salinity-mediated response. In a first set of experiments, acid-base 118 

homeostasis in the seawater-acclimated green crabs was challenged by exposure to high 119 

environmental pCO2 (hypercapnia) in order to observe the whole animal response and the 120 

capability of osmo-conforming green crabs to counteract this disturbance without an 121 

already activated ion regulatory mechanisms being in place. In a second approach, 122 

pharmaceuticals for the inhibition of distinct transporters potentially involved in acid-base 123 

regulation were applied in isolated gill perfusion experiments of seawater-acclimated C. 124 

maenas to identify key-players participating in this process. Based on these results, a novel 125 

working model for acid-base regulatory mechanisms and their link to ammonia excretion 126 

is postulated for the gill epithelium of seawater-acclimated green crabs.  127 

 128 



Material & Methods 129 

Animals 130 

Green crabs Carcinus maenas (Linnaeus 1758) were collected in Barkley Sound at the 131 

opening of the Pipestem Inlet (Vancouver Island, BC, Canada) in the Summer 2012 and 132 

2013 under the  Department of Fisheries and Oceans collection permits XR 207 2012 and 133 

XR 235 2013, respectively. Only male animals with an approximate carapace width of 5-7 134 

cm and a weight of 60 – 90 g were chosen for experimentation. Green crabs were kept in 135 

aerated ~500 L flow-through outdoor tanks directly connected to water from the Barkley 136 

Sound (salinity = 32 ppt) under natural light conditions (10(dark):14(light)) at the Bamfield 137 

Marine Sciences Centre (Bamfield, BC, Canada). Animals were fed ad libitum once a week 138 

with fish carcasses and starved for 2-3 days prior to experimentation. 139 

 140 

Acclimation to high environmental pCO2 (hypercapnia) 141 

For acclimation to hypercapnic conditions (1% CO2 = 1013.25 Pa), two aerated flow-142 

through plastic containers (68 L) were set up in the laboratory space and 6 green crabs 143 

transferred into each. A header tank for each container was established, supplying 144 

containers with either fresh seawater (controls) or seawater pre-equilibrated to 1% CO2 145 

(high pCO2). The flow rate from the header tanks to the containers holding the animals was 146 

adjusted to 50 ml / min. 147 

To easily draw hemolymph from the animals a hole (diameter ~2mm) was drilled into the 148 

dorsal carapace using a Dremel® and sealed with dental dam. A sterile syringe with a 21.5 149 

gauge needle was used to obtain ~200 l hemolymph samples at 0, 6, 12, 24, and 48 hours, 150 



respectively.  Hemolymph was immediately assessed for pH and total carbon (CT) as 151 

described below.  Samples were then frozen at -20°C until analyzed for ammonia content 152 

(see below). 153 

To determine whole animal ammonia excretion rates, green crabs were transferred into 154 

small aerated containers holding 2 L of seawater, after being acclimated to either control 155 

or high pCO2 seawater in the 68 L tanks for 48 h, as described above. 10 ml water samples 156 

were taken after 10 and 40 minutes and frozen at -20°C until further analysis for ammonia 157 

(see below).  158 

 159 

Gill perfusion with application of inhibitors 160 

Isolated anterior gills (gill 5) of control seawater-acclimated animals were perfused 161 

following the protocol of Siebers et al. (1985)  with a flow rate of 128 ± 0.1 μL/min, using 162 

a peristaltic pump (Sci 323 Watson–Marlow Bredel Pump, Falmouth Cornwall, England). 163 

Gills were placed in 50 ml glass beakers containing 30 ml seawater as bathing solution. 164 

The perfusion solution contained (in mmol L-1): 470 NaCl, 12 CaCl2, 12 MgCl2, 11 KCl, 9 165 

NaHCO3, 0.3 Glucose, 0.1 Glutathion, 0.5 Glutamine, based on results from ion 166 

chromatography performed on hemolymph of full strength seawater-acclimated green 167 

crabs in context of the recent study by Fehsenfeld and Weihrauch (2013; data not shown). 168 

The pH was adjusted to 7.9. 100 mol L-1 NH4Cl was solely added to the perfusion 169 

solution, not the bathing solution, to account for in vivo conditions. 170 

The perfusion protocol consisted of 3 consecutive steps (figure 1): following a 40 min 171 

control phase, gills were perfused with perfusion solution containing the respective 172 

inhibitor (see below). A third 40 minute period applying perfusion solution as in the control 173 



step (step 1) was implemented to ensure that the gills were still active (returning to control 174 

levels). In between each step, the gills were allowed a 10 minute equilibration period after 175 

which the perfusate was collected then for 30 min.  176 

The inhibitors and their concentrations were 100 mol L-1 tenidap (Na+/HCO3
--177 

cotransporter, NBC), 20 mol L-1 KM91104 (V-ATPase), 5 mmol L-1 ouabain (Na+/K+-178 

ATPase, NKA), 100 mol L-1 amiloride (Na+/H+-exchanger, NHE) and 12 mmol L-1 BaCl2 179 

(K+-channels). All inhibitors with the exception of ouabain were diluted from 100x 180 

concentrated stock solutions in DMSO. Ouabain was directly dissolved in the perfusion 181 

solution. Perfusion experiments with 1% DMSO alone in the inhibitor step were performed 182 

and found to neither have an affect ammonia excretion, nor acid-base equivalents (n = 3, 183 

data not shown).  184 

 185 

Analysis of hemolymph and perfusate samples 186 

All hemolymph and perfusate samples were immediately measured for the acid-base 187 

equivalents pH and CT (and temperature). pH was measured either with the InLab Micro 188 

