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ABSTRACT 

 

In this study, we investigated the mechanism of nitrogen excretion in the soil nematode 

Caenorhabditis elegans. Utilizing the scanning ion electrode technique (SIET), it was shown for 

the first time in nematodes that the excretory cell promotes a secretion of ions, including Na+, 

K+, H+ and Ca2+. In addition, observations from experiments exposing the animal to various 

environmental pH regimes suggested that the mode of ammonia excretion is dependent on 

acidification of the unstirred boundary layer, supported also by a detected H+-net-excretion over 

the hypodermis employing SIET. Pharmacological experiments, SIET and enzyme activity 

measurements implicated the participation of a functional microtubule network, V-type H+-

ATPase, carbonic anhydrase, Na+/K+-ATPase, and apical Na+-channels in the ammonia excretion 

mechanism of this roundworm. Most importantly, employing ammonia transporter deficient 

Saccharomyces cerevisiae we were able to show for the first time that an invertebrate Rh-like 

protein (Rhr-1) does indeed function as an ammonia transporter. Further, a second Rh-protein, 

Rhr-2, was found to be predominantly expressed in the hypodermis. Knock-out experiments on 

this transporter further suggested participation of Rhr-2 in the apical ammonia trapping 

mechanism. Overall, the results of this study provided evidence for a novel ammonia excretion 

mechanism over the hypodermis, which exhibits features commonly seen in both freshwater 

(ammonia trapping) and seawater inhabiting species (vesicular transport and exocytosis). 
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PREFACE 

 

This thesis is structured in the “sandwich thesis” format approved by the University of 

Manitoba. Chapter one provides a general introduction for the thesis. Chapters two and chapter 

three were each published in the peer reviewed Journal of Experimental Biology (JEB). Chapter 

four represent a manuscript soon to be submitted for publication in the peer reviewed Journal of 

Comparative Biochemistry and Physiology (CBP) Part A. Chapter five has been submitted to 

CBP Part A. Chapter six provides a summarizing discussion of the findings of the respective 

chapters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v	  
	  	  

Thesis, the publication status of chapters, and the role of each coauthor in each chapter 

 

Chapter Author Contributions of each author Article status 

1 Aida 
Adlimoghaddam 

A.A. reviewed the literature, 
organized and wrote the chapter. 
 
 
 

Not to be published. 

2 Aida 
Adlimoghaddam, 
Dirk Weihrauch, 
Michael J. 
O’Donnell 
 

A.A., D.W. and M.J.O. designed 
the experiments. A.A. and 
M.J.O. collected and analyzed 
the data. A.A., D.W., and M.J.O. 
wrote the manuscript. 
 
 
 

Published in the Journal of 
Experimental Biology, 
217(23), 4119-4122. 

3 Aida 
Adlimoghaddam, 
Mélanie 
Boeckstaens, 
Anna-Maria 
Marini, Jason R. 
Treberg, Ann 
Karen Brassinga, 
Dirk Weihrauch 
 

A.A. designed and executed the 
majority of the experiments, 
analyzed the data and wrote the 
manuscript. M.B. and A.M.M. 
conducted the yeast expression 
studies. A.A., and J.R.T. 
designed and conducted 
experiments to determine 
respiration rates and measure 
enzyme activity. D.W. provided 
intellectual input and revised the 
manuscript. All authors 
reviewed and corrected the 
manuscript. 
 

Published in the Journal of 
Experimental Biology, 
218(5), 675-683. 



vi	  
	  	  

 
4 Aida 

Adlimoghaddam, 
Michael J. 
O'Donnell, 
Sheena Banh, 
Jason R. 
Treberg, 
Dirk Weihrauch 

A.A. and D.W. designed the 
experiments. A.A. executed the 
majority of the experiments, 
analyzed the data. A.A. and 
M.J.O. collected and analyzed 
the SIET data. Sh.B. and J.R.T. 
conducted experiments to 
determine measure enzyme 
activity. A.A. wrote the 
manuscript. A.A., D.W. and 
M.J.O reviewed and edited the 
manuscript. 
 
 
 

It is in preparation for 
submission in the Journal of 
Comparative Biochemistry 
and Physiology (CBP) Part 
A. 

5 Aida 
Adlimoghaddam, 
Michael J. 
O’Donnell, Jason 
R. Treberg, Jay 
Kormish, David 
Merz, Dirk 
Weihrauch 
 
 
 

A.A. performed the majority of 
experiments, collected and 
analyzed the data. A.A. and 
M.J.O. collected and analyzed 
the SIET data. A.A. and J.R.T. 
conducted experiments to 
measure enzyme activity. D.M 
and J.K. conducted 
microinjection experiments. 
A.A. wrote the manuscript. A.A. 
D.W., M.J.O and J.K. reviewed 
and edited the manuscript. 
 
 
 

It has been submitted to the 
Journal of Comparative 
Biochemistry and 
Physiology (CBP) Part A. 
Submiddion number# 24951 
 

6 Aida 
Adlimoghaddam 

A.A. summarized the research, 
reviewed the literature and wrote 
the chapter. 

Not to be published. 

 

 

 

 

 

 

 



vii	  
	  	  

List of copyrighted material for which permission has been obtained 

 

Adlimoghaddam, A., Weihrauch, D., & O'Donnell, M. J. (2014). Localization of K+, H+, Na+ and 

Ca2+ fluxes to the excretory pore in Caenorhabditis elegans: application of scanning ion-

selective microelectrodes. Journal of Experimental Biology, 217(23), 4119-4122.  

 

Adlimoghaddam, A., Boeckstaens, M., Marini, A. M., Treberg, J. R., Brassinga, A. K. C., & 

Weihrauch, D. (2015). Ammonia excretion in Caenorhabditis elegans: mechanism and evidence 

of ammonia transport of the Rhesus protein CeRhr-1. Journal of Experimental Biology, 218(5), 

675-683. 

 

Adlimoghaddam, A., O’Donnell, M.J., Treberg, J.R., Kormish, J., Merz, D., & Weihrauch, D. 

(2015). Rhesus proteins in Caenorhabditis elegans: physiological and molecular characterization 

of the Rhr-2 knock out mutant. Journal of Comparative Biochemistry and Physiology (CBP) 

Part A. Submission number # 24951 

 

 

 

 

 

 

 

 



viii	  
	  

Author Affiliations 

 
Aida Adlimoghaddam  
Faculty of Science, University of Manitoba, Winnipeg, Canada  
umadlimo@umanitoba.ca 
 
Anna-Maria Marini  
Biology of Membrane Transport, IBMM, Université Libre de Bruxelles, Brussels, Belgium 
Anna.Maria.Marini@ulb.ac.be 
 
Ann Karen Brassinga  
Faculty of Science, University of Manitoba, Winnipeg, Canada 
Karen.Brassinga@umanitoba.ca 
 
David Merz  
Faculty of Medicine, University of Manitoba, Winnipeg, Canada 
merzd@ms.umanitoba.ca 
 
Jason R. Treberg  
Faculty of Science, University of Manitoba, Winnipeg, Canada 
Jason.Treberg@umanitoba.ca 
 
Jay Kormish 
Faculty of Science, University of Manitoba, Winnipeg, Canada 
jay.kormish@umanitoba.ca 
 
Mélanie Boeckstaens 
Biology of Membrane Transport, IBMM, Université Libre de Bruxelles, Brussels, Belgium 
mboeckst@ulb.ac.be 
 
Michael J. O’Donnell  
Faculty of Science, McMaster University, Hamilton, Canada  
odonnell@mcmaster.ca 
 
Sheena Banh  
Faculty of Science, University of Manitoba, Winnipeg, Canada 
umbanh@cc.umanitoba.ca  
 
Dirk Weihrauch  
Faculty of Science, University of Manitoba, Winnipeg, Canada 
Dirk.Weihrauch@ad.umanitoba.ca 
 

 

 



ix	  
	  

TABLE OF CONTENTS 

 

ABSTRACT…………………………………………………………………………………....... 

ACKNOWLEDGEMENTS…………………………………………………………………...... 

PREFACE…………………………………………………………………………………......... 

TABLE OF CONTENTS……………………………………………………………………...... 

LIST OF FIGURES…………………………………………………………………………...... 

LIST OF TABLES………………………………………………………………………………. 

 

CHAPTER ONE: LITERATURE REVIEW  

Summary………………………………………………………………………………………… 

Nitrogen metabolism………………………………………………………………………......... 

Nitrogen excretion mechanisms………………………………………………………………… 

Toxicity of ammonia……………………………………………………………………………. 

Ammonia transporters and transport mechanisms………………………………………….. 

Rhesus proteins………………………………………………………………………………...... 

Tissue localization of Rhesus proteins………………………………………………………….. 

V-type H+-ATPase and ammonia trapping……………………………………………………… 

Aquaporin……………………………………………………………………………………….. 

Transport of NH4
+…………………………………………………………………………........ 

Na+/K+-ATPase………………………………………………………………………….…......... 

H+/K+-ATPase…………………………………………………………………………………… 

K+-channels………………………………………………………………………………………. 

i 
 
ii 
 
iv 
 
ix 
 
xvii 
 
xxi 
 
 
 
 
 
1 
 
1 
 
3 
 
5 
 
7 
 
7 
 
8 
 
9 
 
10 
 
11 
 
12 
 
12 
 
13 
 
 



x	  
	  	  

Na+/K+-2Cl- co-transporters……………………………………………………………………….. 

Na+/H+ exchanger……………………………………………………….………………................ 

Ammonia transport mechanisms………………………………………………………………….. 

Caenorhabditis elegans…………………………………….……………………………………... 

Hypotheses and objectives……………………………………………………………………….. 

Overview of experimental chapters………………………………………………………...…....... 

Chapter two…………………………………………………………………….…........................... 

Chapter three……………………………………………………………………………...……….. 

Chapter four………………………………………………………………………………………... 

Chapter five………………………………………………………………………….…………....... 

Chapter six…………………………………………………………………………………………. 

References…………………………………………………………………………………….…… 

 

CHAPTER TWO: LOCALIZATION OF K+, H+, NA+ and CA2+ FLUXES TO THE 

EXCRETORY PORE IN CAENORHABDITIS ELEGANS: APPLICATION OF 

SCANNING ION-SELECTIVE MICROELECTRODES 

Abstract……………………………………………………………………………………............. 

Introduction……………………………………………………………………………………….. 

Materials and Methods…………………………………………………………………………… 

Results…………………………………………………………………………………………....... 

Discussion……………………………...………………………………………….……….…........ 

Figures……………………………………………………………………………………….…….. 

References…………………………………………………………………………………………. 

 

13 
 
14 
 
15 
 
19 
 
22 
 
23 
 
23 
 
23 
 
24 
 
25 
 
25 
 
26 
 
 
 
 
 
 
 
 
 
39 
 
40 
 
41 
 
43 
 
46 
 
45 
 
50 
 
 



xi	  
	  

CHAPTER THREE: AMMONIA EXCRETION IN CAENORHABDITIS ELEGANS: 

MECHANISM AND EVIDENCE OF AMMONIA TRANSPORT OF THE RHESUS 

PROTEIN RHR-1 

Abstract………………………………………………………………………………………......... 

Introduction…………………………………………………………………………………..…… 

Materials and Methods………………………………………………………………………........ 

Nematode cultivation……………………………………………………………...…………......... 

Nitrogen excretion experiments……………………………...………………………………......... 

Inhibitor and pH experiments……………………………………………………………................ 

Starvation and HEA…………………………………………………….………………………….. 

Determination of ammonia and urea………………………………………………………........... 

Body ammonia concentration……………………………………………….................................... 

Determination of ammonia and urea in excretion experiments using an 

NH3-selective electrode……………………………………………………………………………. 

Determination of body urea……………………………………………………………………….. 

Na+/K+-ATPase activity…………………………………………………..……………………....... 

Respiration………………………………………………………………………………………… 

Quantitative PCR………………………………………………………………………………….. 

Yeast complementation assay………………………………………………………………........... 

Chemicals…………………………………………………………………………………………. 

Statistics………………………………………………………….…….…………………….......... 

Results……………………………………………………………………………………………... 

Feeding and starvation………………………………………...………………………………….. 

 
 
52 
 
53 
 
56 
 
56 
 
57 
 
57 
 
58 
 
59 
 
59 
 
 
 
60 
 
60 
 
61 
 
62 
 
62 
 
63 
 
64 
 
64 
 
65 
 
65 
 
 



xii	  
	  

Ammonia excretion mechanism…………………………………………………………………... 

Functional expression of Rhr-1…………………………………..………………………………. 

High environmental ammonia……………………………………………………………………. 

Discussion………………………………………………………………………………………… 

Feeding and starvation………………………………………………………………………......... 

Ammonia excretion mechanism…………………...…………………………………………........ 

Functional expression of Rhr-1………………………………………………………………....... 

Effects of high environmental ammonia……………………………………………..................... 

Preliminary model for the hypodermal ammonia excretion mechanism 

in the soil nematode C. elegans……...…………………………………...………………………. 

Figures………………………………………………………………………………………..……. 

Tables………………………………………………………………………………………...……. 

References……………………………………………………………………………..………....... 

 

CHAPTER FOUR: SODIUM-HYDROGEN EXCHANGERS IN CAENORHABDITIS 

ELEGANS AND THEIR POTENTIAL ROLE IN HYPODERMAL H+ EXCRETION, NA+ 

UPTAKE, AMMONIA EXCRETION AND ACID-BASE BALANCE 

Abstract……………………………………………………………………………………………. 

Introduction………………………………………………………………………………………. 

Materials and Methods…………………………………………………………………………... 

Nematode cultivation……………………………………………………………………………... 

Ammonia excretion experiments…………………………………………………………………. 

Determination of ammonia concentrations……………………………………………………….. 

 
66 
 
67 
 
68 
 
68 
 
68 
 
69 
 
71 
 
72 
 
 
 
73 
 
75 
 
86 
 
87 
 
 
 
 
 
 
 
 
 
93 
 
94 
 
97 
 
97 
 
98 
 
99 
 
 



xiii	  
	  

Determination of body pH………………………………………………………………………… 

Quantitative PCR………………………………………………………………….......................... 

SIET……………………………………………………………………………………….............. 

Enzyme activities………………………………………………………………………………….. 

Phylogenetic analysis………………………………………………………………....................... 

Chemicals………………………………………………………………………………………….. 

Statistics………………………………………………………………………………………........ 

Results…………………………………………………………………………………………….. 

Na+ and H+ fluxes across the hypodermis of C. elegans……………..………………………...... 

Effects of amiloride and EIPA on ammonia excretion…………………………………….......... 

Effects of starvation, high environmental ammonia (HEA), high pH and low pH on gene 

expression levels of NHX isoforms………………………………………………………………... 

The knock-out ∆NHX-3…………………………………………………………………………… 

Na+/H+ antiporter (NHA) and V-ATPase……………………………………………………........ 

Discussion……………………………………………………………………………...………….. 

Effect of EIPA and amiloride on ammonia excretion and hypodermal  

Na+ and H+ fluxes…………………………………………………………………………………. 

Effects of feeding and high environmental ammonia (HEA) on mRNA expression  

levels of epithelial NHX-2, -3 and -9……………………………………………..……………….. 

Feeding……...……………………………………………………………………………….…….. 

Exposure to high environmental ammonia (HEA)……………………………………………........ 

The effects high and low environmental pH on NHX mRNA expression levels………………... 

Exposure to pH 5.5………………………………………………………………………………… 

 
 
99 
 
100 
 
101 
 
103 
 
103 
 
104 
 
104 
 
104 
 
105 
 
105 
 
 
 
105 
 
107 
 
108 
 
109 
 
 
 
109 
 
 
 
111 
 
111 
 
112 
 
113 
 
113 
 
 
 
 
 
 
 
137 



xiv	  
	  

Exposure to pH 8…………………………………………………………………………………... 

The knock-out ∆NHX-3…………………………………………………………………………… 

The effect of EIPA and amiloride on H+ and Na+ fluxes and ammonia excretion……………… 

Conclusion………………………………………………………………………………................ 

Figures……………………………………………………………………………………….......... 

Tables……………………………………………………………………………………………… 

References…………….…………………………………………………………………………… 

 

CHAPTER FIVE: RHESUS PROTEINS IN CAENORHABDITIS ELEGANS: 

PHYSIOLOGICAL AND MOLECULAR CHARACTERIZATION OF THE RHR-2 

KNOCK OUT MUTANT 

Abstract……………………………………………………………………………………..……... 

Introduction……………………………………………………………………………………….. 

Materials and Methods…………………………………………………………………………… 

Nematode culture…………………………………………………………………………….......... 

Plasmid construction………...……………………………………………………….…………… 

Microinjection……………………………………………………………………...…….……....... 

Fluorescence microscopy………………………………………………………………………….. 

Nitrogen excretion experiments………………………………………………………….………... 

Determination of ammonia and urea by a selective NH3 electrode………………………………... 

Quantitative Real-time PCR………………………………………………………………............. 

Measurements of H+ flux using the scanning ion electrode technique (SIET)…………………. 

Enzyme activities……………………………………………………………………………........... 

 
 
 
114 
 
114 
 
115 
 
116 
 
117 
 
128 
 
132 
 
 
 
 
 
 
 
 
 
136 
 
137 
 
139 
 
139 
 
140 
 
140 
 
141 
 
141 
 
141 
 
142 
 
143 
 
144 



xv	  
	  

Chemicals……………………………………………………………………………………......... 

Statistics…………………………………………………………………………………………… 

Results……………………………………………………………………………………………... 

The ∆Rhr-2 ……………………………………………………………..………………………… 

Discussion………………………………………………………………..………………….…….. 

The ∆Rhr-2 as a system to investigate the role of Rhr-2 in ammonia transport 

……………………………………………………………………………………………………. 

Conclusion…………………………………………………………………………………………

Figures…..……………………………………………………………………………………….. 

Tables……………………………………………………………………………………………. 

References……………………………………………………………………………..................... 

 

CHAPTER SIX: SUMMARIZING DISCUSSION 

Summary…………………………………………………………………………………………. 

C. elegans becomes ureotelic under starvation…………………………………………………. 

Ammonia is potentially excreted via the excretory cell, intestine, and hypodermis..................... 

Excretory cell……………………………………………………………………………………... 

Intestine……………………………………………………………………………………….......... 

Hypodermis…………………………………………………………………………………............ 

Comparison of the predicted hypodermal ammonia excretion mechanism in C. elegans to 

mechanisms found in seawater (SW) and freshwater (FW) species……………..……………... 

Mode of ammonia excretion in C. elegans across the hypodermis……………………………... 

Future directions…………………………………………………………………………………. 

 
 
 
145 
 
145 
 
145 
 
146 
 
148 
 
 
 
150 
 
152 
 
153 
 
160 
 
161 
 
 
 
 
 
165 
 
167 
 
167 
 
167 
 
168 
 
169 
 
 
 
170 
 
172 
 
172 



xvi	  
	  

Exploring the evolution and function of AMT proteins in C. elegans....................................... 