Combination pH electrode (hemolymph – small volumes; Mettler-Toledo) or the pH/ATC 189 

electrode #300729.1 (perfusates – big volumes; Denver Instruments, Göttingen, Germany), 190 

connected to a pH-ISE meter model 225 (Denver Instruments). Total CO2 (CT) was 191 

measured using the Corning 965 carbon dioxide analyzer (Olympic Analytical Service, 192 

UK). pCO2 and HCO3
- were then calculated applying the appropriate factors and equations 193 

as generated by Truchot (1976). 194 

Hemolymph ammonia, perfusate ammonia and ammonia contents of the seawater samples 195 

from the whole animal excretion experiment were measured using a gas-sensitive NH3 196 



electrode (Orion 9512 from Thermo Scientific, Cambridgeshire, England) connected to a 197 

digital mV/pH meter, following the procedure established by Weihrauch et al. (1998). All 198 

samples were diluted as high salt has been found to interact with the electrode (1:3 in case 199 

of the perfusates / water samples, 1:7 in case of hemolymph samples due to low volumes). 200 

Standard curves were diluted accordingly.   201 

Gill excretion rates for ammonia and acid-base equivalents were assessed based on the 202 

difference of the respective concentration in the perfusate compared to the initial perfusion 203 

solution for each step. H+ excretion was calculated from the change in perfusate pH vs. the 204 

initial pH of the perfusion solution of each step, respectively.    205 

 206 

Statistics 207 

All statistical analyses were performed using the software Past3 (Hammer et al., 2001). All 208 

data sets were first tested for normal distribution (Shapiro–Wilk test) and homogeneity of 209 

variances (F-test or Levene’s test) prior to testing. In case normal distribution and/or 210 

homogeneity of variances were not fulfilled, the data sets were log-transformed or tested 211 

with non-parametric tests. Concerning parametric testing, Student’s t-test or paired t-test 212 

was applied comparing two means, whereas one-way ANOVA was applied comparing 213 

multiple data sets. In case of non-parametrical testing, Mann-Whitney U-test was applied 214 

for comparison of two means, and Kruskal-Wallis accordingly for multiple means. All 215 

results with p < 0.05 were considered significant.  216 



Results 217 

Whole organism response of C. maenas upon high pCO2 exposure 218 

Green crabs rapidly accumulated CO2 and HCO3
- in their hemolymph as response to high 219 

pCO2 exposure (1% CO2) as can be seen in figure 2. A significant increase in both 220 

hemolymph parameters was observed after only 6 hours and equilibrated at a 4-fold 221 

increased level for pCO2 (688 ± 40 Pa), and a 3-fold increased level for HCO3
- (19 ± 2 222 

mmol L-1) after 48 hours exposure, respectively. Interestingly, the increase in HCO3
- did 223 

not seem to be sufficient to completely counteract / buffer the respiratory acidosis and pH 224 

values decreased by 1.1 units from control values of 7.87 ± 0.02 to 7.76 ± 0.03 in high 225 

pCO2 crabs after 48 hours. 226 

Hemolymph ammonia increased significantly from 93 ± 0.8 mol L-1 in control animals to 227 

406 ± 45 mol L-1 in high pCO2 crabs, as did the whole animal ammonia excretion rates 228 

(46 ± 10 versus 175 ± 34 nmol g-1 h-1). 229 

 230 

Effects of inhibitors in gill perfusion experiments of seawater-acclimated green crabs 231 

Under control conditions, gill 5 excreted all of the investigated parameters ammonia, H+ 232 

and CO2 (lower concentration in perfusate compared to the initial perfusion solution, figure 233 

3). Compared to green crabs acclimated to brackish-water (10 ppt, data from Fehsenfeld 234 

and Weihrauch (2013)), C. maenas acclimated to full-strength seawater (32 ppt, present 235 

study) generally excreted less H+ and CO2, while excretion rates for ammonia and HCO3
- 236 

were the same as for brackish-water acclimated animals.  237 



The by far most drastic effects of inhibitors were observed with basolateral application of 238 

tenidap (Na+/HCO3
--cotransporter) and KM91104 (V-ATPase) on H+ and CO2 excretion 239 

rates by isolated gill 5, respectively (figure 4). Blocking a potential basolateral situated 240 

Na+/HCO3
--cotransporter resulted in an accumulation of protons (figure 4A) and CO2 241 

(figure 4B) in the hemolymph. Inhibiting V-ATPase basolaterally on the other hand only 242 

led to the accumulation of protons in the hemolymph (figure 4A) and additionally, resulted 243 

in a significantly decreased CO2 excretion (ca. 70%, figure 4B) over the gill epithelium. 244 

The Na+/HCO3
--cotransporter seemed not to be involved in ammonia excretion in posterior 245 

gill 5 (figure 4C). While the apical application of tenidap (Na+/HCO3
--cotransporter) did 246 

not affect any of the parameters H+, CO2 and ammonia excretion, apical KM91104 (V-247 

ATPase) resulted in a significant decrease of H+ (figure 4A) and CO2 excretion (figure 248 

4.B). 249 

Also all of the other basolaterally applied inhibitors significantly decreased H+ excretion 250 

over the gill epithelium (figure 4A). While the decrease accounted for only 20% regarding 251 

Na+/K+-ATPase, blocking K+-channels, Na+/H+ exchanger and carbonic anhydrase resulted 252 

in app. 50-60% less excretion of H+.  253 

With the exception of the Na+/H+-exchanger, all investigated transporters contributed 254 

significantly to the excretion of CO2 (figure 4B). Again, inhibition of the Na+/K+-ATPase 255 

led to the lowest reduction of ca. 20%, while blocking K+-channels and carbonic anhydrase 256 

resulted in a decrease of CO2 excretion by ca. 50%. 257 

Besides basolateral V-ATPase as mentioned before, blocking Na+/K+-ATPase, K+-258 

channels and Na+/H+ exchanger significantly reduced ammonia excretion over the gill 259 

epithelia to a similar extend of ca. 50% (figure 4C).  260 



 261 

Discussion 262 

Systemic response of seawater-acclimated Carcinus maenas upon disturbance of acid-263 

base homoeostasis 264 

Seawater-acclimated green crabs Carcinus maenas exhibited a rapid respiratory acidosis 265 

in response to elevated environmental pCO2 (48h, 1% CO2 = 1 kPa = 7.5 mmHg). The 266 

initial increase of pCO2 from 264 ± 45 to 460 ± 43 Pa after 6 hours leveled off after 48 267 

hours at 3-fold increased levels to stay just below environmental levels, while at this point 268 

HCO3
- is elevated by 2-fold. These general changes in acid-base status and the observed 4-269 

fold increase in hemolymph ammonia as well as ammonia excretion rates (2.5-fold) after 270 

48 hours were similar to what has been observed in two recent studies on brackish-water 271 

acclimated green crabs (0.4% CO2 = 0.4 kPa = 3 mmHg; Appelhans et al., 2012 (10 weeks 272 

exposure); Fehsenfeld and Weihrauch, 2013 (7 days exposure)) and the marine Dungeness 273 

crab, Metacarcinus magister (Hans et al., 2014 (7-10 days exposure)).  274 

Surprisingly however, the 2-fold increase in hemolymph HCO3
- levels as observed in the 275 

current study seemed not to be able to fully compensate the pH drop resulting from the 276 

elevated hemolymph pCO2. Consequently, hemolymph pH drops 0.11 units from 7.87 ± 277 

0.01 to 7.76 ± 0.02. Similarly, also freshwater blue crabs Callinectes sapidus were not able 278 

to fully restore blood pH in this time frame as response to 1% CO2 exposure (Cameron, 279 

1978). In contrast, brackish-water acclimated green crabs restored their hemolymph pH 280 

completely after 7 days, however no data is available for the initial phase of hypercapnia-281 

acclimation (Fehsenfeld and Weihrauch, 2013). While a comparable increase in blood 282 



pCO2 and HCO3
- was observed in several seawater-acclimated fish as response upon 283 

acclimation to 1% CO2 (Brauner and Baker, 2009), their capability of restoring blood pH 284 

varied strongly ( Hayashi et al., 2004). After a drop of blood pH by 0.1-0.3 units pH 285 

returned to control levels after only 1-3 hours in the yellowtail Seriola quinqueradiata and 286 

the Japanese flounder Paralichthys olivaceus.In contrast,  blood pH in starspotted dogfish 287 

Mustelus manazo needed 72 hours to recover to control levels (Hayashi et al., 2004). An 288 

uncompensated drop in pH as seen in this study was also observed in brackish-water 289 

acclimated green crabs exposed to 14 days of high environmental ammonia (1 mmol L-1 290 

NH4Cl; Fehsenfeld et al., 2015; chapter 3). In this case the authors argued that, while this 291 

level of pH decrease might not yet be harmful to the organism, it might rather be helpful 292 

to increase [NH4
+] in the blood while reducing the amount of NH3, allowing for a tighter 293 

control of ammonia levels via active transport by the Na+/K+-ATPase (Weihrauch et al., 294 

1998). Unfortunately in the present study, changes in hemolymph acid-base parameters 295 

could only be observed for 48 hours due to time constraints. Further experimentation needs 296 

to be done in order to identify a time point for a potential complete restoration of 297 

hemolymph pH.   298 

Hemolymph ammonia levels in seawater-acclimated control green crabs were initially 299 

lower than in brackish-water acclimated control animals, but then rose twice as high in 300 

seawater + hypercapnia-acclimated animals compared to brackish-water + hypercapnia-301 

acclimated crabs (this study; Fehsenfeld and Weihrauch, 2013). These generally lower 302 

ammonia contents are likely due to the fact that seawater-acclimated green crabs are not 303 

osmo-regulating and therefore exhibiting a lower metabolic rate in contrast to the hyper-304 

regulating brackish-water acclimated animals, a phenomenon that has been observed in 305 



other marine crustaceans like the prawn Metapenaeus monoceros (Rao, 1958). The 306 

increase in hemolymph ammonia in seawater-acclimated green crabs as response to the 307 

acid-base disturbance then might be explained by an increase in the resting metabolic rate 308 

to counteract the respiratory acidosis, a response also observed in the blue mussel Mytilus 309 

edulis (Thomsen and Melzner, 2010). This potential increase in metabolic rate in seawater 310 

+ hypercapnia-acclimated green crabs stands in contrast to the response of Dungeness crabs 311 

acclimated to high pCO2 that clearly exhibit a metabolic depression correlated with 312 

decreased hemolymph ammonia and whole animal ammonia excretion rates (Hans et al., 313 

2014). 314 

Interestingly, ammonia excretion rates in both seawater and brackish-water acclimated 315 