Figures…………………………………………………………………………………………... 

References………………………………………………………………………………….…… 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
172 
 
174 
 
175 
 



xvii	  
	  

LIST OF FIGURES 

Fig. 1.1. The ornithine-urea cycle.  
………………………………………………………………………………………………....... 4 
 
Fig. 1.2. Proposed model of the branchial ammonia excretion mechanisms in brackish water 
acclimated crab C. maenas  
……………………………………………………………………………………………………17 
 
Fig.1.3. Proposed model of the ammonia excretion mechanisms across the skin in freshwater 
planarian S. mediterranea. 
………………………………………………………………………………………………...….18 
 
Fig. 1.4. Schematic drawing of an adult hermaphrodite C. elegans.  
……………………………………………………………………………………………………21 
 
Fig. 1.6. Schematic drawing of the excretory system in C. elegans.  
……………………………………………………………………………………………………21 
 
Fig. 2.1. Representative scans showing voltage differences recorded by SIET at locations 
near the anterior end of adult C. elegans. 
……………………………………………………………………………………………………48 
 
Fig. 2.2. Localization of ion fluxes in adult C. elegans.  
……………………………………………………………………………………………………49 
 
Fig. 3.1. Ammonia and urea excretion rates of C. elegans under fed and starved (24 h) 
conditions.  
……………………………………………………………………………………………………75 
 
Fig. 3.2. Changes of mRNA expression levels of Rhr-1, Rhr-2, V-ATPase (subunit A) 
and Na+/K+-ATPase (α-subunit) in C. elegans under fed and starved (24 h) conditions.  
……………………………………………………………………………………………………76 
 
Fig. 3.3. Ammonia excretion rates of C. elegans in media adjusted and buffered to 
various pH regimes.  
…………………………………………………………………………………………………....77  
 
Fig. 3.4. Effects of different inhibitors on ammonia excretion rates in C. elegans.  
……………………………………………………………………………………………………78 
 
Fig. 3.5. Specific activity of the Na+/K+-ATPase in C. elegans exposed to control 
conditions or acclimated for 48 h to 1 mmol l−1 NH4Cl (HEA).  
……………………………………………………………………………………………………79 
 



xviii	  
	  

Fig. 3.6. Growth tests of S. cerevisiae yeast cells on solid minimal medium.  
…………………………………………………………………………………………………....80 
 
Fig. 3.7. Ammonia excretion rates of C. elegans acclimated for 2 days to various NH4Cl 
concentrations.  
…....................................................................................................................................................81 
 
Fig. 3.8. Ammonia and urea body content in C. elegans. 
…………………………………………………………………………………………………....82 
 
Fig. 3.9. Changes in mRNA expression levels of Rhr-1, Rhr-2, V-ATPase (subunit A)  
and Na+/K+-ATPase (α-subunit) in C. elegans.  
…………………………………………………………………………………………………....83 
 
Supplemental Fig. S3. Clustal W amino acid alignment (Thompson et al., 1994) of Rhr-1 
with other Rh-glycoproteins including vertebrate Rh-proteins of verified ammonia  
transport capability (indicated by *).  
……………………………………………………………………………………………...…….84 
 
Fig. 4.1. The conserved amiloride binding motif is indicated in the outer black box.  
……………………………………………………………………………………………..........117 
 
Fig. 4.2. Representative scans showing voltage differences recorded by SIET over the 
hypodermis for H+ fluxes (A) and Na+ fluxes  (B) at locations at least 200 µm posterior  
of the excretory pore of adult C. elegans.  
………………………………………………………………………………………………..…118 
 
Fig. 4.3. Cation fluxes over the hypodermis of adult wild type C. elegans (N2) under the 
influence of either 100 µmol l-1 amiloride (black bars) or 100 µmol l-1 EIPA (gray bar). 
…………………………………………………………………………………………………..119 
 
Fig. 4.4. Ammonia excretion rates of C. elegans exposed to various concentrations of  
EIPA (A) and amiloride (B). 
…………………………………………………………………………………………………..120 
 
Fig. 4.5. Changes of mRNA expression levels of NHX-1 to -9 after 1 day starvation (A),  
2 day exposure to 1 mmol l-1 NH4Cl (HEA) in starved nematodes (B), 2 day exposure to pH 5.5 
in starved nematodes  (C), and 2 day exposure to pH 8.0 in starved nematodes (D).  
…………………………………………………………………………………………………..121 
 
Fig. 4.6. Specific enzyme activities of cytochrome c oxidase (A) and citrate synthase (B) 
in wild type nematodes N2 (open bars) and ∆NHX-3 (closed bars). 
…………………………………………………………………………………………………..122 
 
 



xix	  
	  

Fig. 4.7. Changes of mRNA expression levels of NHX-1, 2, 4, 5, 6, 7, 8, 9 in fed wild type 
nematodes and the ∆NHX-3 strain.   
………………………………………………………………………………………….……….123 
 
Fig. 4.8. Whole animal ammonia excretion rates and cation fluxes over the hypodermis of 
∆NHX-3 nematodes under the influence of either 100 µmol l-1 amiloride or 100 µmol l-1 EIPA.  
…………………………………………………………………………………………….…….124 
 
Fig. 4.9. Changes of mRNA expression levels of NHA-1 to -3 and V-ATPase (subunit A) 
in fed wild type nematodes and the ∆NHX-3 strain.   
……………………………………………………………………………………………….….125 
 
Supplemental Fig. S4. Maximum likelihood unrooted tree of members of the CPA superfamily.  
…………………………………………………………………………………………………..126 
 
Fig. 5.1. Rhr-2 promotor activated GFP-expression in C. elegans.   
…………………………………………………………………………………………………..153 
 
Fig. 5.2. Changes of mRNA expression levels of Rhr-1 (n=4-5), Rhr-2 (n=5), Na+/K+-ATPase 
(α-subunit) (n=4-5) and V-ATPase (subunit A) (n=4-5) in C. elegans after a 2 day exposure  
to pH 5.5 (A) and pH 8.0 (B).  
…………………………………………………………………………………………………..154 
 
Fig. 5.3. Ammonia (A) and urea (B) excretion rates in N2 and ∆Rhr-2 C. elegans.  
……………………………………………………………………………………………...…...155 
 
Fig. 5.4. Representative scans showing voltage differences recorded by SIET over the 
hypodermis for H+ fluxes in N2 nematode and ∆Rhr-2 at locations 100 µm or more posterior  
to the excretory pore of adult C. elegans.  
………………………………………………………………………………………………......156 
 
Fig. 5.5. Specific enzyme activities of cytochrome c oxidase (A) and citrate synthase (B) 
in wild type nematodes N2 and ∆Rhr-2.  
…………………………………………………………………………………………………..157 
 
Fig. 5.6. Changes of mRNA expression levels of Rhr-1, Na+/K+-ATPase (α-subunit) and V-
ATPase (subunit A), NHX-3, and NHX-4 in fed C. elegans wild-type nematodes and ∆Rhr-2.  
…………………………………………………………………………………………………..158 
 
Fig. 5.7. Changes of mRNA expression levels of Rhr-1, Na+/K+-ATPase (α-subunit), 
V-ATPase (subunit A), NHX-3, and NHX-4 in ∆Rhr-2 under fed and staved conditions.  
…………………………………………………………………………………………………..159 
 
Fig. 6.1. Proposed theoretical model of ammonia excretion across the hypodermis of C. elegans. 
…………………………………………………………………………………………………..174 
 



xx	  
	  	  

 

LIST OF TABLES 

 
Table. 3.1. Primers employed in real-time PCR targeting actin, rhesus (Rh)-like ammonia 
transporter (Rhr-1, Rhr-2), vesicular H+-ATPase (VHA; subunit A), Na+/K+-ATPase (NKA; α-
subunit) from the nematode, C. elegans. 
……………………………………………………………………………………………………86 
 
Table. 4.1. Absolute mRNA expression levels of NHX isoforms in C. elegans. 
………………………………………………………………………………………………..…128 
 
Table. 4.2. Body pH of homogenized C. elegans cultured in different media. 
…………………………………………………………………………………………………..129 
 
Table. 4.3. Absolute mRNA expression levels of NHA isoforms in C. elegans.  
…………………………………………………………………………………………………..130 
 
Table. 4.4. Primers employed in PCR targeting Na+/H+ exchangers (NHX-1, NHX-2, NHX-3 
isoform a, NHX-4 isoform a, NHX-5 isoform a, NHX-6 isoform a, NHX-7, NHX-8 isoform b, 
NHX-9 isoform b), Na+/H+ antiporter (NHA-1, NHA-2, NHA-3), Vesicular H+-ATPase (VHA; 
subunit A) from the nematode, C. elegans. 
…………………………………………………………………………………………………..131 
 
Table. 5.1. Primers employed in real-time PCR targeting actin, Rhesus (Rh)-like ammonia 
transporter (Rhr-1, Rhr-2), vesicular H+-ATPase (VHA; subunit A), Na+/K+-ATPase (NKA; α-
subunit), NHX-3 and NHX-4 from the nematode, C. elegans. 
…………………………………………………………………………………………………..160 
 

 

 

 



1	  
	  	  

CHAPTER ONE 

 

LITERATURE REVIEW  

Summary  

Understanding the strategies, which organisms use to survive under various 

environmental stress conditions (e.g., high ammonia concentration, varying pH regimes) is 

important for establishing environmental and agricultural and aquatic guidelines (Wilkie, 1997; 

Wood, 1993). While our understanding of nitrogen transport in vertebrates is steadily increasing 

(see reviews by Larsen et al., 2014; Wilkie, 2002; Wood, 1993) with some more detailed 

information regarding this topic being also available for crustaceans (see reviews by Weihrauch 

et al., 2004; Henry et al., 2012; Weihrauch et al., 2009), little is known on the nitrogen excretory 

strategies and mechanism(s) in non-arthropod invertebrate species (Larsen et al., 2014). It has to 

be emphasized here that ca. 98% (≥ 30 phyla) of all animals are indeed invertebrates and that 

more studies are needed to explore nitrogen excretion mechanisms that have been evolved in 

phylogenetically much older species. 

In this study, we used Caenorhabditis elegans as an invertebrate model organism with a 

defined genome for identifying and characterizing genes and regulatory mechanisms that play a 

role in nitrogen transport/excretion in metazoans. Many of these genes and mechanisms are 

likely to be conserved and therefore provide potentially new insights also into nitrogen transport 

mechanisms in vertebrate systems, including mammals. 

 

Nitrogen metabolism 

All animals need to acquire nitrogenous food sources to obtain critical organic 
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components such as essential amino acids, proteins, and nucleic acids (Du Bois, 1940). If not 

required for the synthesis of essential nitrogenous compounds, the carbon-hydrogen skeleton of 

amino acids is converted into metabolic intermediates, which are ultimately fed into major 

metabolic pathways, such as the Krebs cycle for energy production (Wright, 1995; Goldstrohm 

et al., 2003). Beside ureolytic or uricolytic pathways, the metabolism of amino acids releases 

mostly nitrogen in the form of ammonia that cannot be stored like carbohydrates and lipids but 

must be either excreted directly or converted into less toxic molecules (Meijer et al., 1990; 

Dimski 1994; Wright, 1995; Walsh 1997; Bicudo et al., 2002).   

In animals, the three most common nitrogenous waste products are ammonia, urea, and 

uric acid. Less commonly, trimethylamine oxide (TMAO), guanine, allantoin, allantoic acid, 

xanthine, creatine, and creatinine serve additionally as nitrogenous waste products (reviewed by 

Bursell, 1967; Krebs 1972; Wright 1995; Larsen et al., 2014). Animals (e.g. aquatic 

invertebrates, fish, and amphibian larvae) that excrete the majority of their nitrogenous wastes in 

the form of ammonia (NH3/NH4
+) are called ammonotelic (Walsh et al., 2000). Excretion of 

ammonia as the primary waste product is the most cost-efficient way to excrete waste nitrogen 

because its production involves no direct metabolic costs. Ammonia excretion in ammonotelic 

animals occurs commonly through tissues responsible also for gas exchange and/or 

ionoregulation (e.g. the gills, gill-like structures, skin, or kidneys) via simple diffusion of NH3 

down its partial pressure gradient or by utilizing ammonia-transporting proteins (Walsh and 

Mommsen, 2001; Fanelli and Goldstein 2003; Weihrauch et al., 2009; Larsen et al., 2014). If 

water is limited, some organisms (e.g. terrestrial or semi- terrestrial organisms), convert 

ammonia to compounds such as urea and/or uric acid, which are less toxic than ammonia and can 

be stored at higher concentrations in the body until excretion. In comparison with the 
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ammonetolic animals, synthesis of these alternative compounds requires additional energy. For 

instance, 4 mol of ATP are required for the synthesis of 1 mol of urea (O’Donnell and Wright, 

1995; McNab, 2002). 

 

Nitrogen excretion mechanisms 

Animals (e.g. mammals, aquatic crustaceans and adult amphibians) that excrete 

predominatly urea as their nitrogenous waste product are called ureotelic (Mora et al., 1965; 

Wright, 1995). The ornithine-urea cycle (Fig. 1.1) is the main pathway for urea synthesis and 

requires specific enzymes, including carbamyl phosphate synthetase I (CPS-I), ornithine 

transcarbamylase (OTC), argininosuccinate synthetase (ASS), argininosuccinate lyase (ASL), 

and arginase. While a number of genes involved in the ornithine-urea cycle can be found in the 

genome of C. elegans, e.g. arginase (Genebank accession number: CCD69510.1), the orthologue 

to CPS-I (Genebank accession number: CAA91059.2) and the orthologue to argininosuccinate 

synthesase (Genebank accession number: CAA22133.1), urea synsthesis via this pathway has not 

been verified to date. In addition, urea can also be synthesized through the hydrolysis of uric acid 

(uricolysis) (Goldstein and Forster, 1965).  
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Fig. 1.1: The ornithine-urea cycle. Key enzymes in the urea cycle: carbamyl phosphate synthetase I (CPS-I), 

ornithine transcarbamylase (OTC), argininosuccinate synthetase (ASS), argininosuccinate lyase (ASL), and 

arginase.
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 Animals (e.g. birds, reptiles, most terrestrial insects, and terrestrial snails) that excrete 

predominantly uric acid are called uricotelic. In these animals, metabolic ammonia is converted 

into rather insoluble uric acid/urates, which can be excreted with a very small amount of water 

(Wright, 1995). Uric acid is even less toxic than urea, but is the production consumes 

considerable amounts of ATP. For the synthesis of 1 mol uric acid, 9 mol of ATP are required 

(McNab, 2002). 

 

Toxicity of Ammonia 

Ammonia is a highly toxic substance for vertebrate and invertebrate animals at even sub-

millimolar concentrations. At higher concentrations (13 ppm), ammonia is also toxic for plants 

(Marcaida, 1991; Britto and Kronzucker, 2002; Van der Eerden, 1982). In this literature review, 

the term “ammonia” refers to the combination of both NH4
+ and NH3 and when referring to a 

specific molecular form, ‘NH4
+’ or ‘NH3’ will be used. The ratio of gaseous ammonia (NH3) to 

the ammonium ion (NH4
+) is pH-dependent; ammonia is a weak base with a pKa of 

~9.3. Consequently, at a physiological pH (pH 7.2-7.8), the major fraction of ammonia (~98-99 

%) appears as NH4
+, while only fraction (1-2%) appears in the non-ionic form, NH3 (Cameron 

and Heisler, 1983). Both forms of ammonia have toxic effects by potentially disturbing the pH 

balance of the cytoplasm and the body fluids (Erickson 1985). Due to its small size and 

uncharged characteristic, NH3 can diffuse down its partial pressure gradient (ΔPNH3) across 

lipid bilayers into acidic vesicles such as lysosomes and impair appropriate function of e.g. 

lysosomal proteases (Seglen, 1983). Also, NH3 can disrupt oxidative phosphorylation by 

reducing the proton gradient across the inner mitochondrial membrane, forming NH4
+. The pH of 

the mitochondria matrix is slightly more alkaline than the intermembrane space, which creates a 
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ΔPNH3. Due to this ΔPNH3, NH3 diffuses from the mitochondrial matrix into the intermembrane 

space and lowers the proton gradient necessary for ATP synthesis (Cooper and Plum, 1987; 

O'Donnell, 1997). Another toxic effect of ammonia is based on the similarity in size, ionic radius 

and charge between hydrated NH4
+ and K+ ions (Knepper et al., 1989).  NH4

+ can thereby 

compete with K+ for K+-binding molecules (Larsen et al., 2014).  

Ammonium ions can affect the neuronal excitability and membrane potentials (Cooper 

and Plum, 1987). As shown for mammals, excess ammonia level can cause severe damage in the 

central nervous system (CNS) (Braissant et al., 2013). Some modes of neurotoxicity in mammals 

are mediated by the excessive activation of N-methyl-D-aspartate (NMDA) receptor by 

ammonia, which leads to uncontrolled Ca2+ influx, cerebral ATP depletion and ultimately cell 

death by excitotoxicity of the postsynaptic neuron (Chan et al., 2000; Albrecht et al., 2010). An 

additional mode of toxicity in the CNS of mammals includes the ammonia-dependent increased 

conversion of glutamate to glutamine by glutamine synthetase, which is leading to osmotic cell 

swelling and finally brain edema and cell death (Zwingmann and Butterworth, 2005). Moreover, 

the toxic effect of ammonia can lead to changes in blood-brain barrier permeability (Laursen and 

Diemer, 1997), modification in astrocyte and neuron morphology (Gregorios et al., 1985), and 

hepatic encephalopathy (Lochwood et al., 2004). 

Excess ammonia concentrations in the lobster Homarus americanus and crayfish 

Pacifastacus leniusculus have been shown to disrupt the ion regulatory system (Young-Lai et al., 

1991; Harris et al., 2001). Also in crustaceans, elevated ammonia concentrations affect immune 

functions, such as reduced activity of hematopoietic tissue and impaired function of hematocytes 

(Le Moullac and Haffner, 2000). In fish, high internal ammonia causes interference with 

oxidative metabolism and gas exchange, which is followed by histopathological changes in the 
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gill epithelia (Wilkie, 1997).  For the Atlantic salmon Salmo salar, Knoph and Olsen 

demonstrated that ammonia at high levels alters the hormonal regulatory system (Knoph and 

Olsen, 1994). 

Taken together, efficient transport and excretion systems are crucial to maintain 

blood/hemolymph ammonia levels within a tolerable range to ensure normal systemic function 

(Walsh et al., 1994). 