C. maenas increased to the same extend (2.5-fold), independent on the initial hemolymph 316 

ammonia concentration (this study; Fehsenfeld and Weihrauch, 2013). This indicates that 317 

in response to hypercapnia, hemolymph ammonia levels are regulated to a very distinct 318 

level beneficial for the organism, according to its physiological state (i.e. osmo-conforming 319 

vs. hyper-regulating). While in seawater + hypercapnia-acclimated green crabs hemolymph 320 

ammonia seems to become increasingly important as a buffer for acid-base balance, the 321 

activated ion-regulatory machinery in the hyper-regulating C. maenas might already 322 

provide an efficient transporter inventory for counteracting the acid-base disturbance, 323 

decreasing the involvement of hemolymph ammonia.  324 

 325 



Excretory patterns of isolated gills of seawater and brackish-water acclimated C. 326 

maenas 327 

Interestingly, when acclimated to brackish-water, gill epithelia from anterior gills are more 328 

efficient in excreting protons and CO2 than anterior gill epithelia of osmo-conforming 329 

green crabs (figure 3B, C). This supports the hypothesis that anterior gills in general are 330 

mainly involved in gas (CO2) exchange processes as suggested by Compere et al., (1989) 331 

and Freire et al. (2008). Additionally in contrast to posterior gills, anterior gills do not 332 

undergo major structural changes due to acclimation to dilute salinity (Compere et al., 333 

1989). This indicates that the adjustment of acid-base regulatory mechanisms in anterior 334 

gills are likely based on changes in gene expression levels of already present transporters 335 

or their activity, rather than being “re-invented” as observed in posterior gills.  336 

Interestingly, ammonia excretion rates of anterior gill 5 seemed to be independent of 337 

environmental salinity, supporting findings of a recent study by Fehsenfeld et al. (2015). 338 

This is surprising because whole animal excretion rates were observed to be significantly 339 

(3-fold) higher in osmo- conforming green crabs compared to osmo-regulating green crabs. 340 

As also discussed in the previous study by Fehsenfeld et al. (2015), this might indicate an 341 

increased role for alternative ammonia-excretory structures like the antennal glands in 342 

osmo-conforming crabs. Expression of the Rhesus-like protein, known to be involved in 343 

ammonia excretion in the osmo-conforming Dungeness crabs for example significantly 344 

increased in antennal glands but not in the gills when animals were exposed to high 345 

environmental ammonia (Martin et al., 2011). Further research needs to be done to verify 346 

the role of antennal glands in ammonia regulation in C. maenas. 347 

 348 



Identified transporters to be involved in acid-base and ammonia regulatory capacities 349 

of isolated anterior and posterior gills  350 

With the exception of tenidap (Na+/HCO3
--cotransporter), all inhibitors tested in this study 351 

were observed to clearly affect the excretion rates for both, ammonia and acid-base 352 

equivalents, therefore strengthening the hypothesis that both processes are linked in the gill 353 

epithelium of Carcinus maenas.  354 

To the authors knowledge this is the first study to identify basolateral Na+/HCO3
--355 

cotransporter to be a key-player for acid-base regulation in C. maenas. In a recent study 356 

on low salinity acclimation however,  the Na+/HCO3
--cotransporter was up-regulated 1.3-357 

fold in posterior gills of brackish-water acclimated C. maenas in comparison to seawater-358 

acclimated green crabs (Towle et al., 2011), and seems generally to be higher expressed in 359 

posterior gills of these animals (Fehsenfeld and Weihrauch, 2013). Interestingly however, 360 

this transcript was not affected in brackish-water acclimated C. maenas by acclimation to 361 

hypercapnia (Fehsenfeld et al., 2011). A basolateral Na+/HCO3
--cotransporter has also been 362 

postulated to be involved in acid-base regulation in the osmo-conforming crab Neohelice 363 

(Chasmagnathus) granulata (Tresguerres et al., 2008) and recently, a basolateral 364 

Na+/HCO3
--cotransporter has been identified to be of high importance in acid-base 365 

regulation in the squid Sepioteuthis lessoniana (Hu et al., 2014). Also in the thick ascending 366 

loop of Henle in the mammalian kidney (TAL), a basolateral Na+/HCO3
--cotransporter has 367 

been observed, transporting HCO3
- and Na+ from the blood into the cell (Krapf, 1988). 368 

When the Na+/HCO3
--cotransporter  from rat kidney  is expressed in Xenopus laevis 369 

oocytes, the transporter could be inhibited by the inflammatory drug tenidap (Madhok, 370 

1995) and has been shown to work with different stoichiometric ratios (2:1 and 3:1 HCO3
-371 



:Na+; Ducoudret et al., 2001). Due to the similarity of the transporter inventory (apical 372 

Na+/K+/2Cl- cotransporter, basolateral Na+/K+-ATPase, K+-and Cl--channels), Riestenpatt 373 

et al. (1995, 1996) compared the gill epithelium of C. maenas with the mammalian TAL, 374 

therefore a similar distribution and function of the Na+/HCO3
--cotransporter can be 375 

postulated. A basolateral Na+/HCO3
—cotransporter as suggested in the present study would 376 

provide the major carbonic anhydrase-independent HCO3
- source for the epithelial cell. In 377 

contrast, data of this study does not indicate an apical component of this transporter. 378 