  

Ammonia transporters and transport mechanisms 

Rhesus proteins 

In humans, the ammonia-transporting proteins are RhAG, RhBG, RhCG (for non-human 

vertebrates species these same genes are refereed as Rhag, Rhbg, Rhcg), whereas those found in 

invertebrates are called the “primitive” Rhesus proteins (Rhp) (Huang and Peng, 2005). A 

crystallographic analysis on RhCG showed that Rhesus protein monomers contain a hydrophobic 

pore element, while the proteins occur in a trimeric complex (Gruswitz et al., 2010). Typically 

Rh proteins contain 12 transmembrane (TM) domains to form a helical bundle that promotes the 

passage of NH3 (Gruswitz et al., 2010). Topological studies indicated that the structures of the 

TM helices are conserved in all Rhesus proteins (Haung and Liu, 2001; Huang and Peng, 2001). 

A sequence alignment analysis of Rhesus proteins between mammals, fish, crustaceans and 

insects also suggested that Rh proteins are phylogenetically related, and most likely share a 

conserved transport function (Weihrauch et al., 2004; Huang and Peng, 2005; Zidi-Yahiaoui et 

al., 2009). 

Marini et al. (2000) discovered the physiological role of the human Rhesus proteins 

(RhAG and RhCG) about 15 years ago by expressing this protein in a yeast strain deficient in 
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endogenous ammonia transporters (triple-MepΔ) (Marini et al., 2000). Saccharomyces cerevisiae 

cells lacking their three-ammonium transport systems (triple-mepΔ) are incapable to grow on 

ammonium supplied as the only source of nitrogen (Marini et al., 1997). Growth of triple-mepΔ 

cells expressing RhAG and RhCG on a medium where ammonia is the sole nitrogen source 

indicated that RhCGis able to transport ammonium in yeast. 

 

Tissue localization of Rhesus proteins 

 In mammals, Rhag is located exclusively in erythrocytes and erythropoietic tissues such 

as the spleen (Nakada et al., 2007), whereas, the non-erythroid Rhesus proteins are broadly 

distributed in various tissues. Human RhBG is located in the kidney, gastrointestinal tract, liver, 

skin, and ovary (Handlogten et al., 2005; Weiner, 2006), while the human RhCG is expressed 

mostly in the kidney, gastrointestinal tract, brain tissue, muscles, and testes (Liu et al., 2000; 

Huang, 2008). Although the non-erythroid Rh-proteins (RhBG/Rhbg and RhCG/Rhcg) exhibit 

similar tissue expression pattern, cellular localization studies revealed that RhBG/Rhbg are 

predominantly located to the basolateral membrane, while RhCG/Rhcg were mostly localized to 

the apical membrane (Quentin et al., 2003; Verlandert et al., 2003; Weiner et al., 2003).  

Tissue distribution of the Rh proteins in the pufferfish Takifugu rubripes revealed that 

Rhbg (Rhbg1, Rhbg2) was expressed basolaterally in various tissues (e.g. brain, muscle, eye, 

gill, kidney, intestine), and Rhcg (Rhcg1, Rhcg2) was apically positioned to the mitochondrion-

rich cells and the pavement cells of gill epithelium, respectively (Nakada et al., 2007; Nawata et 

al., 2007). However, in rat and mouse kidney Rhbg appears to be oriented basolaterally and Rhcg 

is located both apically and basolaterally (Seshadri et al., 2006; Kim et al., 2009). 

Recently it has been suggested that as shown for the Rhesus proteins in the zebrafish skin 



9	  
	  	  

(Rhbg/Rhcg1) have a dual function, transporting both, NH3 and CO2 (Endeward et al., 2008; 

Kustu and Inwood, 2006; Perry et al., 2010). Investigations regarding transport specificity of 

Rhesus proteins are still ongoing.  

  

V-type H+-ATPase and ammonia trapping 

The vacuolar-type H+-ATPase (V-ATPase) is thought to assist in one mechanism of 

ammonia transport, known as ammonia trapping (Wright et al., 1989; Weihrauch et al., 2002). 

While the transporter itself is not directly involved in ammonia transport, pumping of protons via 

V-ATPase to the outside of the epithelium creates an outwardly directed partial pressure gradient 

for NH3 (ΔPNH3). This action facilitates NH3 excretion across the membrane either via passive 

membrane diffusion or via NH3 permeable channels, such as Rhesus proteins (Nawata et al., 

2007; Musa-Aziz et al., 2009; Gruswitz et al., 2010). In the skin of larval zebrafish, 

immunolocalization studies have localized Rh proteins in the H+-ATPase-rich cells (HR) (Shih et 

al., 2008). In addition, scanning ion-selective electrode technique (SIET) was utilized to directly 

measure NH4
+ extrusion in HR cells and showed that there is also a high ammonia efflux in HR 

cells, suggesting a potential link between ammonia excretion and H+ extrusion (Shih et al., 

2008). Similarly, localization experiments demonstrated that the apical H+-ATPase in the distal 

tubule and the collecting duct region of the rat kidney is colocalized with the apical Rhcg, 

supporting the proposed acid-trapping mechanisms (Eladari et al., 2002). 

In the osmoregulatory active epithelia of freshwater-inhabiting species, the apically 

localized H+-ATPase plays apparently a critical role in the ammonia excretion process. For 

instance, in the larval zebrafish Danio rerio and the freshwater planarian Schmidtea 

mediterranea, pharmacological experiments have demonstrated significant reductions in 
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ammonia excretion rates following the inhibition of the H+-ATPase (Shih et al., 2008; 

Weihrauch et al., 2012a). Also, knock-down of H+-ATPase in the larvae D. rerio caused a 

significant decrease in ammonia excretion (Lin et al., 2006). Similar effects on ammonia 

excretion following H+-ATPase inhibition was observed in the gill epithelium of brackish water 

acclimated green crabs Carcinus maenas (Weihrauch et al., 1999; 2002) and the midgut of the 

tobacco hornworm Manduca sexta (Weihrauch, 2006). For these tissues; however, it was 

suggested that this pump is involved in ammonia excretion by acidifying intracellular vesicles, in 

which ammonia is then trapped as NH4
+ for later excretion via exocytosis (Weihrauch, 2002; 

Blaesse et al., 2010). 

 

Aquaporins    

Aquaporins (AQPs) are membrane proteins that function as water channels, although 

some members of this family of proteins can also be permeable to other molecules such as 

glycerol, NO, O2, CO2, H2O2, As(OH)3, NH3 and urea (Knepper, 1994; Ishibasi et al. 1997; 

Endeward et al. 2006; Herrera et al. 2006; Henzler and Steudle 2000; Saparov et al. 2007; Liu et 

al. 2006).  Functional expression studies provided evidence that the mammalian AQP-3, 7, 8, and 

9 are permeable to ammonia at least when expressed in Xenopus oocytes (John et al., 2004; 

Holm et al., 2005; Saparov et al., 2007; Litman et al., 2009). Aside their ammonia permeability, 

AQP-7 and AQP-9, mediate also the transport of urea. Additionally, spectrometric studies of 

plant aquaporins indicated that water and NH3 conductivity occur through separate pathways 

(Bertl and Kaldenhoff, 2007). Unlike vertebrates, very few studies have examined the function or 

localization of invertebrate aquaporin. However, aquaporins are found in Caenorhabditis elegans 

(Kuwaharra et al. 1998; Kuwaharra et al. 2000; Huang et al. 2007). Tissue localization analysis 
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showed that the eight different C. elegans aquaporins are expressed, which are distributed among 

different tissues throughout the body (Huang et al., 2007). Interestingly, a functional expression 

analysis has identified the permeability of AQPs for various molecules including water, glycerol, 

and urea, but not NH3 (Kuwahara et al. 1998; Huang et al. 2007). C. elegans AQP-2, 3, 4, 6 and 

7 are water permeable (Huang et al. 2007); however, similarly to findings in vertebrates these 

aquaporins may transport many of the molecules described above. For instance, in addition to 

water, AQP-2 transports urea (Kuwahara et al. 1998), while AQP-3 and AQP-7 are capable of 

glycerol transport (Huang et al. 2007). However, for AQP-1, 5 and 8 water-transporting 

capabilities have not been verified. Instead AQP-1 transports only glycerol, whereas AQP-5 and 

AQP-8 transport glycerol, urea (Huang et al. 2007). Although many of the functions for AQPs 

are characterized in C. elegans, their role in ammonia transport mechanisms in this soil nematode 

but also in vertebrate species is still an open question. 

 

Transport of NH4
+ 

Due to its charge, NH4
+ cannot diffuse across biological membranes. However, the 

charged cation (NH4
+) can permeate epithelia along an electrochemical gradient via the 

paracellular pathway according to the ion permeability of the tight junctions. More importantly, 

since hydrated NH4
+ and K+ have the same ionic radius and similar size (Knepper et al, 1989; 

Weiner and Hamm, 2007), NH4
+ can compete with K+ and, to a certain extent, also replace K+ as 

a substrate in K+ transporting proteins, such as Na+/K+-ATPase, H+/K+-ATPase, K+-channels, 

Na+/K+/2Cl- co-transporter, and Na+/H+ exchangers (NHEs) (Skou, 1960; Towle and Holleland, 

1987; Marcaggi and Coles, 2001; Masui et al., 2002).  
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Na+/K+-ATPase 

The basolateral localized Na+/K+-ATPase (NKA) hydrolyzes ATP to pump three Na+ 

ions from the cytosol out of the cell while simultaneously pumping two K+ into the cell (Skou 

1957). This process generates an electrochemical gradient of Na+ and a negative membrane 

potential that is crucial for many transepithelial transport processes that aid in maintaining 

cellular osmolality and energizing numerous Na+-dependent transports (Hu and Kaplan, 2000; 

Kaplan, 2002). In addition, the Na+/K+-ATPase accepts also NH4
+ as a substrate replacing K+ 

and is thereby directly involved in the active transport of NH4
+ from the body fluids into the 

cytoplasma (Skou, 1960; Amsui et al., 2002; Furriel et al., 2004; Weihrauch et al., 2000; Garvin 

et al., 1985; Mangum et al., 1978; Cruz et al., 2013).  Involvement of the Na+/K+-ATPase in 

ammonia transport processes have been shown in many species and various tissues, including the 

gills of the decapod crabs and teleost fish (Mallery 1983; Lucu 1989; Weihrauch et al., 1999; 

Wilkie 2002), the skin of freshwater planarians and amphibians (Weihrauch et al., 2012; Cruz et 

al., 2013), skin of leeches (Quijada-Rodriguez, personal communication), and the mammalian 

intestinal cell line, T84 (Worrel et al., 2008). 

  

H+/K+-ATPase 

In mammals, functional expression analysis showed that the apical non-gastric/colonic 

H+/K+-ATPase (HKA) actively transport NH4
+, with NH4

+ being substituting for K+ ions (Binder 

et al., 1999; Cougnon et al., 1999; Swarts et al., 2005). Interestingly, enzyme activity 

measurements of the colonic HKA from the rat distal colon revealed an increase in the enzyme 

activity level when K+ was replaced by NH4
+ as an available substrate (Swarts et al., 2005). This 

result led to the hypothesis that the HKA likely functions as an H+/NH4
+-ATPase in the apical 
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membrane of the mammalian colon. As for the aquaporins, the actual role of the H+/K+-ATPase 

in transepithelial ammonia transport processes has not been subject of a study to date.  

  

K+-channels  

Due to their ubiquitous presence in cell membranes, K+-channels are likely important 

candidates to mediate transmembrane NH4
+ transport. As mentioned above, K+ and NH4

+ ions 

have nearly identical biophysical characteristics (Weiner and Hamm, 2007) and NH4
+ can 

substitute for NH4
+ at the K+ binding site of K+-channels. In fact, the relative conductance of 

ammonium ions by K+-channels is approximately 10-20% compared to the conductance of K+. 

The transport of NH4
+ by K+-channels has been demonstrated for Ca2+-activated, weak and 

strong inward rectifying, delayed rectifiers, voltage-gated, and L-type transient K+-

channels (Choe et al., 2000). 

Further, pharmacological experiments employing the preparation of the perfused gill of 

the green shore crab, C. maenas, showed a reduction of active ammonia excretion, when Cs+ was 

applied to the basolateral side of the epithelium (Weihrauch, 1998). An inhibition of the 

ammonia excretion was also observed in the perfused mouse proximal tubule after blocking K+-

channels (Knepper et al., 1989). 

 

Na+/ K+/2 Cl- co-transporter 

The activity of NKA generates a low intracellular Na+ concentration, thus driving 

secondary active ammonia transporters such as Na+/K+/2Cl- co-transporter (NKCC) (Pelis et al., 

2001; Cutler and Cramb, 2002; Tipsmark et al., 2002).  

In addition, NKCC accept also NH4
+ as a substrate (replacing K+), which indicates the 
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putative importance of NKCC in epithelial ammonia transports. Pharmacological experiments 

revealed that the apically localized NKCC in the mammalian medullary thick ascending limb 

also accepts NH4
+ as a substrate, suggesting the participation of NKCC in ammonia excretory 

mechanisms (Good et al., 1984). Additionally, flux studies demonstrated the mediation of 

ammonia uptake from the serosal side into the cytoplasm by basolateral NKCC in the human 

intestinal cell line T84 (Worrell et al., 2008). 

  

Na+/H+ exchangers  

Na+/H+ exchangers (NHEs) are energized by NKA, which generates low intracellular Na+ 

concentration. This in turn is leading to the movement of Na+ down its concentration gradient 

into the cytosol through plasmamembrane localized NHEs in exchange for H+. Due to the proton 

exchange, apical localized NHEs in transport epithelia would promote an acidification of the 

unstirred boundary layer and assist thereby ammonia trapping as suggestest for freshwater 

planarians and fish (Weihrauch et al., 2012; Edwards et al., 2001). NHEs can also be located in 

the membrane of cytoplasmatic vesicles, as shown for NHX-3 in C. elegans (Nehrke and Melvin, 

2002; Shih et al., 2012).  

A role of NHEs was suggested for the ammonia excretion in the gill epithelium of shore 

crab C. maenas (Lucu et al., 1989) and (Weihrauch et al., 1998), and C. pagurus (Weihrauch et 

al., 1999).  Further, physiological experiments in the midgut of the tobacco hornworm M. sexta 

employing both amiloride, and the more specific NHE inhibitor 5-N-ethyl-N-isopropyl amiloride 

(EIPA) supported the participation of a Na+/H+ exchanger in the ammonia transport mechanism 

(uptake) in this tissue. Here it was suggested that the NHE is functioning as a NH4
+/H+ 

exchanger (Blaesse et al., 2010). 
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Ammonia transport mechanisms 

For invertebrates, very little is known about the mechanisms that are responsible to 

excrete metabolically produced ammonia (Larsen et al., 2014). Maybe the best studied to date for 

marine/brackish water living species is the ammonia excretion mechanism in the green shore 

crab C. maenas (Weihrauch et al., 1998; 1999; 2002).  

A number of studies suggest a model (Fig. 1.2) where hemolymph NH4
+ is transported 

across the basolaterally localized Na+/K+-ATPase or K+ /NH4
+ channels into the cytoplasm. 

Basal entrance of NH3 is probably also mediated by Rh-like ammonia transporter, as long a 

ΔPNH3 is present. In the cytoplasm, protons produced by a carbonic anhydrase (CA) are 

transported via the vesicular H+-ATPase into vesicles, creating thereby an intwardly directed 

partial pressure gradient for NH3. Possibly via Rh-proteins or simple membrane diffusion, NH3 is 

then transported along this ΔPNH3 into the vesicles where it is protonized to NH4
+ and thereby 

trapped with in the compartment. The NH4
+-laden vesicles are then transported by the 

microtubule network system to the apical membrane, where NH4
+ is released by exocytosis. 

Diffusion of NH3 and NH4
+ along the paracellular pathway cannot be excluded (Weihrauch et al., 

2004). 

As of to date only one comprehensive study exists on the ammonia excretion mechanism 

in a freshwater living invertebrate, the planarian Schmidtea mediterranea (Weihrauch et al., 

2012a). The authors of the study suggested that the majority of ammonia is excreted across the 

integument, since high abundance of Rh-proteins were found in this environment facing tissue. 

Here NH4
+ from the body fluids is transported across the basolateral membrane of the epithelium 

into the cytoplasm via the Na+/K+-ATPase. In addition, possibly also NH3 is transported via a 

basolateral Rh-protein into the cytoplasm. It was further assumed that cytoplasmic carbonic 
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anhydrase (CA) produced protons are transported via an apically localized H+-ATPase and/or 

cation/proton exchanger (NHE) from the cytoplasm into the environment, acidifying thereby the 

apical unstirred boundary layer and creating thereby an outwardly directed partial pressure 

gradient (∆PNH3). It is proposed that NH3 is diffusing through an apical Rh-protein along the 

∆PNH3 into the environment. Additionally, the authors assumed that paracellular NH3/NH4
+ 

diffusion in the freshwater planarian S. mediterranea is negligible due to the tightness of the 

epithelium. The suggest ammonia transport model is illustrated in Fig. 1.3. 
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Fig. 1.2. Proposed model of the branchial ammonia excretion mechanisms in brackish water acclimated crab 

C. maenas (modified after Weihrauch et al., 2004). 

 



18	  
	  	  

 

 

Fig. 1.3. Proposed model of the ammonia excretion mechanisms across the skin in freshwater planarian S. 

mediterranea (modified after Weihrauch et al., 2012a). 
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Caenorhabditis elegans 

The soil nematode, C. elegans (Fig. 1.4) is a free-living, and non-parasitic organism 

(Blaxter 1998), with a size of 1-1.15 mm in length (https://www.wormbase.org). This nematode 

has two sexes (hermaphrodites (XX) and male (XO). In hermaphrodites, sexual reproduction 

occurs by mating with males or by self-fertilization. A hermaphrodite produces large numbers of 

offspring (300-350 progeny) (Barr, 2003). They have a short life cycle of about 5 days at 20 °C 

and have a 2-3 week life span. C. elegans are found throughout the world. Naturally, they live in 

the waterfilm layer of soil particles (e.g. garden soil, farmland), but they could also be found in 

decaying organic matter and compost heaps (Nelson and Riddle, 1984; Wood, 1988; Choe and 

Strange, 2007). 

As a research model system, optical transparency of the nematode allows for easy 

observation at the cellular level (Wood, 1988). Additionally, C. elegans was the first 

multicellular (959 cells) organism with a fully sequenced genome (Sequencing Consortium  

1998). This soil nematode has proven to be a useful organism for various genetic studies, 

including gene knock-down and knock-out experiments (Brenner, 1974). Its actual physiology, 

however, has not been studied extensively.  

Due to high protein intake while constantly feeding on bacteria, it is expected that the 

nematode excrete high amounts of nitrogenous waste products. Nitrogen excretion products in 

Caenorhabditis briggsae, a sibling species of C. elegans, has been identified, where ammonia is 

the predominant form being excreted (Rothstein, 1962).  

Up to date very little is known about the actual site of ammonia excretion and the 

underlying mechanisms in nematodes. In C. elegans, the putative excretory system is comprised 

of an H- shaped epithelial cell that forms two canals along almost the entire length of the 

nematode, the duct cell, and the excretory pore (Fig. 1.5). For the excretory cell, it has been 
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shown that the length was altered when exposed to different environmental osmolalities, 

assuming a function of these cells in osmolregulation (Khan et al., 2012; Kolotuev et al., 2013). 

In addition, laser ablation of the excretory cell caused fluid accumulation in the nematode that 

eventually leads to death, signifying a role of the excretory system in water homeostasis (Nelson 

and Riddle, 1984). However, a function in nitrogen excretion has not been shown yet. 

Transporters typically involved in ammonia excretion, such as Rhesus proteins, Na+/H+ 

exchangers and H+-ATPase are also located in the gut, making this tissue a potential pathway for 

excretion (Nehrke and Melvin, 2002; Buckingham et al., 2005; Ji et al., 2006; Lee et al., 2010).  

Another candidate site for ion regulation, and possibly also for nitrogen excretion in C.  

elegans is the hypodermis, which carries transporters potentially involved in nitrogen excretion, 

such as Rhesus proteins (Rhr-1), Na+/H+ exchangers (NHX-3 and -4) and a H+-ATPase (Nehrke 

et al., 2000; 2002; Oka et al. 2001). Here, the multilayered cuticle (Cox et al., 1981; Peixoto et 

al., 1997) could provide an unstirred layer, important for an acid trapping mechanisms that could 

possibly occur over the hypodermis.  

 

 

 

 

 



21	  
	  	  

 

 

Fig. 1.4. Schematic drawing of an adult hermaphrodite C. elegans. A model of the nematode showing the 

pharynx, excretory pore, intestine, hypodermis and excretory cells.  

 

 

Fig. 1.5. Schematic drawing of the excretory system in C. elegans. The excretory system consist of two gland 

cells, the excretory canal cells, the duct cell and the excretory pore cell, which opens to only one side of the animal 

(modified after wormatlas.org).    
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Hypotheses and objectives  

To date, no physiological and functional studies have been performed to test the nitrogen 

excretion machinery of the phylogenetically ancient nematode, C. elegans. It is estimated that  

35% of the genes of this roundworm are closely similar in function to human genes (Blaxter,  

2003; Clamp, et al., 2007) and investigating the physiology of this animal will potentially help 

with our understanding of how ammonia excretion mechanisms and strategies have evolved in 

both invertebrates and vertebrates.  

The current investigation used a combination of molecular and physiological approaches 

to address the following objectives and hypotheses summarized below:  

Objective 1: The investigation of the role of the excretory cell and the hypodermis in ion 

transport processes in C. elegans.  

Objective 2:  The investigation of the ammonia excretion mechanism in the soil nematode C. 

elegans and the putative role of Rhr-1 within this process.  

Objective 3: The investigation of the sodium/proton exchangers (NHXs and NHAs) and their 

potential role in acid-base balance and hypodermal ammonia excretion.  

Objective 4: The investigation of the putative ammonia transporter Rhr-2 and its role in the 

ammonia excretion mechanism.  

It is hypothesized that:  

1.     The predicted excretory system in nematodes consisting of the excretory cell and duct cell is 

partially responsible for cation excretion in C. elegans.  

2.     Beside the excretory system, the hypodermis is also involved in cation transport.  

3.     Due to low sodium concentrations in the soil, the ammonia excretion mechanism in C. 

elegans is similar to mechanisms found in freshwater- inhabiting animals.  
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4.     The ubiquitously expressed Rhr-1 is capable of promoting an ammonia transport, when 

heterologously expressed in yeast.  

5.     Internal ammonia loads due to feeding will lead to enhanced ammonia excretion rates and 

an up-regulation of transporters involved in the ammonia excretion mechanism.       

6.     NHXs are involved in hypodermal Na+ and H+ transport as well as in ammonia excretion, 

with hypodermally expressed NHX-3 playing a central role in this process.  

7.     The second Rh-protein in C. elegans, Rhr-2, is expressed in ammonia transporting tissues 

and is involved in the ammonia excretion mechanism.  

  

Overview of experimental chapters 

Chapter two 

Utilizing the scanning ion-selective microelectrode technique (SIET), objective one was 

investigated and hypotheses one and two were tested in this chapter. The results revealed that 

cations, such as Na+, K+, H+, and Ca2+ are excreted to a great extent at the site of the excretory 

pore of C. elegans. It was further shown that the hypodermis is also involved in cation transport. 

While the hypodermis promoted an excretion of K+, H +, and Ca2+, Na+ ions were taken up by 

this tissue.  

 

Chapter three 

This chapter addressed objective two and tested hypothesis four and five. In this second 

experimental chapter, ammonia excretion rates were determined in experiments exposing the 

nematodes to various environmental stresses such as feeding, various pH regimes, and high 

environmental ammonia (HEA). Pharmacological experiments and enzyme assays were utilized 
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to investigate the particular ammonia excretion mechanism in C. elegans. Emphasis was placed 

on exploring whether the ubiquitously expressed Rhr-1 is capable of promoting an ammonia 

transport. The results showed that ammonia excretion mechanisms in C. elegans are different 

from those found in freshwater animals and include an exocytotic component. It was further 

shown that Rhr-1 does promote ammonia transport when expressed in yeast. By the time the 

experiments were performed, this was the first evidence of function for any invertebrate Rh-

protein.  

 

Chapter four 

The focus of this chapter was to address objective five and to test hypothesis six.  

Employing SIET, hypodermal Na+ uptake and H+ excretion were investigated under the 

influence of the sodium channel blocker amiloride and the NHE blocker EIPA. In addition, 

ammonia excretion rates of whole nematodes were monitored before and after the impact of both 

reagents. In addition, gene expression patterns of all 9 NHXs found in C. elegans were assessed 

when the nematodes were starved, exposed to HEA, or exposed to an environmental pH of 5.5 or 

8. The results of this study showed that EIPA sensitive transporters (e.g. NHXs) are not involved 

in H+ excretion. In contrast, Na+, H+, and ammonia fluxes were found to be reduced after 

blocking Na+-channels by amiloride.  

In addition, transport rates of Na+, H+, and ammonia were also investigated in a NHX-3 

knock-out mutant (∆NHX-3). However, characterization of ∆NHX-3 revealed that this mutant 

strain was rather unsuitable for further investigation of the function and role of NHX-3 in the H+ 

and ammonia excretion mechanism in C. elegans. Mutant nematodes grew slower and exhibited 

a reduced activity of the mitochondrial enzyme cytochrome c oxidase. Further, with the 
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exception of NHX-1 and NHA-2, all other NHX and NHA transporters in the mutant exhibited 

very different expression levels, compared to the wild type.  

 

Chapter five  

In this chapter objective five was addressed and hypothesis seven tested. This chapter 

mainly focuses on the potential involvement of Rhr-2 in the ammonia excretion strategy in C. 

elegans. Gene expression experiments revealed that not only Rhr-1 (see chapter three) is 

involved in the ammonia excretion mechanism in C. elegans, but likely also Rhr-2. Experiments 

applying a Rhr-2::GFP fusion protein construct showed that Rhr-2 is expressed mainly in 

hypodermal tissue. This directly supports the hypothesis that Rhr-2 takes part in the ammonia 

excretion mechanisms in nematodes. To further investigate the participation of Rhr-2 in 

ammonia handling, ammonia excretion rates were compared between Rhr-2 knock-out mutants 

(∆Rhr-2) and wild type nematodes. In contrast to the wild-type, the mutant did not show an 

increased ammonia excretion upon application of an outwardly directed NH3 gradient, 

suggesting that Rhr-2 plays a crucial role in apical NH3 transport via the hypodermis. 

 

Chapter six  

This chapter summerizes the results of the current study in a hypothetical model illustrating the 

predicted hypodermal ammonia excretion in C. elegans.  
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CHAPTER TWO 

 

LOCALIZATION OF K+, H+, NA+ and CA2+ FLUXES TO THE EXCRETORY PORE IN 

CAENORHABDITIS ELEGANS: APPLICATION OF SCANNING ION-SELECTIVE 

MICROELECTRODES 

 

*This chapter is published in the Journal Experimental Biology 

 

Adlimoghaddam, A., Weihrauch, D., & O'Donnell, M. J. (2014). Localization of K+, H+, Na+ and 

Ca2+ fluxes to the excretory pore in Caenorhabditis elegans: application of scanning ion-

selective microelectrodes. Journal of Experimental Biology, 217(23), 4119-4122. 

 

Abstract 

Although Caenorhabditis elegans is commonly used as a model organism for studies of 

cell biology, development and physiology, the small size of the nematode has impeded 

measurements of ion transport by the excretory cell and hypodermis. Here, we use the scanning 

ionselective microelectrode technique to measure efflux and influx of K+, H+, Na+ and Ca2+ in 

intact nematodes. Transport of ions into, or out of, immobilized worms produces small gradients 

in ion concentration in the unstirred layer near the surface of the nematode. These gradients are 

readily detectable with ion-selective microelectrodes and the corresponding ion fluxes can be 

estimated using the Fick equation. Our data show that effluxes of K+, H+, Na+ and Ca2+ are 

localized to the region of the excretory pore, consistent with release of these ions from the 
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excretory cell, and that effluxes increase after experimental preloading with Na+, K+ or Ca2+. In 

addition, the hypodermis is a site of Na+ influx. 

 

Introduction 

The importance of the nematode Caenorhabditis elegans as a model organism for studies 

of the physiological and molecular mechanisms of salt and water homeostasis has been 

highlighted in a recent review (Choe, 2013). As with other areas of C. elegans research, studies 

of excretory function are aided by the ease of culture, the availability of a fully-sequenced 

genome, low cost access to mutant strains, the invariant lineage of somatic cells and the relative 

ease with which expression of specific genes can be silenced using RNA interference techniques. 

The excretory system of C. elegans consists of just three cells: an excretory cell, duct cell and 

pore cell. The large, H-shaped excretory cell forms two canals, which run along much of the 

length of the nematode. Ultrastructural studies show that the output of the excretory cell passes 

through the duct cell to an excretory pore, which opens to the outside of the animal just anterior 

to the pharynx (Nelson et al., 1983). Laser ablation of any of the three cells of the excretory 

system results in nematode swelling and eventual mortality, implicating these cells in water 

homeostasis (Nelson and Riddle, 1984). The excretory cell is richly endowed with ion channels 

and transporters, including Cl–-channels, Na+/H+ exchangers, the vacuolar-type H+-ATPase and 

aquaporins (Choe, 2013). However, the drawbacks to the use of C. elegans in studies of ion 

excretion and osmoregulation are the thick cuticle and small size of the nematodes, greatly 

complicating the collection and analysis of the excretory fluids (Choe, 2013). The transport 

functions of the excretory cell have thus been largely unexplored because of the technical 

challenges inherent in studies of such a small organism. 
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In this paper, we describe a new method for analysis of ion efflux and influx by intact 

nematodes. Transport of ions into or out of nematodes bathed in saline produces gradients in ion 

concentration in the unstirred layer adjacent to the surface of the nematode. These gradients can 

be quantified using the scanning ion-selective electrode technique (SIET), whereby voltages are 

recorded from an ionselective microelectrode moved between two points within the unstirred 

layer. This method provides a means for precise localization of the sites of ion uptake and 

release. 

 

Materials and Methods 

 The N2 strain of C. elegans was obtained from the Caenorhabditis Genetics Center at the 

University of Minnesota and was reared on E. coli OP50 on nematode growth medium (NGM) 

agar plates (in mmol -1: 51.33 NaCl, 1 MgSO4, 1 CaCl2, 25 KH2PO4 and 2.3 % Agar, 2% pepton, 

1 mL cholesterol (5 mg/mL in ethanol)). Adult nematodes were used for all experiments. Ion 

fluxes out of, or into, the nematodes were determined using SIET. An orthogonal array of 

computer-controlled stepper motors fitted to a set of translator stages allow the ion-selective 

microelectrode to be positioned in three dimensions with submicrometer accuracy and 

repeatability. The microelectrode was first positioned 3–5 µm from the surface of the nematode. 

After a wait period of 4–5 s to allow re-establishment of ion concentration gradients that had 

been disturbed by microelectrode movement, the microelectrode was repositioned 50 µm further 

out from the nematode, along a line perpendicular to the long axis of the nematode. The voltage 

at the outer site was then recorded after a further wait period, and the voltage difference between 

the inner and outer limits of microelectrode excursion was calculated. Hardware used for SIET 

measurements was obtained from Applicable Electronics (Forestdale, MA, USA) and software 
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for control of microelectrode positioning and data acquisition was obtained from ScienceWares 

(Falmouth, MA, USA). The application of SIET and the construction and calibration of ion-

selective microelectrodes for K+, Na+, H+ and Ca2+ have been described previously (Donini and 

O’Donnell, 2005; Jayakannan et al., 2011). Concentration gradients within the unstirred layer 

near the surface of the nematode were determined from measurements of microelectrode voltage 

using the following equation: 

ΔC = CB ⋅10(ΔV /S) − CB,                                                                                                     (1) 

where ΔC is the concentration gradient between the two points (µmol cm−3); CB is the 

background ion concentration (µmol cm−3), calculated as the average of the concentrations at 

each point; ΔV is the voltage gradient obtained from ASET (µV); and S is the slope of the 

electrode (µV) for a 10-fold change in ion concentration bracketing the range of interest. The 

concentration gradient was subsequently converted into an estimate of ion flux using Fick’s first 

law of diffusion: 

JI= DI  ΔC                                                                                                                                                                                                    (2) 
           ΔX 

where JI is the net flux of the ion (pmol cm−2 s−1), DI is the diffusion coefficient of the ion 

[1.55×10−5 cm2 s−1 for Na+, 1.92×10−5 cm2 s−1 for K+, 1.19×10−5 cm2 s−1 for Ca2+, 9.4×10−5 

cm2 s−1 for H+) (Donini and O’Donnell, 2005) and Δx is the distance between the two points 

measured (cm). 

To permit SIET measurements of ion concentration gradients in the unstirred layer near 

the surface of the nematode, locomotion was inhibited by inclusion of the cholinergic agonist 

levamisole (0.5 mmol l−1) in the bathing saline. Levamisole induces rigid paralysis by 

overstimulation of the body wall muscle. Approximately 50% of the nematodes had stopped 

moving and could be used for experiments within 30 min of levamisole treatment. In most 
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animals, small movements of the mouth or pharyngeal pumping were observed throughout the 

period of exposure to levamisole.  

Detection of localized changes in ion concentration by SIET was facilitated by bathing 

the nematodes in saline containing 150 mmol l−1 Nmethyl- D-glucamine (NMDG) chloride, 

which does not interfere with Na+- or K+-selective microelectrodes. The saline also contained 1 

mmol l−1 MgCl2 and a low concentration of the ion of interest (0.15 mmol l−1 K+, 0.15–3 mmol 

l−1 Na+, 0.01 mmol l−1 Ca2+, 10−7 mol l−1 H+). Saline for H+, Na+ and K+ measurements contained 

1.8 mmol l−1 CaCl2. Saline osmolality is close to that of M9 buffer (~ 300 mosmol kg−1) 

commonly used for C. elegans. Nematodes continued to move for >12 h in saline in the absence 

of levamisole. Saline was buffered with 5 mmol l−1 Hepes for Na+ and K+ measurements. 

Buffering capacity was reduced in H+ flux measurements by lowering the Hepes concentration to 

1 mmol l−1. H+ fluxes were corrected for the effects of the buffer using equations published 

previously (Messerli et al., 2006). PIPES was used as a buffer for Ca2+ measurements because it 

does not form complexes with divalent metals such as Ca2+ (Yu et al., 1997). In all cases, 

nematodes were rinsed in 150 mmol l−1 NMDG and 5 mmol l−1 Hepes to remove bacteria and 

adherent fluids before transfer to the Petri dish used for SIET measurements. 

 

Results  

Fig. 2.1 shows voltage differences recorded by ion-selective microelectrodes (K+, H+, 

Na+ and Ca2+) positioned near the surface of adult C. elegans. The length of each arrow in Fig. 

2.1 indicates the voltage difference when the microelectrode was moved between a position 

within 3–5 µm of the surface of the nematode and a second position 50 µm further away. Arrows 

pointing away from the nematode indicate that the voltage was more positive at the inner limit, 
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consistent with a higher cation concentration in the unstirred layer near the surface of the 

nematode relative to the outer position.  

For each of the four ions, a clear pattern of voltage gradients was apparent. The voltage 

difference was maximal on one side of the animal at a point just anterior to the junction of the 

pharynx and the intestine. The voltage differences indicated highly localized increases in the 

concentrations of K+, H+, Na+ and Ca2+ at a site consistent with the opening of the excretory 

pore, just anterior to the pharynx. Plots such as those in Fig. 2.1 were used to measure the 

distances from the anterior tip of the nematode to the site of maximal voltage difference and 

from the tip to the readily identifiable junction of the pharynx and the intestine. For 38 

nematodes, the mean distance to the site of the maximal voltage difference recorded by SIET 

was 133.9±5.1 µm (mean ±S.E.M.) and the distance to the junction of the pharynx and the 

intestine was 161.2±4.2 µm. When the distance to the site of maximal voltage difference was 

expressed as a proportion of the distance to the junction of the pharynx and the intestine, the 

values for K+ (0.86±0.03; n=11 nematodes), H+ (0.81±0.03, n=7), Na+ (0.83±0.05, n=13) and 

Ca2+ (0.80±0.03, n=7) were not significantly different. These results indicate that effluxes of all 

four cations peak at a single location on one side of the animal. There was no evidence of ion 

efflux from the mouth in any of the measurements, indicating that exposure to levamisole is not 

associated with leakage of the contents of the intestine or pharynx.  

Voltage gradients at each site were converted into concentration gradients as described in 

the Materials and methods and ion fluxes (pmol cm−2 s−1) were then estimated from the measured 

voltage differences using the Fick equation. Plots of the fluxes for each ion as a function the 

distance anterior or posterior from the site of maximal ion flux are shown in Fig. 2.2. K+ effluxes 

were restricted to a narrow zone of <50 µm anterior or posterior to the site of maximal flux. 
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Although this pattern was apparent for K+ fluxes for animals taken directly from the culture 

dishes, the maximal flux increased if nematodes were exposed to elevated K+ levels (Fig. 2.2A; 

89 mmol l−1) for periods of 40−150 min before SIET measurements. The high K+ conditions 

were produced by replacement of NaCl with KCl in M9 buffer. At distances of >100 µm 

posterior to the site of maximal efflux, K+ fluxes declined to small effluxes or, in a few 

nematodes, a small influx; the mean flux was 1.82±1.32 pmol cm−2 s−1 (n=10). H+ effluxes were 

restricted to a slightly wider zone, ~100 µm on either side of the site of maximal efflux (Fig. 