V-ATPase on the other hand had been observed to be involved in active ammonia excretion 379 

in brackish-water acclimated green crabs (Weihrauch et al., 2002). In contrast to 380 

freshwater-acclimated crustaceans like the Chinese mitten crab Eriocheir sinensis, the 381 

investigated B subunit of V-ATPase in C. maenas is not involved in osmoregulation and 382 

therefore not essential for the electrochemical gradient of epithelial cells (Weihrauch et al., 383 

2001). While expression of V-ATPase in the freshwater-acclimated E. sinensis (Onken and 384 

Putzenlechner, 1995) and the freshwater crab Dilocarcinus pagei (Weihrauch et al., 2004) 385 

is higher in posterior gills, it tends to be more abundant in anterior gills of C. maenas 386 

(Fehsenfeld and Weihrauch, 2013; Weihrauch et al., 2001). Due to the mainly cytoplasmic 387 

distribution of V-ATPase in gill epithelial cells of brackish-water acclimated green crabs, 388 

the authors rather postulated its presence in the membrane of vesicles that are acidified by 389 

V-ATPase in order to trap ammonia for exocytosis, being transported along the 390 

microtubule network (Fehsenfeld et al. 2015; Weihrauch et al., 2001). This hypothesis is 391 

supported by the results of the present study as ammonia as well as H+ and CO2 excretion 392 

is inhibited by the V-ATPase blocker KM91104 (Kartner et al., 2010). A primarily apical 393 

distribution as seen in many freshwater fish seems unlikely for seawater and brackish-water 394 



acclimated crustaceans (Gilmour and Perry, 2009; Weihrauch et al., 2001). Interestingly 395 

however, an effect of apically applied KM91104 was observed for H+ and CO2 excretion 396 

and may be attributed to the presence of V-ATPase in the apical membrane due to the 397 

fusion of the V-ATPase carrying vesicles. 398 

As suggested by the present data, basolateral Na+/K+-ATPase and K+-channels are 399 

essential not only for the excretion of ammonia, but also all acid-base equivalents. This is 400 

not surprising as both transporters have been shown to directly promote NH4
+ (and 401 

therefore H+) entry from the hemolymph into gill epithelial cells  by NH4
+ substituting for 402 

K+ (Lignon, 1987; Skou, 1960; Weihrauch et al., 1998). Also in elasmobranchs, Na+/K+-403 

ATPase plays an important role in acid-base balance (Gilmour and Perry, 2009). By 404 

generating an electrochemical gradient over the basolateral membrane by pumping 3 Na+ 405 

out of the cell in exchange for only 2K+, Na+/K+-ATPase is the major driving force for the 406 

excretion of H+ via apical Na+/H+-exchanger in acid excretory epithelial cells (Choe et al., 407 

2005; Edwards et al., 2002). As mentioned earlier, inhibiting both the Na+/K+-ATPase and 408 

basolateral K+-channels in brackish-water acclimated green crabs resulted in significantly 409 

less ammonia excretion over the branchial epithelia (Weihrauch et al., 1998), a response 410 

also seen in seawater-acclimated green crabs in this study. Even though to be treated with 411 

caution as explained earlier, Siebers et al. (1994) identified Na+/K+-ATPase to also be 412 

involved in pH regulation in acid-base regulation. To the authors’ knowledge this study is 413 

the first to support these findings from osmo-regulating C. maenas also in osmo-414 

conforming, seawater-acclimated green crabs, strengthening the importance of Na+/K+-415 

ATPase as a universal key-player in acid-base homeostasis. 416 



While a likely electrogenic Na+/H+-exchanger (2Na+/H+) has been identified to be present 417 

in crustacean gills (Shetlar and Towle, 1989), its localization is not clear to date. Inhibitor 418 

experiments on isolated gills and spilt gill lamellae of osmo-conforming crabs like Cancer 419 

antenarius and Petrolishtes cinctipes (Hunter and Kirschner, 1986) as well as  C. maenas 420 

(Weihrauch et al., 1998) indicated an apical distribution for this transporter, but follow-up 421 

studies showed that effects of amiloride on ammonia excretion resulted from the inhibitor’s 422 

interference with the cuticle rather than directly targeting the epithelium (Onken and 423 

Riestenpatt, 2002; Weihrauch et al., 2002). To the authors’ knowledge, the present study 424 

is the first to apply amiloride basolaterally in (seawater-acclimated) green crabs accounting 425 

for in-vivo conditions. While Siebers et al. (1994) observed no differences in fluxes of acid-426 

base equivalents over the gill epithelium of brackish-water acclimated C. maenas when 427 

Na+/H+-exchanger was inhibited by amiloride, these results have to be treated with caution 428 

due to the composition of the perfusion solution. First of all, Siebers et al. (1994) applied 429 

symmetrical conditions with diluted seawater as the bathing and perfusion solution that did 430 

not contain any NH4
+. Additionally, the pH was buffered with TRIS basically eliminating 431 

actual changes of free acid-base equivalents. However, a basolateral Na+/H+-exchanger has 432 

been identified to be involved in acid-base regulation of gill epithelia in brackish-water 433 

acclimated crabs N. granulata (Tresguerres et al., 2008), promoting intracellular Na+ 434 

uptake in exchange for H+ that is excreted into the hemolymph. A similar phenomenon has 435 

also been observed in the TAL where NH4
+ has been shown to substitute for the H+ in 436 

basolateral NHE4 to be transported into the blood in exchange for H+ (Bourgeois et al., 437 