2.2B). However, H+ effluxes of 1–3 pmol cm−2 s−1 were measured at distances of 200 µm or 

more posterior to the site of maximal efflux. 

Localized Na+ fluxes were detected in less than half of the nematodes that were 

transferred directly from the culture medium (Fig. 2.2C). However, exposure of the nematodes to 

a high, but survivable (Choe and Strange, 2008), concentration of NaCl (400 mmol l−1) for 1.5–3 

h was associated with highly regionalized efflux, just anterior to the pharynx and consistent with 

the location of the excretory pore. However, there was also evidence of Na+ influx at regions 

more than ~100 µm posterior to the site of maximal efflux, consistent with inward transport of 

Na+ across the hypodermis at locations posterior to the excretory pore. The mean value of the 

influx was −20.4±2.7 pmol cm−2 s−1 (n=10 nematodes); values in nematodes taken directly from 

culture and those that had been preloaded with Na+ by exposure to 400 mmol l−1 NaCl for 1.5–3 

h did not differ and the results for both groups were therefore pooled. We also measured Na+ 

uptake across the hypodermis in animals bathed in a moderately hard reconstituted water 

(MHRW) (Khanna et al., 1997), which approximates the composition of soil water and contains 

2.1 mmol l−1 Na+. Measurements of nematodes taken directly from the culture medium indicated 

that Ca2+ fluxes were small and were not localized. However, effluxes of up to 25 pmol cm−2 s−1 
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were measured in nematodes that had been pre-incubated in saline containing 150 mmol l−1 NaCl 

and 20 mmol l−1 CaCl2 for 1–2 h. Effluxes were found primarily within a zone of ~75 µm 

anterior or posterior to the site of maximal efflux (Fig. 2.2D). Efflux declined to a mean value of 

0.63±0.29 pmol cm−2 s−1 at distances of >100 µm posterior to the site of maximal efflux. 

 

Discussion 

 Our SIET measurements thus provide direct evidence for localized efflux of K+, H+, Na+ 

and Ca2+ at a site on one side of the nematode just anterior to the pharynx. Since the duct leading 

from the excretory cell opens through a pore located just anterior to the pharynx on the ventral 

surface of the animal (WormAtlas, www.wormatlas.org), our working hypothesis is that the 

effluxes described in the Results are the output of the excretory cell. These measurements thus 

provide the first direct evidence for ion excretion from the excretory cell of C. elegans. Previous 

studies have inferred the contributions of the cell to ionoregulation by nematode swelling or 

mortality in response to variations in bathing medium ionic milieu when the functioning of the 

excretory cell was impaired by laser ablation (Nelson and Riddle, 1984). 

In addition to the finding that ion effluxes are highly localized, we have also shown that 

efflux is enhanced when the nematodes are exposed to high concentrations of K+, Na+ or Ca2+ 

prior to measurements with SIET. Our working hypothesis is that the excretory cell contributes 

to homeostasis through excretion of these ions when they are present to excess. K+ effluxes were 

clearly evident in nematodes taken directly from culture; we suggest that this reflects the high K+ 

content of the bacterial food of the nematodes (Richey et al., 1987). Although the efflux of Na+ is 

localized to a site consistent with the location of the excretory pore, Na+ influx occurs across 

regions of the nematode posterior to the pore, suggesting that the hypodermis is a site of Na+ 

uptake from the bathing medium. C. elegans is a soil nematode which may be exposed to 
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Na+-poor soil water. Under such conditions uptake of Na+ across the hypodermis may be an 

important contributor to Na+ homeostasis. The hypodermis is known to contain Na+ transporters 

such as the Na+/H+ exchanger homolog NHX-3 (Nehrke and Melvin, 2002) and SIET 

measurements may be of use in future experiments to characterize the functional roles of such 

transporters. We detected Ca2+ effluxes localized to the excretory pore only after the nematodes 

had been exposed to high levels of Ca2+ prior to SIET measurements. Previous studies have 

shown that a member of the TRPM protein family, GTL-2, acts within the C. elegans excretory 

cell to mediate the excretion of excess magnesium (Teramoto et al., 2010), but much less is 

known of the transporters involved in excretion of excess Ca2+. 

In summary, we believe that SIET provides a means to measure both excretion of ions 

from the excretory system as well as ion transport across the hypodermis. The small size of C. 

elegans has been a barrier to physiological measurements of salt and water homeostasis. We 

suggest that ion-selective microelectrodes and SIET provide a means of circumventing this 

barrier, allowing subsequent studies to exploit the powerful molecular genetic tools available for 

studies of water and ion homeostasis in this model organism.  
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Fig. 2.1. Representative scans showing voltage differences recorded by SIET at locations near the anterior 

end of adult Caenorhabditis elegans. Bathing saline ion concentrations for K+, H+, Na+ and Ca2+ measurements 

were 0.15 mmol l−1, 10−7 mol l−1, 0.15–3 mmol l−1 and 10−5 mol l−1, respectively. The white circle in each panel 

indicates the lumen of the posterior bulb of the pharynx. In each case, the microelectrode was first positioned within 

3–5 µm of the surface of the nematode, at the site indicated by the base of the outwardly-directed red arrows. The 

microelectrode tip was then moved to a second position 50 µm further away. The voltage difference was calculated 

from the voltages at inner and outer limits of microelectrode excursion. The length of the arrow corresponds to the 

mean voltage difference of three replicate measurements at each site. Voltage scales are provided in the top right of 

each panel. Scale bar for all images is shown in H+ panel for the nematode. 
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Fig. 2.2. Localization of ion fluxes in adult Caenorhabditis elegans. Fluxes (pmol cm−2 s−1) were calculated from 

ion-selective microelectrode voltage differences at 7–15 locations along the anterior 250–300 µm of each nematode. 

In each panel, data for a single nematode are denoted by separate symbols and lines. Positive values along the axis 

correspond to microelectrode positions anterior to the site of maximal efflux and negative values correspond to 

positions posterior to the site of maximal efflux. Control nematodes were transferred directly from NGM plates to 

the saline used for SIET measurements. (A, C) High K+ and high Na+, nematodes  were incubated for the indicated 

periods in K+-rich or Na+-rich saline, as described in the text, before transfer to the saline used for SIET 

measurements. (B) For H+ flux measurements, all nematodes were transferred directly from NGM plates to saline 

used for SIET measurements. (D) For Ca2+, all nematodes were incubated for 1–2 h in saline containing 150 mmol 

l−1 NaCl and 20 mmol l−1 CaCl2 before transfer to the saline used for SIET measurements. Each line indicates a 

single nematode. 
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CHAPTER THREE 

 

AMMONIA EXCRETION IN CAENORHABDITIS ELEGANS: MECHANISM AND 

EVIDENCE OF AMMONIA TRANSPORT OF THE RHESUS PROTEIN RHR-1 

 

*This chapter is published in the Journal Experimental Biology 

 

Adlimoghaddam, A., Boeckstaens, M., Marini, A. M., Treberg, J. R., Brassinga, A. K. C., & 

Weihrauch, D. (2015). Ammonia excretion in Caenorhabditis elegans: mechanism and evidence 

of ammonia transport of the Rhesus protein Rhr-1. Journal of Experimental Biology, 218(5), 

675-683. 

 

Abstract 

The soil-dwelling nematode Caenorhabditis elegans is a bacteriovorous animal, excreting 

the vast majority of its nitrogenous waste as ammonia (25.3±1.2 µmol gFW−1 day−1) and very 

little urea (2.1±0.04 µmol gFW−1 day−1). Although these roundworms have been used for 

decades as genetic model systems, very little is known about their strategy to eliminate the toxic 

waste product ammonia from their bodies into the environment. The current study provides 

evidence that ammonia is at least partially excreted via the hypodermis. Starvation reduced the 

ammonia excretion rates by more than half, whereas mRNA expression levels of the Rhesus 

protein Rhr-2, V-type H+-ATPase (subunit A) and Na+/K+-ATPase (α-subunit) decreased 

correspondingly. Moreover, ammonia excretion rates were enhanced in media buffered to pH 5 

and decreased at pH 9.5. Inhibitor experiments, combined with enzyme activity measurements 
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and mRNA expression analyses, further suggested that the excretion mechanism involves the 

participation of the V-type H+-ATPase, carbonic anhydrase, Na+/K+-ATPase, and a functional 

microtubule network. These findings indicate that ammonia is excreted, not only by apical 

ammonia trapping, but also via vesicular transport and exocytosis. Exposure to 1 mmol l−1 

NH4Cl caused a 10-fold increase in body ammonia and a tripling of ammonia excretion rates. 

Gene expression levels of Rhr-1 and Rhr-2, V-ATPase and Na+/K+-ATPase also increased 

significantly in response to 1 mmol l−1 NH4Cl. Importantly, a functional expression analysis 

showed, for the first time, ammonia transport capabilities for Rhr-1 in a phylogenetically ancient 

invertebrate system, identifying these proteins as potential functional precursors to the vertebrate 

ammonia transporting Rh-glycoproteins. 

 

Introduction 

Ammonia is the primary end product of cellular amino acid metabolism occurring in 

tissues of all animals. In the present study, NH3 refers to gaseous ammonia, NH4
+ to ammonium 

ions, and the term ‘ammonia’ is the sum of both molecules. In solutions, ammonia (pKa=9.2 to 

9.8) occurs in a pH-dependent equilibrium of uncharged, membrane-permeable NH3 and ionic 

NH4
+ (Cameron and Heisler, 1983). Because of its high pKa, the vast majority of ammonia exists 

in physiological solutions (i.e. body fluids), in the form of NH4
+. As recently summarized in 

detail by Larsen et al., 2014, ammonia in either form, NH3 or NH4
+, has multiple detrimental 

effects, which include disturbance of the energy metabolism (O’Donnell, 1997; Cooper and 

Plum, 1987; Wilkie, 1997), disruption of ionoregulatory capacity (Harris et al., 2001; Young-Lai 

et al., 1991) and immune competence in crustaceans (Le Moullac and Haffner, 2000) and has a 

number of severe negative effects on the central nervous system in mammals (Chan et al., 2000; 
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Knecht et al., 1997; Marcaida et al., 1992; Norenberg et al., 1997; Palomero-Gallagher and 

Zilles, 2013). Because of its toxicity, ammonia is usually rapidly excreted either directly (as in 

most aquatic animals) or is detoxified into less harmful nitrogenous molecules such as urea 

(mammals, adult amphibians, elasmobranchs) and uric acid (other terrestrials, birds) (Larsen et 

al., 2014). 

 Currently, investigations on ammonia excretion/transport mechanisms in invertebrate 

systems are rather scarce and consequently the mechanisms involved are not fully understood. 

From studies of the past few decades, it has become clear that three proteins are key for the 

transcellular transport of ammonia in animals, the Na+/K+-ATPase, the V-type H+ ATPase (V-

ATPase) and Rhesus (Rh) proteins. For the basolateral localized Na+/K+-ATPase, it was shown 

in 1960 by Jens Skou that this enzyme does accept NH4
+ as a substrate by replacing K+ ions 

(Skou, 1960) and thereby is capable of actively pumping NH4
+ from the body fluids into the 

respective ammonia-transporting epithelial cell. The direct participation of this pump in the 

ammonia transport mechanism has now been identified for numerous systems, including those in 

gills of crustaceans (Furriel et al., 2004; Masui et al., 2002; Weihrauch et al., 1998; Weihrauch et 

al., 1999), fish (Mallery, 1983; Nawata et al., 2010a; Wood et al., 2013), frog skin (Cruz et al., 

2013), mammalian kidney (Garvin et al., 1985; Wall and Koger, 1994) and intestine (Worrell et 

al., 2008). The second pump often, if not always, involved in the ammonia transport processes is 

the V-ATPase. This pump does not transport ammonia directly but generates, by acidifying one 

side of a given membrane, a partial pressure gradient for NH3, which can then diffuse along this 

gradient either directly through the lipid bilayer (Goldman and Rottenberg, 1973) or via Rh 

proteins, functioning as NH3-channels (Gruswitz et al., 2010). The participation of the V-ATPase 

in ammonia transport processes has been confirmed for many systems investigated so far, such 
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as those in the gills of crustaceans (Weihrauch et al., 2002), fish (Weihrauch et al., 2009; Wright 

and Wood, 2009), the epidermis of planarians (Weihrauch et al., 2012b), fish skin (Shih et al., 

2008) and for the ammonia-uptake mechanism in the lepidopteran midgut (Weihrauch, 2006). 

Finally, in the year 2000, Marini and co-workers discovered that members of the Rhesus protein 

family, when expressed in yeast are able to mediate ammonia transport (Marini et al., 2000). 

Subsequent functional expression analysis showed that the glycosylated members of the Rh 

protein family (Rhag, Rhbg, Rhcg) from mammals and fish are functional ammonia transporters 

(Ludewig, 2004; Mak et al., 2006; Marini et al., 2000; Nakada et al., 2010; Nawata et al., 

2010a,b; Zidi-Yahiaoui et al., 2005). For the human Rh protein RhCG, an X-ray crystallographic 

structure analysis revealed that this transporter forms a trimeric complex and each monomer 

promotes the passage of NH3 (Gruswitz et al., 2010). A role for Rh proteins in ammonia 

transport processes was also suggested in invertebrates. Indeed, in freshwater planarians 

(Weihrauch et al., 2012b), decapod crabs (Martin et al., 2011; Weihrauch et al., 2004b), insects 

(Weihrauch, 2006; Weihrauch et al., 2012a) and squid (Hu et al., 2013), an abundance of mRNA 

encoding Rh-like proteins was identified in the respective ammonia transporting epithelia. 

However, although all invertebrates investigated so far were found to express Rh proteins 

(Huang and Peng, 2005), no evidence of their ability to transport ammonia has been published to 

date. 

 The animal of interest in this study is Caenorhabditis elegans, a nematode that lives in 

temperate regions within the water film of soil particles. These roundworms are bacterivorous, 

feeding on various types of bacteria and thereby having a predictably high protein intake 

(Nicholas, 1975). To date, very little is known regarding the nitrogen excretion strategy in this or 

other nematodal species, with the exception of a study conducted approximately 50 years ago on 
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Caenorhabditis briggsae, a close relative of C. elegans, which indicated C. briggsae excretes 

predominantly ammonia and very small amounts of urea and uric acid (Rothstein, 1963). In 

nematodes, possible excretion routes include the gut, the nephridial system (excretory cell or H-

cell) and the integument. In C. elegans, genes coding for two Rh proteins, Rhr-1 and Rhr-2, have 

been identified. The two proteins are highly conserved and similar to the mammalian Rh-

glycoproteins. A transgenic analysis indicated that Rhr-1is predominantly expressed in the 

hypodermis, with lower levels of expression in other cell types (Ji et al., 2006). These findings 

suggest that the hypodermis possibly acts as a major site for ammonia excretion. The objective of 

this study is to further explore the ammonia excretion mechanism in terrestrial nematodes, 

employing C. elegans as a model system. Emphasis is given to the hypodermally expressed Rh 

protein Rhr-1, which was investigated using a yeast complementation assay. 

 

Material and methods 

Nematode cultivation 

The hermaphrodite wild-type Caenorhabditis elegans strain (N2) used in this 

investigation was obtained from the Caenorhabditis Genetics Center (CGC, University of 

Minnesota, Minneapolis). C. elegans was maintained in the laboratory on Nematode Growth 

Medium (NGM) seeded with Escherichia coli OP50 as a food source at 16 °C according to the 

standard methods described by Brenner (1974). 

 After 5 days of incubation, the chunking method was performed for transferring gravid 

nematodes from old to freshly seeded NGM plates for revitalization of the animals (Hope, 1999). 

After an incubation period of 2 days at 16 °C, animals were washed from the plates with M9 

buffer (22 mmol l−1 KH2PO4, 43.5 mmol l−1 Na2HPO4, 85.54 mmol l−1 NaCl and 3 mmol l−1 
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MgSO4, pH 7) and transferred aseptically into 250 ml of liquid medium (S-Basal: 43 mmol l−1 

KH2PO4, 5.6 mmol l−1 K2HPO4 and 97 mmol l−1 NaCl, 0.92 mmol l−1 citric acid monohydrate, 

8.81 mmol l−1 tri-potassium citrate monohydrate, 0.048 mmol l−1 disodium EDTA, 0.024 mmol 

l−1 FeSO4·7H2O, 0.015 mmol l−1 MnCl2·4H2O, 0.017 mmol l−1 ZnSO4·7H2O, 0.00097 mmol l−1 

CuSO4·5H2O, 2.92 mmol l−1 CaCl2 and 2.92 mmol l−1 MgSO4). The liquid culture medium (250 

ml) was enriched with ‘heat killed’ (100 °C, 1 h) E. coli OP50 originating from a 1 liter overnight 

culture (∼13×109 cells ml−1) as a food source. The liquid culture was incubated at room 

temperature and agitated (Innova 2000 platform-shaker, New Brunswick, Canada) at 200 r.p.m. 

for 3 days. Nematodes from this liquid culture were then subjected to subsequent experiments. 

All experiments on living nematodes were performed at room temperature (RT, 22 °C). 

 

Nitrogen excretion experiments 

Inhibitor and pH experiments 

In this set of short-term experiments (2 h treatment), the effect of various pH regimes and 

inhibitors on the ammonia excretion rates were investigated. Here 0.1–0.15 g of nematodes from 

liquid culture were washed twice with 16 ml control medium (22 mmol l−1 KCl, 129 mmol l−1 

NaCl, 1 mmol l−1 MgSO4, adjusted to pH 7 with HCl/NaOH) by centrifugation (188 x g, 2 min) 

with subsequent discharging of the supernatant. After the washing steps, animals were exposed 

either to 8 ml control medium, phosphate buffered M9 medium (pH 7), low pH medium [control 

medium enriched with 5 mmol l−1 2-(N-orpholino) ethanesulfonic acid (MES) adjusted to pH 5 

and 5.5] and high-pH medium (control medium enriched with 5 mmol l−1 Tris-HCl, pH 8.0, 8.5, 

9.5). For all inhibitor experiments, the control medium was enriched with a particular inhibitor 

and the pH adjusted to 7. Inhibitors (targets are given in brackets) were employed at the 
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following concentrations: 5 mmol l−1 acetazolamide (carbonic anhydrase); 2 mmol l−1 colchicine 

(microtubule network); 0.005 mmol l−1 concanamycin C (V-type H+-ATPase); 5 mmol l−1 

ouabain (Na+/K+-ATPase). Concanamycin C was dissolved in dimethyl sulfoxide (DMSO) with 

a final concentration of 0.5%. In these experiments, 0.5% DMSO was also added to the control 

solutions. Inhibitor concentrations were chosen to be within the range applied in comparable 

studies on other invertebrates (Weihrauch et al., 1998, 2012b, 2004a). Comparatively high doses 

were needed for acetazolamide and colchicine, probably because of the need to penetrate the 

apical membrane of the hypodermal syncytium. At the end of all experiments, nematodes were 

evaluated under the microscope for performance and survival under the influence of the 

respective inhibitor or pH treatments for at least 2 h. 