2010; Weiner and Verlander, 2013). The most widely expressed isoform of Na+/H+-438 

exchanger to be found in virtually all vertebrate membranes, NHE1, has also been shown 439 



to be present in the basolateral TAL and likely plays a more universal role as housekeeping 440 

gene for pH and volume regulation (Bianchini et al., 1995; Landau et al., 2007). Supporting 441 

an (additional) expression of Na+/H+-exchanger in the cytoplasm are the findings of the 442 

study by Nehrke and Melvin (2002) on the spoil-dwelling nematode C. elegans. In these 443 

animals, NHX-3 is expressed in the vesicular membrane of the hypodermis, strengthening 444 

the hypothesis of a vesicle-associated form of Na+/H+-exchanger also in C. maenas.  445 

The results for carbonic anhydrase (CA) in the present study have to be treated with 446 

caution as the effects described are only obvious in the third perfusion step and not directly 447 

in the inhibitor step. This is likely due to the inhibitor acetazolamide only slowly 448 

penetrating the membranes therefore exhibiting its full effect only after a longer 449 

application, respectively (Holder and Hayes, 1965; Teppema et al., 2001). As one of the 450 

most ubiquitously expressed enzyme in all living organisms, carbonic anhydrase plays also 451 

plays a crucial role in gills of decapod crustaceans  by converting H+ and HCO3
- into CO2 452 

and H2O, and vice versa (Henry & Cameron, 1983). In the gills of C. maenas two isoforms 453 

of branchial carbonic anhydrase have been identified, a cytoplasmic and a membrane 454 

bound isoform (Boettcher et al., 1990; Serrano and Henry, 2008). In teleost fish, mainly 455 

the cytosolic isoform of carbonic anhydrase has been identified to be present in the gill 456 

epithelium, while elasmobranchs gills express both cytosolic and membrane-bound 457 

isoforms. Also in kidney both the cytosolic and membrane bound carbonic anhydrase play 458 

a role in acid-base regulation (Gilmour and Perry, 2009). In osmo-conforming seawater-459 

acclimated green crabs, carbonic anhydrase activity is similar in all gills with a high 460 

expression of the membrane-bound isoform, whereas upon acclimation to brackish-water 461 

carbonic anhydrase activity increases 8-fold mainly due to an increase of the cytoplasmic 462 



pool (Henry et al., 2003; Serrano and Henry, 2008). Data of the present study suggests the 463 

involvement of both isoforms but indicates a potentially more important role for 464 

membrane-bound carbonic anhydrase as the primary source for basolateral CO2 entry into 465 

the epithelial cell by generating PCO2.  466 

 467 

Hypothesized mechanism for proton excretion over the anterior gill epithelium of 468 

seawater-acclimated C. maenas (figure 5A) 469 

The major source for protons in the proposed model is the basolateral entry of CO2 into the 470 

epithelial cell, possibly through a basolateral Rhesus-like protein (Weihrauch, pers. 471 

communication), and its immediate conversion to H+ and HCO3
- by a membrane-bound 472 

carbonic anhydrase (Serrano and Henry, 2008). Inhibiting (membrane-bound) carbonic 473 

anhydrase ultimately results in less CO2 to enter the cell and therefore also lower 474 

intracellular H+ but higher hemolymph H+, translating into the observed decrease in H+ 475 

excretion rates. Taking into account the contribution of the cytoplasmic carbonic 476 

anhydrase, less intracellular CO2 would be present in the dissociated form, therefore again 477 

lowering intracellular H+ concentrations and consequently its excretion as observed in the 478 

present study.   479 

As an additionally proton source, NH4
+ can enter the epithelial cell via basolateral Na+/K+-480 

ATPase (supported by K+-channels; Skou, 1960) and dissociates to a certain degree into 481 

H+ and NH3 in the cytoplasm. Inhibiting basolateral Na+/K+-ATPase eliminates this direct 482 

pathway, therefore providing less intracellular H+ and leading to its accumulation in the 483 

hemolymph, therefore obviously resulting in the direct reduction of H+ excretion via 484 

acidified vesicles. A similar effect is observed when basolateral K+-channels are inhibited: 485 



the resulting build-up of intracellular K+ will lead to a weakening of the electrochemical 486 

gradient created by Na+/K+-ATPase and the latter would not be able anymore to actively 487 

transport NH4
+/H+ into the cell. 488 

In the next step of the cascade, intracellular protons are pumped into vesicles mainly via 489 

V-ATPase, possibly with the help of a vesicular Na+/H+-exchanger. Within the vesicles, 490 

H+ traps NH3 by forming NH4
+ so that proton excretion via this suggested major H+ 491 

excretory pathway is closely linked to ammonia excretion as hypothesized by (Weihrauch 492 

et al., 1998). Targeting this hypothesized vesicular V-ATPase and Na+/H+-exchanger with 493 

the inhibitors KM91104 and amiloride, respectively, prevented H+ from entering those 494 

vesicles and consequently not being excreted via this pathway, explaining the observed 495 

decrease in H+ excretion. A basolateral Na+/H+-exchanger on the other hand would provide 496 

a way for H+ out of the cell into the hemolymph and might help to regulate hemolymph 497 

acid-base balance. 498 

When the H+ (NH4
+) loaded vesicles containing V-ATPase reach the apical membrane, 499 

they fuse and release their contents into the environment. This fusion is hypothesized to 500 

provide the presence of an apical V-ATPase in the apical membrane which might promote 501 

an additional, vesicular-independent way for proton excretion. This is supported by the 502 

observed decrease of H+ excretion as a result of apical application of KM91104 in the 503 

present study. Additionally, this explains why the microtubule inhibitor colchicine alone 504 