A first sampling was carried out following a 30 min pre-incubation period (200 r.p.m., 

RT). After the pre-incubation phase, nematodes were pelleted (188 x g, 1 min) and a 4 ml sample 

(out of 8 ml total) was taken to determine background ammonia. After re-suspension, the 

experiment continued with the remaining 4 ml for 1.5 h (200 r.p.m., RT) with subsequent 

sampling. All samples were frozen immediately at −80 °C for further ammonia analysis. 

Background ammonia values measured after the pre-incubation phase were subtracted from 

values gained at the final sampling step. At the end of each experiment, fresh weights (FW) of 

pelleted nematodes (1700 x g, 3 min) were determined to the nearest mg. 

 

Starvation and HEA 

In this series of experiments, 8 ml of the liquid culture (equals a total fresh weight of 

nematodes of ∼ 0.1–0.15 g) were transferred to a 15 ml tube and subsequently washed twice 

with 15 ml control medium (188 x g, 2 min). After the second wash, nematodes were cultivated 
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(250 g, RT) in 8 ml of sterilized control medium, enriched with ‘heat-killed’ E. coli OP50 for 24 

h. After a washing step (2×188 x g, 2 min) the medium was replaced, with either control medium 

(starved animals) or control medium enriched with ‘heatkilled’ E. coli OP50 (fed animals). 

Under these different conditions, nematodes were cultured (250 g, RT) for another 24 h. For 

HEA experiments, animals were starved as described above, but over the entire time period 

(2×24 h) the media was enriched with 1 mmol l−1 NH4Cl (HEA). At the end of the second 24 h 

period, nematodes were pelleted (1700 x g, 3 min) and the supernatant frozen immediately at 

−80 °C for further ammonia and urea analysis. After determination of the FW, nematodes were 

subjected to the RNA isolation procedure. 

 

Determination of ammonia and urea 

Body ammonia concentration 

Determination of body ammonia was modified from Veauvy et al. (2009) with the entire 

procedure performed on ice or in a refrigerated centrifuge. Frozen (−80 °C) nematodes (∼0.1–

0.15 g) were homogenized (Powermax AHS 200, VWR international, Radnor, PA, USA) in 10 

volumes of ice-cold 6% perchloric acid (assuming a 1 g ml−1 density of tissue). Homogenates 

were left on ice for 10 min to allow for deproteinization of the samples to occur. Homogenates 

were then centrifuged (5 min, 4 °C, 5000 x g). One milliliter of supernatant was then removed 

and stored at −80 °C for further urea analysis. The rest of the supernatant was neutralized with 

0.6 volumes of 2.5 mmol l−1 KHCO3. Neutralized samples were centrifuged (5 min, 4 °C, 16,000 

x g) and immediately analyzed for ammonia using a NH3-selective electrode (see below). 
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Determination of ammonia and urea in excretion experiments using an NH3-selective electrode 

Ammonia samples from excretion experiments were analyzed using a gas sensitive NH3 

electrode (Thermo Orion, Beverly, MA, USA) connected to a digital pH meter as described in 

detail by Weihrauch et al. (1998). For the parallel determination of ammonia (A) and urea (U), 

samples were split in half, SA and SU, as also described by Cruz et al. (2013). Sample A was 

analyzed for background ammonia concentration, whereas sample SU was treated with urease 

type III, employed at a final concentration of 10 units ml−1 (Sigma, St Louis, MO, USA) for 30 

min at room temperature to convert all urea into ammonia and CO2. The actual urea 

concentration in the sample was then calculated according to the following equation: 

UreaSample (SU _ SA)/2.                                                                                                              (1) 

Standard curves were prepared from the corresponding experimental solutions and all R2 values 

were greater than 0.98. Samples with high ammonia background (HEA experiments) were 

diluted 1:20 in control medium (pH 7). 

 

Determination of body urea 

After deproteinization (see body ammonia measurements), body urea was analyzed 

utilizing a colorimetric assay established by Rahmatullah and Boyde (1980). In brief, two parts 

sample or standard were mixed with one part assay reagents and incubated in a 100 °C water bath 

for 10 min. Samples were cooled and absorbance at 540 nm was spectrophotometrically analyzed 

on a microplate reader (Powerwave, BioTek, Winooski, VT, USA). Assay reagent concentrations 

were as follows: 1.2 mmol l−1 H2SO4, 0.33 mmol l−1 H3PO4, 13.7 µmol l−1 FeCl3, 0.61 nmol l−1 

thiosemicarbazide and 2.74 µmol l−1 diacetylmonoxime. Urea standards (0, 20, 40, 80, 100 and 

120 µmol l−1 urea) were always prepared fresh in deionized water. 
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Na+/K+-ATPase activity 

Control nematodes and nematodes acclimated for 48 h to 1 mmol l−1 NH4Cl were 

collected and frozen in −80 °C until processing for the respective enzyme activity assay. Frozen 

samples (0.6–0.8 g FW) were added to approximately 2–3 volumes of ice-cold homogenization 

buffer [150 mmol l−1 sucrose, 50 mmol l−1 imidazole, 10 mmol l−1 EDTA and 0.1% (w/v) sodium 

deoxycholate] and homogenized at 4 °C using three bursts (10 s each) using an Ultra-Turrax 

homogenizer. Samples were left to cool on ice between bursts. The homogenates were 

centrifuged at 5000 x g for 1 min at 4 °C and the supernatant was used then directly for the 

enzyme activity assays. The protein concentration of the supernatants was determined using the 

Biuret assay with bovine serum albumin as a standard.   

The activity of the Na+/K+-ATPase was assessed spectrophotometrically using an assay 

based on previous assays linking ADP formation to NADH oxidation (Gibbs and Somero, 1989; 

McCormick, 1993). Samples were added to a reaction buffer (pH 7.5 at 20 °C) containing 100 

mmol l−1 NaCl, 5 mmol l−1 MgCl2, 50 mmol l−1 imidazole, 3 mmol l−1 ATP, 2 mmol l−1 

phosphoenolpyruvate, 0.2 mmol l−1 NADH, 5 IU ml−1 pyruvate kinase and 4 IU ml−1 lactate 

dehydrogenase using either 10 mmol l−1 KCl or 10 mmol l−1 NH4Cl as the substrate. All assays 

were performed at 20 °C and the Na+/K+-ATPase activity was determined as the difference in the 

rate of absorbance change at 340 nm in the presence (Na+/K+-ATPase dependent activity) or 

absence (total ATPase activity) of 1 mmol l−1 ouabain in parallel cuvettes using a mmol l−1 

extinction coefficient of 6.2 for NADH. See also Cruz et al. (2013) for further details.                                                                                                             
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Respiration 

Nematodes were cultured under control conditions, pelleted and washed as described 

above, split into two and resuspended at 25–50 mg fresh mass per ml in either control medium or 

control medium supplemented with 2 mmol l−1 of colchicine in a total volume of 2 ml. 

Respiration was measured at 20 °C using an OxygraphY2K (Oroboros Instruments Corp., 

Innsbruck, Austria) under conditions of constant stirring. Oxygen consumption was monitored 

over 2 h, with periodic opening of the chambers to reoxygenate medium and prevent unwanted 

effects of hypoxia. Oxygen concentrations were determined assuming an oxygen solubility of 

0.9 for the medium relative to distilled water, to account for the effects of solutes on oxygen 

solubility, and automatically corrected for barometric pressure and assay temperature by the 

Oroboros software. The average for at least 10 min of linear oxygen consumption, between 

approximately 90 and 120 min after addition of nematodes to the chamber, was taken for each 

measurement to determine the rate of oxygen consumption per mg of fresh mass of nematodes. 

 

Quantitative PCR 

Total RNA was extracted under RNase-free conditions using the RNeasy plus Mini Kit 

(Qiagen Inc, Mississauga, Ontario, Canada). For cDNA synthesis, 0.3 µg total RNAwas treated 

with DNase I (Invitrogen, Carlsbad, CA, USA) to eliminate any genomic DNA contamination. 

Total RNA concentration of the samples were quantified and tested for quality by means of a 

NanoDrop 2000C spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). The 

DNase treated RNA was further checked for DNA contamination by a high-cycle (40 cycles) 

polymerase chain reaction (PCR) using the primer pair Actin-F/Actin-R (Table. 3.1). Treated 

RNA (0.3 µg) was reverse transcribed into cDNA (iScript™ cDNA Synthesis Kit, Bio-Rad, 
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Mississauga, Ontario, Canada). All primers used in qPCR were designed based on published 

sequences as indicated in Table. 3.1. Optimized PCR protocols for each primer pair gained a 

single amplicon of the predicted size (data not shown). In addition, PCR products were evaluated 

for accuracy by sequencing (Robarts Research Institute, London, Ontario, Canada). For qPCR 

(Miniopticon, Biorad, Mississauga, Ontario, Canada), standard curves were generated using a 

dilution series of known quantities (104, 103, 102, 101, 100, 10−1 fg DNA) of the respective 

purified PCR product (QIAquick Gel Extraction Kit, Qiagen, Mississauga, Ontario, Canada) of 

the target gene. A minimum R2 value of 0.98 was required for the standard curve. Real-time PCR 

assays were performed employing SSoFast™ EvaGreen supermix (Bio-Rad, Mississauga, 

Ontario, Canada) in a 15 µl assay. Single-product PCR was verified performing a melting curve 

analysis. 

 

Yeast complementation assay 

Specific primers (Table. 3.1) were designed to target the entire open reading frame (ORF) 

for C. elegans Rhr-1. These primers contained restriction sites for SpeI on the 5′ end and SmaI 

on the 3′ end, facilitating directional cloning into the yeast expression vector (pRS426- MET25). 

The ORF were amplified by Phusion high-fidelity DNA polymerase (Thermo Scientific, Ottawa, 

ON, Canada) and sequenced to confirm accuracy (Robarts Research Institute, London, Ontario, 

Canada). After digestion with SpeI and SmaI using the FastDigest kit (Thermo Scientific, 

Ottawa, ON, Canada), the PCR product and pRS426-MET25 vector were gel purified (QIAquick 

Gel Extraction Kit, Qiagen Inc, Mississauga, ON, Canada) and ligated with the DNA ligase kit 

(Promega, Madison, WI, USA). The ligation reaction was incubated overnight at 4 °C and used 

for transformation of competent E. coli DH5α cells. Vectors containing the Rhr-1 ORF were 
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isolated from the overnight culture using the Qiaprep Spin Miniprep kit (Qiagen, Mississauga, 

ON, Canada). Accuracy and orientation of the insert was confirmed by sequencing (Robarts 

Research Institute, London, Ontario, Canada). Saccharomyces cerevisiae strains used in this 

study are 23344c, ura3 (M. Grenson, personal communication) and 31019b, mep1Δ mep2Δ 

mep3Δ ura3 (Marini et al., 1997). They are isogenic with the wild-type Σ1278b (Bechet et al., 

1970). Cells were transformed by heat shock (42 °C) after permeabilization with acetate lithium 

(100 mmol l−1) treatment (Gietz et al., 1992). Cells were grown in a minimal buffered (pH 6.1) 

medium with 3% glucose as the carbon source (Jacobs et al., 1980). To this medium, nitrogen 

sources, such as 6.8 mmol l−1 or 3 mmol l−1 ammonium [(NH4)2SO4] were added as specified in 

the text. 

 

Chemicals 

Ammonium chloride, Tris hydrochloride and MES were purchased from Fisher Scientific 

(Ottawa, Ontario, Canada). If not stated otherwise, all other chemicals were purchased at 

analytical grade from Sigma-Aldrich (St Louis, MO, USA). 

 

Statistics 

In this study, each N value represents the combined pooled nematodes with a mass of ∼ 

0.1 g. Values from all experiments specified as the mean±S.E.M. All statistical analyses were 

performed using PAST3 (http://palaeoelectronica.org/2001_1/past/issue1_01.htm; Hammer et 

al., 2001). All data sets for comparison of multiple means were first tested for normal 

distribution with the Shapiro–Wilk test (α=5%), followed by log-transformation in case the null-

hypothesis (H0=data is normally distributed) had to be rejected. Levene’s test was performed to 
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ensure homogeneity of variance. Because data for Figs 3.3 and 3.7 were not normally distributed 

(before and after log transformation) and/or homogeneity of variance was not given, the 

Kruskal–Wallis test was applied with post hoc Mann–Whitney pairwise comparisons. For all 

other experiments, an unpaired Student’s t-test was applied. All results were considered 

significant at p≤0.05. The statistical method used in each particular experiment is given in the 

respective figure legends. 

 

Results 

Feeding and starvation 

In control (fed) nematodes, daily urea excretion rates (control medium, non-buffered, pH 

7) were about 10 times lower than ammonia excretion rates (Fig. 3.1A and 3.1B). Under fed 

conditions, high metabolic loads of ammonia, high excretion rates and high mRNA expression 

levels of involved transporters are assumed, which should alter when internal ammonia loads are 

lower during starvation. When animals were deprived of any food source for 24 h, daily 

ammonia excretion rates substantially decreased approximately by 72%, when compared with 

animals fed over the respective 24 h time period (Fig. 3.1A). In contrast, urea excretion rates did 

not change during starvation (Fig. 3.1B). Compared with control conditions, a mRNA expression 

analysis revealed that starvation caused down-regulation of transcript levels encoding the Rhr-2 

protein, the subunit A of V-ATPase (hypodermal expressed isoform 8) and the α-subunit of the 

Na+/K+-ATPase, whereas expression levels of Rhr-1 remained unchanged (Fig. 3.2). For 

comparison, quantitative PCR analyses revealed that for control nematodes, the highest mRNA 

expression levels were noted for the Na+/K+-ATPase (α-subunit), followed by the subunit A of 

the V-ATPase, Rhr-1 and Rhr-2 with, respectively, 10.57±1.64, 4.0±0.24, 0.39±0.019 and 

0.03±0.0031 fg cDNA ng−1 total RNA (mean±S.D.). 
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Ammonia excretion mechanism 

In order to evaluate whether ammonia trapping was involved in the excretion mechanism, 

the ammonia excretion rates were monitored when animals were exposed in short-term 

experiments to various environmental pH regimes. When compared with control experiments 

(non-buffered medium, pH 7), the ammonia excretion rates remained unchanged in media 

buffered to pH 5.5, 7 (M9 medium) and 8, but increased when animals were placed in medium 

buffered to acidic pH 5 (Fig. 3.3). A decrease in the excretion rate by ∼33% and 45% was 

observed in an alkaline medium buffered to pH 9 and 9.5, respectively.  

Pharmacological experiments were conducted to investigate the participation of enzymes 

and mechanisms, commonly found elsewhere to be involved with ammonia excretion, in 

invertebrates. Ammonia excretion rates in control nematodes were found to be very consistent 

between experiments with an average of 3.3±0.19 µmol gFW−1 h−1 (n=20). Rates were reduced 

by ∼28%, 61%, and 26% when the control medium was enriched by 5 µmol l−1 concanamycin C, 

5 mmol l−1, acetazolamide, and 2 mmol l−1 colchicine targeting the V-type H+-ATPase, carbonic 

anhydrase and microtubule network, respectively. No inhibition was detected when 5 mmol l−1 

ouabain was applied to target the Na+/K+-ATPase (Fig. 3.4). 

The pharmacological experiments suggested that the Na+/K+-ATPase is not involved in 

the ammonia excretion process. In order to validate this result, enzyme activity assays were 

conducted, revealing that in control nematodes, the Na+/K+-ATPase does accept NH4
+ as a 

substrate with a slightly lower but insignificant reduction in activity rate when K+ was replaced 

by NH4
+ (Fig. 3.5). 

In addition, to determine whether the effects observed upon the application of colchicine 

were due to an overall reduction in metabolic rate, respiration rates were measured in control 
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animals and in nematodes exposed to 2 mmol l−1 colchicine. The respiration rate decreased over 

2 h, independent of the presence of colchicine; however, the rate of control nematodes (60±11 

pmol O2 min−1 mg wet mass−1) was not different (p=0.29; n=4, paired Student’s t-test) from the 

rate of nematodes exposed to colchicine (74±22 pmol O2 min−1 mg wet mass−1). 

 

Functional expression of Rhr-1 

Sequence analysis of Rhr-1 (GenBank accession number: NM_072035) showed that this 

463 amino acid protein has 12 predicted transmembrane domains (Ji et al., 2006) with an N-

glycolysation site at residue 276 (Prosearch in Biology WorkBench) (supplementary material, 

Fig. S3). A sequence alignment of Rhr-1 with Rh proteins from mammals, tunicates and other 

invertebrates including Rhr-2 (the second Rh protein in C. elegans), revealed that all Rh proteins 

from these diverse animal groups contain the conserved AA residues (supplementary material, 

Fig. S3) that are important for ammonia conductance (Zidi-Yahiaoui et al., 2009). In order to 

evaluate the role of Rhr- 1 in ammonia transport, functional expression analysis was performed 

using a yeast-complementation assay. Saccharomyces cerevisiae cells lacking their three 

ammonium transport systems (triple-mepΔ) are unable to grow on ammonium supplied as the 

sole nitrogen source at a concentration below 5 mmol l−1 (Marini et al., 1997). As seen in Fig. 

3.6, triple-mepΔ cells expressing Rhr-1 were able to grow on ammonium after 4 days, in contrast 

to triplemepΔ cells, which do not express Rhr-1. Growth of triple-mepΔ cells expressing Rhr-1 

on ammonium is similar to the growth of triple-mepΔ cells expressing HsRhCG, previously 

described as an ammonium transport protein (Marini et al., 2000). These results indicate that 

Rhr-1 is also able to transport ammonium in yeast. Of note, similar growth was observed for all 

the strains in the presence of glutamate as a nitrogen source (the positive growth control). 

 



68	  
	  	  

High environmental ammonia 

In order to investigate the physiological response to elevated environmental ammonia 

levels, nematodes were exposed for 24 h to various high environmental ammonia (HEA) 

concentrations (with no food source supplemented during this time period). Compared with 

control levels, excretion rates decreased in the presence of 100 and 200 µmol l−1 NH4Cl, but 

roughly doubled and tripled when nematodes were exposed to 500 and 1000 µmol l−1 NH4Cl, 

respectively (Fig. 3.7). Moreover, when animals were exposed for 2 days to 1 mmol l−1 HEA 

(with no food source supplemented for the second day) body ammonia increased∼10-fold, 

whereas body urea content only slightly increased (p=0.066) (Fig. 3.8). Furthermore, a 2 day 

exposure to 1 mmol l−1 HEA caused a significant increase of mRNA expression levels of Rhr-1, 

Rhr-2, V-ATPase (subunit A) and the α-subunit of the Na+/K+-ATPase (Fig. 3.9). 