does not have a direct effect on H+ excretion in the anterior gill epithelium of seawater-505 

acclimated green crabs as shown in the recent study by Fehsenfeld et al. (2015). When 506 

basolateral Na+/HCO3
--cotransporter is blocked, HCO3

- accumulates in the hemolymph 507 

while intracellular H+ increases. This excess hemolymph HCO3
- would need to be buffered 508 



by H+, potentially provided by basolateral Na+/H+-exchanger from the excess intracellular 509 

pool of H+, therefore resulting in a decrease of H+ excretion. 510 

 511 

Hypothesized mechanism for CO2 excretion over the anterior gill epithelium of 512 

seawater-acclimated C. maenas (figure 5B) 513 

Also in the hypothesized model for CO2 excretion (figure 5B), the major pathway includes 514 

a vesicular yet different transport mechanism, which is relatively independent from the 515 

acidified vesicles proposed in figure 5A. As described earlier, CO2 enters the cell over the 516 

basolateral membrane by membrane diffusion or a recently described Rhesus-like protein 517 

(Fehsenfeld et al. 2015; Weihrauch et al., 2004). The proposed immediate dissociation of 518 

CO2 to H+ and HCO3
- by carbonic anhydrase generates a ΔPCO2 over the basolateral 519 

membrane so that CO2 fluxes are directed from the hemolymph into the epithelial cell. By 520 

inhibiting this potential membrane-bound carbonic anhydrase and therefore the 521 

dissociation of CO2 into H+ and HCO3
-, the establishment of a PCO2 over the basolateral 522 

membrane would be prevented, therefore leading to the accumulation of CO2 in the 523 

hemolymph instead (equal to a decrease in CO2 excretion rates, as observed in the present 524 

study). Additionally, a cytoplasmic carbonic anhydrase provides CO2 from HCO3
- 525 

(entering by a basolateral Na+/HCO3
--cotransporter) binding to excess intracellular H+, 526 

likely generated from the high protein metabolism of the gill (Weihrauch, 1998). When 527 

blocked, less intracellular CO2 is generated, also contributing to the observed decrease in 528 

excretion rate.  529 

As the next step in trans-branchial CO2 excretion as hypothesized in the present study, 530 

intracellular CO2 is translocated into the hypothesized second class of not acidified vesicles 531 



by Rhesus-like protein. Additionally, the Rhesus-like protein localized in the cytoplasma 532 

and potentially associated with the vesicular membrane (Fehsenfeld et al., 2015) promotes 533 

the entry of NH3 into the vesicles. In the vesicle, CO2 dissociates again into HCO3
- and H+ 534 

and the latter reacts with NH3 to form NH4
+, therefore HCO3- and NH4

+ are trapped in these 535 

vesicles by carbonic anhydrase creating a concentration gradient over the vesicular 536 

membrane for both ions. Support for this alternative vesicular pathway is coming from the 537 

recent study of Fehsenfeld et al. (2015) as discussed above, where in the case of CO2 538 

blocking the microtubule network with colchicine was observed to result in a significant 539 

decrease in CO2 excretion. Inhibiting carbonic anhydrase can be postulated to decrease CO2 540 

excretion in a number of ways: first, by directly targeting basolateral membrane-bound 541 

carbonic anhydrase and preventing its immediate dissociation into H+ and HCO3
-, PCO2 542 

over the basolateral membrane will be weakened and consequently lead to lower CO2 543 

influx into the cell and accumulation in the hemolymph. Secondly, similar effect can be 544 

postulated for a potential vesicular isoform of carbonic anhydrase, resulting in less the 545 

excretion of CO2-loaded vesicles. Finally, affecting the cytoplasmic pool of carbonic 546 

anhydrase might lead to less generation of CO2 from metabolically produced H+ and 547 

Na+/HCO3
--cotransporter -mediated HCO3

-, therefore lowering intracellular CO2 and 548 

resulting in less vesicle-mediated CO2 excretion.  549 

The decrease of CO2 excretion (translating into an increase in hemolymph CO2) observed 550 

when Na+/K+-ATPase and K+-channels are blocked basolaterally can be attributed to the 551 

indirect effect of the resulting accumulation of H+ in the hemolymph as described above. 552 

The excess hemolymph H+ would be buffered by HCO3
- by forming CO2, hence increasing 553 

hemolymph pCO2 and translating into a decrease of CO2 excretion rates. HCO3
- might 554 



potentially be delivered by the basolateral Na+/HCO3
--cotransporter switching its direction 555 

due to the change in concentration gradients for Na+ over the basolateral membrane.  556 

Finally, when basolateral Na+/HCO3
--cotransporter is blocked a major CO2-independent 557 

intracellular source for HCO3
- is eliminated and instead, HCO3

- accumulates in the 558 

hemolymph. This excess hemolymph HCO3
- is buffered by H+ (NH4

+?) and creates CO2, 559 

resulting in the observed increase in hemolymph pCO2 and translating in a net decrease of 560 

CO2 excretion over the epithelial membrane. 561 

 562 

Hypothesized mechanism for NH3/NH4
+ excretion over the anterior gill epithelium of 563 

seawater-acclimated C. maenas (figure 5C) 564 

Generally, ammonia excretion as proposed in the hypothesized model of this study depends 565 

to a significant amount on NH3 trapping in both vesicular pathways as introduced in figure 566 

5A and 5B. In contrast to H+ and CO2 excretion however, NH3/NH4
+ excretion does not 567 

seem to depend on HCO3
- entering the cell via basolateral Na+/HCO3

--cotransporter, 568 

indicating that the transport in acidified vesicles and therefor the direct presence of H+ 569 

might contribute to a bigger extend to this process than trapping NH3 in CO2-enriched 570 

vesicles.  571 

As applying KM91104 basolaterally is believed to target the hypothesized vesicular V-572 

ATPase, the immediate result is the decrease in ammonia excretion via the proposed 573 

acidified vesicles due to the lack of H+. Ammonia can still be excreted via the second CO2-574 

dependent vesicular pathway however, therefore excretion rates decrease by only 30%. 575 

When inhibiting basolateral Na+/K+-ATPase, a possible direct pathway for NH4
+ (NH3) to 576 

enter the cell is decreased, resulting in the obvious direct reduction of NH3/NH4
+ excretion 577 



via acidified vesicles. Again, a similar effect is observed when basolateral K+-channels are 578 

inhibited due to the weakening of the electrochemical gradient created by Na+/K+-ATPase, 579 

so that the latter would not be able anymore to actively transport NH4
+/H+ into the cell. 580 

Additionally, NH4
+ might also substitute for the K+ directly in the potentially bi-directional 581 

channels and therefore an additional direct way for ammonia to possibly enter the cell 582 

would be eliminated.  583 

As discussed earlier, Na+/H+-exchanger potentially directly promotes H+ entry into 584 

acidified vesicles. Therefore its inhibition is comparable to inhibition of V-ATPase and 585 

would lead to the observed decrease of ammonia excretion via acidified vesicles.  586 
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Figures 804 

Figure 1. Perfusion scheme for inhibitor experiments on isolated anterior gill 5 of 805 

seawater-acclimated green crabs Carcinus maenas. Gills were perfused with a perfusion 806 

solution mimicking the ionic composition of hemolymph of seawater-acclimated (32 ppt) 807 

green crabs. A control step of 40 min was performed before the inhibitor was applied for 808 

subsequent 40 min, followed by a 40 min wash-out period to ensure that the gill was still 809 

alive. All steps accounted for a 10 min equilibration period (dashed lines) after which the 810 

perfusate was then collected for 30 min. 811 

 812 

Figure 2. Time series of changes in hemolymph acid-base parameters of seawater (32 813 

ppt) acclimated Carcinus maenas during the first 48 hours of exposure to elevated 814 

environmental pCO2 (hypercapnia; 1% CO2). Changes in (A) hemolymph pH, (B) 815 

hemolymph pCO2, and (C) hemolymph HCO3
- in high pCO2 crabs (filled squares) versus 816 

control crabs (filled diamonds). Hemolymph was drawn through a hole in the carapace 817 

sealed with dental dam at 0, 6, 12, 24 and 48 hours. Asterisks denote significant differences 818 

between control and high pCO2 animals (student’s t-test with p < 0.05). 819 

 820 

Figure 3. Excretion rates for ammonia and acid-base equivalents of isolated perfused 821 

gills of seawater (35 ppt) and brackish-water (10 ppt) acclimated Carcinus maenas. 822 

Anterior gill 5 was perfused for 30 min with the respective perfusion solution mimicking 823 

the ionic composition of their hemolymph. Loss of ammonia in the perfusate was measured 824 

directly, whereas proton excretion was calculated from the change in perfusate pH. CO2 825 

excretion rates were calculated based on the measured pH and total carbon CT as described 826 



in material & methods. Asterisks denote significant differences between different gills of 827 

the same salinity, whereas bars denote significant differences between the same gill of 828 

different salinity acclimations (student’s t-test with p < 0.05, n = 4 – 7). 829 

 830 

Figure 4. Relative changes in excretion rates for ammonia and acid-base equivalents 831 

of isolated anterior gill 5 of seawater acclimated Carcinus maenas during gill 832 

perfusion applying inhibitors. (A) relative changes in ammonia excretion based on 833 

ammonia loss in the perfusate, (B) relative changes in H+ excretion based on pH changes 834 

in the perfusate, and (C) relative changes in CO2 excretion based on changes in pH and CT 835 

in the perfusate. B, basolateral; A, apical; NBC, Na+/HCO3
- -cotransporter; NKA, Na+/K+-836 

ATPase; chan, channel; NHE, Na+/H+-exchanger. Asterisks denote significant changes in 837 

comparison to the excretion rate during control perfusion (bold dashed lines; paired t-test 838 

with p < 0.05, n = 4 - 8). The light dashed lines indicate a 50% inhibition.  839 

 840 

Figure 5. Hypothetical model for acid-base regulation in the anterior gill epithelium 841 

of seawater-acclimated Carcinus maenas and its link to ammonia excretion. (A) 842 

proposed mechanism for H+ excretion, (B) proposed mechanism for CO2 excretion, and 843 

(C) proposed mechanism of NH3/NH4
+ excretion. Key-players have been identified in 844 

perfusion experiments on isolated gill 5 applying inhibitory pharmaceuticals for the 845 

respective components. Most drastic effects have been observed when blocking the V-846 

ATPase and Na+/HCO3
--cotransporter basolaterally, leading to the postulation of two 847 

different vesicle-dependent excretory pathways for ammonia and protons and ammonia 848 



and CO2. Details can be found in the text. Rh, Rhesus-like protein; CA, carbonic anhydrase; 849 

ATP, ATPases (basolateral Na+/K+-ATPase, vesicular / apical V-ATPase). 850 
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