Simultaneously, the activity of the Na+/K+-ATPase, increased in ammonia-exposed animals∼2-

fold, regardless of whether K+ or NH4
+ was provided in the assay as a substrate (Fig. 3.5). 

 

Discussion 

Feeding and starvation 

Caenorhabditis elegans is a soil nematode that feeds continuously on bacteria (Abada et 

al., 2009). Therefore, in most experiments the fed state was considered as the control state. The 

obtained data confirmed that the nematodes are ammonotelic, as previously documented for C. 

briggsae (Rothstein, 1963), excreting roughly 10 times more ammonia than urea. Ammonia 

excretion rates were similar when compared with the relatively small freshwater planarian 

Schmidtea mediterrana (Weihrauch et al., 2012b) after feeding.  
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In the current study, the mRNA expression levels of Rhr-2, V-ATPase (subunit A) and 

Na+/K+-ATPase (α-subunit) in non-fed/starved animals were significantly lower in comparison to 

expression levels detected in feeding animals. A similar response was reported for V-ATPase 

and Rh protein mRNA expression levels in fed and starved planarians (Weihrauch et al., 2012b) 

and for V-ATPase and Rhcg2 in gills of fed and 48 h fasted freshwater trout (Zimmer et al., 

2010). Since expression levels of Rhr-2, Na+/K+-ATPase (α-subunit) and V-ATPase (subunit A) 

(Fig. 3.2) are positively correlated with the ammonia excretion rates, this is a first indication, that 

these transporters at least are involved in the ammonia excretion and/or handling process in the 

nematodes. Rhr-1, which is predominantly localized within the hypodermis but also in other 

tissues (Ji et al., 2006) did not respond to the putatively higher systemic ammonia load after 

feeding. Compared with Rhr-2, Rhr-1 showed, under control conditions, ∼10 times higher 

mRNA expression levels, suggesting that this protein serves as a housekeeping gene capable of 

dealing with normal physiological fluctuations of internal ammonia loads. In fact, Rhr-1 is 

crucial in nematode embryonic development (Ji et al., 2006), underlining the overall importance 

of this gene. 

 

Ammonia excretion mechanism 

Exposing C. elegans for 2 h to a low-pH environment (Fig. 3.3) caused a significant 

increase in ammonia excretion, suggesting ammonia excretion across the hypodermis via 

ammonia trapping as observed in the epidermis of freshwater planarians (Weihrauch et al., 

2012b) and in the gill epithelia of fresh and seawater fish (Larsen et al., 2014; Weihrauch et al., 

2009; Wright and Wood, 2009). The pharmacological experiments confirmed the participation of 

a V-ATPase and the carbonic anhydrase in the ammonia excretion mechanism. Further support 
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for the ammonia trapping theory comes from a related study, which shows direct proton 

excretion via the hypodermis of C. elegans using the selective ion electrode technique 

(Adlimoghaddam et al., 2014). The multilayered cuticle could act here as an ‘unstirred apical 

boundary layer’ (Peixoto and De Souza, 1995). However, little change in the excretion rate 

within the pH range 8 to 5.5 also suggests that ammonia trapping in conjunction with an apical 

NH3 pathway plays only a partial, possibly rather minor, role in the overall ammonia excretion 

mechanism. 

Interestingly, ammonia excretion also depended at least partially on a functional 

microtubule network, as evident from the application of colchicine, which caused a reduction in 

the excretion rates. The current study therefore suggests that ammonia is trapped in acidified 

vesicles, which are then transported along the microtubule network to the apical membrane, 

where NH4
+ is released by exocytosis. Such a mechanism would keep cytoplasmic ammonia 

concentration low to avoid potentially toxic effects. This has been described so far only for 

invertebrate systems, including active branchial ammonia excretion in the green shore crab 

Carcinus maenas (Weihrauch et al., 2002), and for active ammonia uptake in the midgut of the 

tobacco hornworm Manduca sexta (Weihrauch, 2006). Of note, a vesicular microtubule 

dependent mechanism for ammonia excretion would make this soil dwelling organism rather 

independent of the quite variable environmental pH (Brady and Weil, 2008). This could explain 

the invariant ammonia excretion rates when the nematodes were placed in a buffered alkaline pH 

environment of 8.0 (Fig. 3.3), creating a situation where the partial pressure gradient for NH3 is 

reversed, assuming a physiological cytoplasmatic pH of ∼7.2–7.8. In organisms where no 

microtubule-dependent ammonia excretion mechanism is in place, ammonia excretion is 

hampered in alkaline environments, as observed in freshwater planarians (Weihrauch et al., 
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2012b) and leeches (Quijada-Rodriguez, personal communication). For basal ammonia uptake 

into the hypodermis, the obtained data indicate a participation of the Na+/K+-ATPase, which is 

supported by the finding that the enzyme does function unperturbed when NH4
+ was given as a 

substrate instead of K+ along with Na+, Mg2+ and ATP. The lack of effect on whole animal 

ammonia excretion upon the application of ouabain could be explained by the basal ‘hard-to-

reach’ localization of the pump. As mentioned in the Introduction, the Na+/K+-ATPase is usually 

a key player in transepithelial ammonia transport processes (Larsen et al., 2014). 

 

Functional expression of Rhr-1 

The results in the current study show that the hypodermally expressed Rhr-1 protein is 

capable of mediating transport of ammonia when expressed in yeast: a finding that has not been 

published for any other invertebrate species to date. The fact that invertebrates are 

phylogenetically much older than vertebrates (Huang and Peng, 2005) underlies the general 

importance of this result, showing that the so-called primitive Rh proteins (Rh-Ps) could indeed 

be functional precursors of the vertebrate Rh-isoforms Rhag, Rhbg and Rhcg. As reported for 

many other Rh proteins, e.g. from the green crab Carcinus maenas (Weihrauch et al., 2004b), the 

Dungeness crab Metacarcinus magister (Martin et al., 2011), the rainbow trout Rhbg (Nawata et 

al., 2007) and the human RhCG (also called RhGK or PDRC2, GenBank accession number: 

AF081497), Rhr-1 also has 12 predicted transmembrane domains in its amino acid sequence. An 

amino acid alignment (supplementary material, Fig. S3) further confirmed that the amino acids 

presumably important for the ammonia conductance, as shown for the human RhCG (Zidi-

Yahiaoui et al., 2009), are also conserved in Rhr-1. One exception is that V231 of Rhr-1 showed 

more variability in ammonia-conducting residus than other (supplementary material, Fig. S3). 
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The high abundance of Rhr-1 in the hypodermis (Ji et al., 2006), as well as the shown 

ammonia transport capacity of the protein strongly suggests that this transporter plays a 

significant role in the hypodermal ammonia excretion mechanism. Since considerably higher 

mRNA expression levels of Rhr-1 were determined in comparison to those of Rhr-2, the authors 

of the current study speculate a rather basal localization of the transporter, similar to the 

vertebrate Rhbg/RhBG. Indeed, higher mRNA expression levels were found for Rhbg/RhBG in 

the ammoniatransporting frog skin (Cruz et al., 2013) and also for the mammalian intestine 

(Handlogten et al., 2005) and fish skin (Nawata et al., 2007). Future studies must confirm both 

the cellular localization of Rhr-1 and Rhr-2 in the hypodermis and the ammonia transport 

capabilities of Rhr-2. 

 

Effects of high environmental ammonia 

When animals starved for 24 h were exposed to sub-lethal high concentrations of 

ammonia (0.5 and 1 mmol l−1), ammonia excretion rates increased significantly compared with 

controls (Fig. 3.7). This increase was accompanied by an augmentation of expression levels of 

genes important for ammonia excretion (Fig. 3.9), providing proper elimination of the ammonia 

load. Simultaneously, levels of body ammonia increased substantially by about 900%, whereas 

levels of body urea did not change (Fig. 3.8). Increased levels of body ammonia due to an 

extended exposure to 1 mmol l−1 ammonia was also observed in the freshwater planarian 

Schmidtea mediterranea (Weihrauch et al., 2012b), however, with only a doubling of the body 

ammonia content. A similar high increase in levels of body ammonia was detected in rainbow 

trout embryos when exposed for 2 days to ∼1.7 mmol l−1 ammonia (Sashaw et al., 2010); 

however, this increase was accompanied with an enhanced ammonia uptake, not ammonia 
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excretion. The reduced ammonia excretion observed when nematodes were exposed to fairly low 

environmental ammonia concentrations (0.1 and 0.2 mmol l−1) could possibly be explained by a 

decrease or even a reversal of the ammonia gradient from the animal to the environment, 

assuming extracellular ammonia concentrations are somehow similar (100–200 µmol l−1) to 

values found other ammonotelic invertebrates (Weihrauch et al., 1999). Under such 

circumstances, active or secondarily active ammonia excretion could well be hampered, as 

shown for the gills of decapod crustaceans (Weihrauch et al., 1999). 

 

Preliminary model for the hypodermal ammonia excretion mechanism in the soil nematode C. 

elegans 

Because the functional Rhr-1 ammonia transporter is expressed predominantly in the 

hypodermis (Ji et al., 2006) and environmental applied inhibitors have a direct effect on the 

ammonia excretion rates, it is assumed that at least a certain portion of the overall metabolic 

ammonia load is excreted via the hypodermis. The obtained data suggest that ammonia from the 

body fluids is actively transported via the Na+/K+-ATPase into the cytoplasm of the hypodermal 

syncytium where part of the ammonia is trapped into acidified vesicles, which are then 

transported along the microtubule network to the apical side for release of NH4
+ by exocytotic 

processes. In addition, an apical V-ATPase is thought to generate a partial pressure gradient for 

NH3 by acidifying the unstirred space within the cuticle, driving NH3 out via an NH3-permeable 

pathway, possibly by Rhr-2. The data further suggest that a cytoplasmic carbonic anhydrase 

provides protons for a V-ATPase, which is localized in the apical membrane of the hypodermis 

and also in the membrane of intracellular vesicles. Basal entrance of NH3 and, because of its 

assumed dual transport characteristics (Perry et al., 2010) possibly also CO2, is probably 
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mediated by Rhr-1. The cellular localization of the two Rh proteins in C. elegans is, however, 

speculative and requires further study. Involvement of a sodium–proton exchanger (NHE), which 

could also participate in acidifying the unstirred layer over the apical membrane, has not been the 

subject of this study. In C. elegans, the hypodermal expressed sodium/proton exchanger NHX-3 

is not localized in the apical membrane, but rather in intracellular vesicles (Nehrke and Melvin, 

2002). In addition, in a parallel study, we gathered some evidence that NHEs are not likely to be 

involved in the ammonia excretion mechanism in C. elegans (Adlimoghaddam et al., 2014). 
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Fig. 3.1. Ammonia and urea excretion rates of C. elegans under fed and starved (24 h) conditions. (A) 

Ammonia excretion. (B) Urea excretion. Data represent means±S.E.M. and were analyzed employing an unpaired, 

two-tailed Student's t-test (n=4–5); *p≤0.05. 
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Fig. 3.2. Changes of mRNA expression levels of Rhr-1, Rhr-2, V-ATPase (subunit A) and Na+/K+-ATPase (α-

subunit) in C. elegans under fed and starved (24 h) conditions. Rhr-1, n=4–5; Rhr-2, n=5; V-ATPase (subunit 

A), n=4–5; Na+/K+-ATPase (α-subunit), n=4–5. Absolute mRNA expression levels of fed animals were set to 1 

while values measured under starved conditions are given as ‘fold change’ of the respective control. *Significant 

differences between treatments (p≤0.05). Data represent means±S.E.M. and were analyzed using an unpaired, two-

tailed Student's t-test prior to calculation for fold change values. 
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Fig. 3.3. Ammonia excretion rates of C. elegans in media adjusted and buffered to various pH regimes. 

Control conditions are un-buffered control medium (pH=7). Data represent means±S.E.M. For statistical analysis, a 

Kruskal–Wallis test was applied with post hoc Mann–Whitney pairwise comparisons (n=4–6). Significant 

differences are indicated by different letters.  
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Fig. 3.4. Effects of different inhibitors on ammonia excretion rates in C. elegans. Control values for each 

treatment were set to 1, with values measured under the influence of the inhibitors are given as ‘fold change’ of the 

respective control. The concentrations of the inhibitors were: concanamycin C, 5 µmol l −1 (n=5–6); acetazolamide, 

5 mmol l−1 (n=5–6); ouabain, 5 mmol l−1 (n=6); colchicine, 2 mmol l−1 (n=5–6). Data represent means±S.E.M. and 

were analyzed employing an unpaired, two-tailed Student's t-test prior to calculation for fold change values. 

*p≤0.05. 
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Fig. 3.5. Specific activity of the Na+/K+-ATPase in C. elegans exposed to control conditions or acclimated for 

48 h to 1 mmol l−1 NH4Cl (HEA). Either 10 mmol l−1 KCl or 10 mmol l−1 NH4Cl was used as substrate in the assay. 

Control nematodes, n=5–6; nematodes acclimated for 48 h to 1 mmol l−1 NH4Cl (HEA), n=5–6. *Significant 

differences between control nematodes and HEA acclimated nematodes (p≤0.05). Data represent means±S.E.M. and 

were analyzed employing an unpaired, two-tailed Student's t-test. 
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Fig. 3.6. Growth tests of S. cerevisiae yeast cells on solid minimal medium. Medium contained 3 mmol l−1 

(NH4)2SO4 or 6.8 mmol l−1 glutamate (positive growth control) as the sole nitrogen source. Wild-type cells (23344c) 

were transformed with the empty p426 vector (-) and, triple-mepΔ cells (31019b), deprived of the three endogenous 

Mep proteins, were transformed with the empty p426 vector (-) or, with a multi-copy plasmid (p426) bearing the 

HsRhCG, or CeRhr1 genes. Cells were incubated for 4 days at 29 °C. 
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Fig. 3.7. Ammonia excretion rates of C. elegans acclimated for 2 days to various NH4Cl concentrations. 

Excretion was measured in the corresponding NH4Cl concentration (n=4–5 for each condition). Control conditions 

were un-buffered control medium (pH=7, no NH4Cl added). Data represent means±S.E.M. For statistical analysis, a 

Kruskal–Wallis test was applied with post hoc Mann–Whitney pairwise comparisons. Significant differences are 

indicated by different letters. 
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Fig. 3.8. Ammonia and urea body content in C. elegans. (A) Ammonia body concentration and (B) urea body 

concentration in control nematodes (n=5–6) and nematodes acclimated for 2 days to 1 mmol l−1 NH4Cl (n=6). Data 

represent means±S.E.M. and were analyzed with an unpaired, two-tailed Student's t-test. *p≤0.05.  

 



83	  
	  	  

 

 

Fig. 3.9. Changes in mRNA expression levels of Rhr-1, Rhr-2, V-ATPase (subunit A) and Na+/K+-ATPase (α-

subunit) in C. elegans. CeRhr-1 (n=3–5), Rhr-2 (n=4–5), V-ATPase (subunit A) (n=4–5) and Na+/K+-ATPase (α-

subunit) (n=4–5) in control C. elegans and nematodes acclimated for 2 days to 1 mmol l−1 NH4Cl (HEA). Data 

represent means±S.E.M. and were analyzed with an unpaired, two-tailed Student's t-test prior to calculation of fold 

change values. *p≤0.05. 
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A. aegypti Rh50GP2               --------------------MSSLGSSVCGYVLLLLVQIVLIIVFGFFTNYSKELLPINTI---------NGTTV  
M. sexta Rh-like                 ---------------------MVLKYSAMKYSPVLVVQLILMVLFFIFVRYGDEKE-------------------  
T. rubripes Rhcg2*               ----MGNFFGRQR---------NAYVRVSLPAVCFVWQIAMIILFGVFIRYNEESDAHWVE-------HKKTNNI  
H. sapiens RhCG*                 ----------MAW---------NTNLRWRLPLTCLLLQVIMVILFGVFVRYDFEADAHWWS-------ERTHKNL  
C. intestinalis_Rh-like          MCLRCPIFPYMVRYILKHLFFAHSNTRGKATALLLVAQAILLVLFGLFVDYDVAAGPRNNS-------LTTHTTL  
C. gigas Rh-like                 ---------------------MATVKSMRLIIPLAIVQIVFLIIFGIKIEYHETAKP--------------VDTV  
M. magister_Rh-like              ----------------------MKLSHVHGFLALG-VQVAFFILFCAFVRYHPDAHARYHPLVNGSELENELDHY  
C. elegans Rhr-2                 --------------------MWSVLHRRQFAIIAGLMQTVFIVLFAKYVKYIDP--LD--------------DSR  
C. elegans Rhr-1*                --------------------MRSPLHQNQLTLILGLFQVVFLVIFALYGSYDASALPS--------------ETK 
 
 
A. aegypti Rh50 GP2              EEMEEETPLAKYPHFQDIHVMIFIGFGFLMTFLKRYGFSATGLNLLVAALAIQWAIVMRGCYVMEGGK---IPLS  
M. sexta Rh-like                 ---------AHVRGFEGTHVMIFVGFGFLMTFLKKYCYSALGFNWLLAALVIQWALLCQSFFTMKDNT---IYIT  
T. rubripes Rhcg2*               TSDIENDFYYRYPSFQDVHVMIFVGFGFLMTFLKRYSFGGVGFNFLIAAFGIQWALLMQGWFHFLDHSTGKIYIG  
H. sapiens RhCG*                 S-DMENEFYYRYPSFQDVHVMVFVGFGFLMTFLQRYGFSAVGFNFLLAAFGIQWALLMQGWFHFLQDRY--IVVG  
C. intestinalis_Rh-like A        --------HYYPIYQDVHVMMLIGFGFLMTFLKRHGFGSVGFNFLLTCYVIEWSTLVNGWFGMIGSNEGRILID  
C. gigas Rh-like                 K---PSIVGGLYPSFQDVHVMIYIGFGFLMTFLKRYGYSAVSINLLLASFCAQWAIIVR---AAISGN---WTVG  
M. magister_Rh-like              KSDDPWIHSKSYPMFQDVHVMIFIGFGFLMMFLKRYGLSAVGLNFMIAALCLQWAILVNGFFHLKKGT---IVVD  
C. elegans Rhr-2                 RVYSGT----DYPLFQDVHLMIFVGFGFLMAFLKRYGFSAVSVNLLLSAFVIQFAMLLRGFMTVAFQETGLFSIG  
C. elegans Rhr-1*                NVEEAARMTNLYPLFQDTHVMIFIGFGFLMTFLKRYGFSAVSINMLLAVFTIQWGIIVRGMASAHHGFK--FTIS  
 
 
A. aegypti Rh50 GP2              LDNLIGADIAAAAVLISMGALLGRTTPMQLLVMTIFEIAIFAANEFLQ----VDLMRIADVGGSITVHAFGAYFG  
M. sexta Rh-like                 KKSLLEADIMSATVLITFGALLGVATGLQLLFIAIVETVIACLNLWLV----TDVFKAADVGGSIAIHTFGAYFG  
T. rubripes Rhcg2*               VENLINADFCVAGSLIAYGALLGKVSPVQLLVLTLFGVTLFAVEEYI----ILHLLHCRDAGGSMVIHAFGGYYG  
H. sapiens RhCG*                 VENLINADFCVASVCVAFGAVLGKVSPIQLLIMTFFQVTLFAVNEFI----LLNLLKVKDAGGSMTIHTFGAYFG  
C. intestinalis_Rh-like          IKSLLEADFAVAAVLISFGAILGVASPVQLIVMATIEVVCYNVSIYVGIHPLLTYIQVTDVGGSMFIHAFGAYFG  
C. gigas Rh-like                 VMEMLTADFAAATILISFGAVLGKTGPLQLLIMACIEIVLAQVNEHIG----VHILHTADVGESMFIHAFGAYFG  
M. magister_Rh-like              LNAMLGADFTAAAVLISFGVLLGKTTPTQLIVLALMEIPLFAVNEVIG----RSYFGAIDMGDSMFVHVFGAYFG  
C. elegans Rhr-2                 IPEMISAESSCAAVLITMGVLLGRLTPVQFLLLAFFETGINVLVEHYV----FNYLHVNDSGRSLSVHTFGAYFG  
C. elegans Rhr-1*                LEQLLTADFAAAVILISMGAMLGKLSPSQYVIMAFFETPVALIVEHIC----VHNLQINDVGGSIIVHAFGAYFG  
                                     Ω                                                      Δ       £  
                                                                                           G  
 
A. aegypti Rh50 GP2              LAVSFVLRPNKENCKT----G------PMECSSYSSDITAMIGTVFLWIFWPSFNSALVDG-AEQERAIINTYLS  
M. sexta Rh-like                 LGVSMALRFRREDTTTPMNNGNPAPVVDLNGASYTSDVTAMIGSIFLWIYWPSFNSGLTNSDAEYQRAVINTYLS  
T. rubripes Rhcg2*               LGISWVLYRPNLHQSK-----------RLHGSVYHSDVFAMIGTLFLWMFWPSFNSAITDHGDGQHRAAINTYLG  
H. sapiens RhCG*                 LTVTRILYRRNLEQSK-----------ERQNSVYQSDLFAMIGTLFLWMYWPSFNSAISYRGDSQHRAAINTYCS  
C. intestinalis_Rh-like          LAVARVLYKKSQTLSK-----------N-EGSEYHSDIFAMIGTLFLWLYWPSFNAGPAS-GTERHRAVINTVLS  
C. gigas Rh-like                 LAVARVLYSEDIERAS-----------GKEGAVYHSDLFSMIGTVFLWLYWPSFNGGAVE-GDQQHRAFINTYLS  
M. magister_Rh-like              LAVSLMLHRRDAS--T-----------EKEGSSYQSDLFAMIGTVFLWLYWPSFNAGAAP-GDDQHRGIINTYIS  
C. elegans Rhr-2                 LAAACVGHKKNVMEMD------------EHGGIHHSDLFSMIGTLLLWVFFPSFNAAIQEPEDARHRAIMNTYLA  
C. elegans Rhr-1*                LACAKGFGKKEQRGHT------------NEGSTYHTDIFAMIGAIFLWIYWPSFNAAVAATDDARQRAVANTFLS  
                                                                                      Ω   Δ  
 
A. aegypti Rh50 GP2              LAGATVTTYIMSVMVS-HEKKFDMVHVQNSTLAGGVAVGSICNLLIHPFGAILVGVIAGVISVLGYRFLTPAMLS  
M. sexta Rh-like                 LAAATVTAFVMSSAVNKHPGRFDMVHIQNSTLAGGVAVGSVCNMHIGAGGAMAIGIGSGLLSVIGYRYLTP-RLT  
T. rubripes Rhcg2*               LASCVLTTVALSSMHD-KRGRLDMVHIQNATLAGGVAMGTAAEFMISPYGALIVGFCCGIISTFGYLYVTPFLEK  
H. sapiens RhCG*                 LAACVLTSVAISSALH-KKGKLDMVHIQNATLAGGVAVGTAAEMMLMPYGALIIGFVCGIISTLGFVYLTPFLES  
C. intestinalis_Rh-like          LSACTVVTFALSAVTD-KKNKLDMVHIQNATLAGGVAIGASADLIVQPFGALLVGSTAATVSTLGFRYLQPVLQR  
C. gigas Rh-like                 LLACTVTTFIVSSLVD-KRGKFDMVHIQNATLAGGVAVGTSAHMPIQPWGAMLLGTTAGIISVLGYKYLTPLMAS  
M. magister_Rh-like              LAACCLTTFALSTLLD-KHKKFDMVHVQNSTLAGGVAVGTAADLMIHPWGAALIGILAALVSVCGYMFLTPLLAS  
C. elegans Rhr-2                 MASGTVTTFMISSCVD-TLGRFNMIHIQSSTLAGGVAIGSSANAVLHPYHAVIVGVIAALLSVIGHAWISPRLER  
C. elegans Rhr-1*                LCACTMTTFLVSQAVD-KHKRFDMVHIANSTLAGGVAIGTTANVVLEPYHAMIIGVIAGAVSVIGYKYITPFLSE  
                                                             $ 
                                                             G  
A. aegypti Rh50 GP2              KLRISDTCGVNNLHGMPALLSAVFSGIYASVATSEAYGNSLTSIFPAMKPNTTLTEEDMHEMVIGGYGRSAAM--  
M. sexta Rh-like                 KIGILDTCGVNNLHGMPGVFSGLLSVLFAGLASAQDYGTELSNVFEAVGPD----------------GRSAGS--  
T. rubripes Rhcg2*               YLKLQDTCGVHNLHAVPGMLGGFVGAIVAAAATESVYSK--------------EGLINTFNFEGKYADRSVGT--  
H. sapiens RhCG*                 RLHIQDTCGINNLHGIPGIIGGIVGAVTAASASLEVYGK--------------EGLVHSFDFQGFNGDWTART--  
C. intestinalis_Rh-like          NIKLHDTCGVHNLHGMPGILGAVISAIVATIATKDAYQ-------------------DSYHELFKDASRTSSQ--  
C. gigas Rh-like                 KLRIHDTCGVNNLHGMPGILAAIGGAVAAAMSSKETWGDSLYSIFTAMEPTMMNTTMTTNAMTANVTEVMGRSAM  
M. magister_Rh-like              RLRIHDTCGVHNLHGLPGILAAIIGAVAAGVASEASYGLSLYEIFPARAP--LEDSLELQKLQEVLPDLEGGSGI  
C. elegans Rhr-2                 TFHLFDTCGVHNLHGMPGILAGLLSIGFAYFYEPESYGKTLYHIYP-----------YWIGG-ELHGDRENVS--  
C. elegans Rhr-1*                KLGIHDTCGVNNLHGMPGLIAGFASIAFLFIYDETRYPAQYDKIYP-----------GMARGEDRTRMFDEKT--  
                                      $       £  
                                                                                                       G  
Aedes_aegypti_Rh50-GP2           ----QGAYQLLAILLTVVIAIMGGLCTGLVLKSPTMRQLEQDEHHKDDVCWETPVELET----------------  
M. sexta Rh-like                 ----QALYQFIALAVTIGLSLVGGFVTGLLSKMPVFGSLKDAERYDDQINWELP---------------------  
T. rubripes Rhcg2*               ----QGGYQAAGTCVAVAFGLVGGAIVGFILKFPIWGDPADDNCFDDEAYWEVPEDEET--IP--PVLEYNNHMI  
H. sapiens RhCG*                 ----QGKFQIYGLLVTLAMALMGGIIVGLILRLPFWGQPSDENCFEDAVYWEMPEGDSTVYIPEDPTFKPSGPSV  
C. intestinalis_Rh-like          ----NGGYQIAALVCVLCIALLSGTLTGFLLKLPVWDNLSAEELFEDEVFWDVSGS-------------------  
C. gigas Rh-like                 E---QGGYQMAALCLTLAIAIVGGVITGFILKIPFLDNPTGDLLFDDKDQWNVADEGF-----------PNSGEL  
M. magister_Rh-like              SGTSQALYQLLALLVTLVIAIAGGIVTGIVLRLKPLALLKTEELYED-EKWWIMEAEE-----------DEGHKG  
C. elegans Rhr-2                 ----QAQYQALGLLTILVTAVIGGLLTGCILKIKVWNQVDDPDFPHGEMNYYAQSDVN---------FLSKYKHA  
C. elegans Rhr-1*                ----QALNQLMAIGLVFLASTVSGYLTGLLLKLKIWDQVRDDEYYADGDYFETPGDYD---------FTSRIVTS  
 
 
 
A. aegypti Rh50 GP2              TVTTSLCQ-----------  
M. sexta Rh-like                 -------------------  
T. rubripes Rhcg2*               HKHQDIAETNFSVEQS---  
H. sapiens RhCG*                 PSVPMVSPLPMASSVPLVP  
C. intestinalis_Rh-like           -------------------  
C. gigas Rh-like                 PLNGKSGDGKSRDDTQM--  
M. magister_Rh-like              SVTIPMADNGAR-------  
C. elegans Rhr-2                 QEQERLREREQMQEIY---  
C. elegans Rhr-1*                VKQIEVAEYNPLSQKEV— 
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Supplemental Fig. S3. Clustal W amino acid alignment (Thompson et al., 1994) of Rhr-1 with other Rh-

glycoproteins including vertebrate Rh-proteins of verified ammonia transport capability (indicated by *). 

Conserved ammonia-conducting residues are highlighted with a grey background. Symbol Δ indicates ammonia-

conducting residues in the external vestibule; symbol Ω indicates ammonia-conducting residues in the pore entrance; 

symbol £ indicates ammonia-conducting residues in the pore center; symbol $ indicates ammonia-conducting 

residues in the internal vestibule (Khademi et al., 2004; Wu et al., 2010; Zidi-Yahiaoui et al., 2009). G indicates the 

predicted N-glycosylation-site in Rhr-1 (green underlaid) and Rhr-2 (red underlaid). Yellow underlaid are the 

predicted 12 transmembrane domains of Rhr-1 (Ji et al., 2006). GenBank accession numbers are given in brackets 

behind the species name. Aedes aegypti Rh50-GP2 (AY926464), Manduca sexta Rh-like protein (ABI20766), Homo 

sapiens RhCG (AAH30965), Takifugu rubripes Rhcg2 (AB218982), Ciona intestinalis Rh type B glycoprotein 

(NP_001027959), Crassostrea gigas Rh type B-A (EKC21768), Metacarcinus magister Rh-like protein 

(AEA41159), Caenorhabditis elegans Rhr-1 (NM_072035), Caenorhabditis elegans Rhr-2 (NP_505961). Asterisks 

indicate transporters with verified ammonia transport capabilities (Marini et al., 2000; Nawata et al., 2010b). 
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Table. 3.1. Primers employed in real-time PCR targeting actin, Rhesus (Rh)-like ammonia transporter (Rhr-1, Rhr-

2), vesicular H+-ATPase (VHA; subunit A), Na+/K+-ATPase (NKA; α-subunit) from the nematode, C. elegans. 

Primer Nucleotide sequence (5’ à 3’) Annealing 
Temp. (ºC)             

Product size 
 (bp) 

GenBank 
Acc. # 
 

Actin     
Actin-F ATCGTCCTCGACTCTGGAGAT 60  

100 
 
NM_073417 Actin-R TCACGTCCAGCCAAGTCAAG 60 

 
Rhr-1 

    

Rhr-1 F TTCTTGTCTGAGAAACTCGGA 60  
210 

 
NM_072035 Rhr-1 R GATTGCCATAAGCTGGTTCAA 60 

 
Rhr-1 SpeI F 

 
GTATAACTAGTCAAAAAATGAG 
TCGCCTCT 
 

 
60 

  

Rhr-1 SmaI R GTATACCCGGGTTATTAGACCTCTTT
TTGGCTGAGTG 

60 1422 NM_072035 

Rhr-2     
Rhr-2 F ACAGTGGTAGATCTCTTTCC 60  

205 
 
NM_073560 Rhr-2 R GCTGCATCTTCTGGTTCTTG 60 

 
Na+/K+-ATPase 

    

NKA F GACCTCGGAACTGACATGGT 60  
135 

 
U18546 NKA R CCCATAAGCAAGGGAGATCA 60 

 
H+-ATPase  

    

VHA F CTTGAAGGCTCGTGAAGACC 60  
150 

 
NM_068639.5 VHA R ACGACTTCCTTTTCGAGCAA 60 
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CHAPTER FOUR 

 

SODIUM-PROTON EXCHANGERS IN CAENORHABDITIS ELEGANS AND THEIR 

POTENTIAL ROLE IN HYPODERMAL H+ EXCRETION, NA+ UPTAKE, AMMONIA 

EXCRETION AND ACID-BASE BALANCE  

 

*This chapter is in progress for submission in Comparative Biochemistry and Physiology 

(CBP) Part A 

 
Adlimoghaddam, A., O'Donnell, M.J., Banh, SH., Treberg, J.R., & Weihrauch, D 
 
 
List of experiments that still need to be accomplished for completing the study include:  
 

• Ammonia excretion rates of the whole animal need to be measured in the moderately 
hard reconstituted water (MHRW) enriched with the Na+ channel inhibitors phenamil, 
amiloride, EIPA and DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride). 
 

• Fluxes of Na+ and H+ across the hypodermis in MHRW enriched with inhibitors (see 
above) targeting Na+ channels. Fluxes will be measured using an ion selected electrode 
(SIET). 

	  

Abstract 

Cation/proton exchangers of the CPA1 subfamily (NHEs, SLC 9) play an important role 

in many physiological processes, and are particularly involved in cell volume regulation, acid-

base homeostasis and ammonia excretion. The soil nematode C. elegans expresses nine 

paralogues (NHX-1 to -9) of these transporters, which all contains the highly conserved 

amiloride binding motif. However, although the nematode has served for decades as a molecular 
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model system, very little is known about its acid-base regulation and the role that Na+/H+ 

exchangers may play in these physiological processes. The current study was undertaken to 

investigate the role of the sodium/proton exchanger in hypodermal Na+ and H+ fluxes as well in 

ammonia excretion processes. Measurements using the scanning ion-selective electrode 

technique (SIET) showed that the hypodermis promotes H+ secretion as well as a Na+ uptake, 

indicating the participation of a sodium/proton exchanger. Interestingly, while both fluxes, as 

well as whole body ammonia excretion rates were partially inhibited by amiloride (100 µmol l-1), 

no effect was observed on the H+ efflux and ammonia excretion rates when animals were 

exposed to 100 µmol l-1 EIPA, indicating rather a participation of apical Na+-channels, but 

probably not NHX transporters. Upon internal (starvation) and external stressors (exposure to 1 

mmol l-1 NH4Cl (HEA), pH 5.5, pH 8.0), body pH stayed fairly constant, with changes of mRNA 

expression levels detected in intestinal NHX-2 and hypodermal NHX-3. Excretory cell NHX-9 

was altered by exposure to pH 5.5 or 8.0 but not by HEA. A knock-out mutant nhx-3(ok1049) , 

further referred to as ∆NHX-3 proved unsuitable for analysis of the role of the hypodermally 

expressed Na+/H+ exchanger; the NHX-3 mutants resembled wild-type nematodes under 

starvation and showed an increase in H+, Na+ and ammonia fluxes upon application of amiloride 

and EIPA. The increase was not due to an increase in expression of the V-ATPase or NHA-1 to -

3, members of the CPA2 subfamily (which lack an amiloride binding motif). 

 

Introduction 

Members of solute carrier family 9 (NHEs, cation/proton exchanger, 48 SLC 9) belong to 

the cation/proton antiporter 1 (CPA1) subfamily and play an important role in diverse 

physiological processes by facilitating monovalent cation/proton exchange across cell 
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membranes and membranes of intracellular organelles. NHEs are primarily involved in the 

regulation of cellular and organellar pH as well as in cell volume adjustment (Orlowski and 

Grinstein, 2004; Zachos et al., 2005). NHEs are commonly energized by the Na+/K+-ATPase, 

which generates low intracellular Na+ concentrations, and have been implicated in branchial Na+ 

uptake mechanisms in aquatic animals including fish (Edwards et al., 1999; Hirata et al., 2003; 

Scott et al., 2005; Wilson et al., 2000) and crustaceans (Towle et al., 1997; Towle and 

Weihrauch, 2001). In addition, NHEs have also been associated with transepithelial ammonia 

transport. The NHE-3, which is located in the apical membrane into the luminal fluid, has been 

suggested to play a role in mammalian renal ammonia transport (Nagami, 1988; Weiner and 

Hamm, 2007), an earlier study showed Na+/NH4
+ exchange activity in nephridial brush border 

vesicles prepared from the proximal tubule (Kinsella and Aronson, 1981). Also, in the midgut 

epithelium of the tobacco hornworm Manduca sexta, an as yet uncharacterized amiloride- and 5-

(N-Ethyl-N-isopropyl) amiloride (EIPA)- sensitive cation/proton antiporter has been implicated 

in transport of NH4
+ from the alkaline gut lumen into the cytoplasm in exchange for protons 

(Blaesse et al., 2010; Weihrauch, 2006). 

Although it has been suggested that Na+/H+ exchangers may transport NH4
+ ions directly, it is 

generally accepted that these transporters can facilitate an acidification of the apical unstirred 

boundary layer in ammonia excreting epithelia of the planarian and thereby generate an 

outwardly directed partial pressure gradient for NH3. Accordingly, an NHE facilitated ammonia 

excretion mechanism was suggested for trans-epidermal ammonia excretion in the freshwater 

planarian Schmidtea mediterranea (Weihrauch et al., 2012) also for branchial ammonia excretion 

in the pufferfish Takifugu rubripes (Nawata et al., 2010) and the amphibious mudskipper 

Periophthalmodon schlosseri (Randall et al., 1999). Moreover, Wright and Wood proposed a 
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general model for ammonia excretion in freshwater fish, suggesting an apical “Na+/NH4
+ 

exchange complex” where several membrane transporters, including Rh-proteins, V-ATPase, 

NHE-2 and/or NHE-3 and Na+-channels operate together as a metabolon to provide a mechanism 

for acid trapping of ammonia on the apical surface (Wright and Wood, 2009). 

Cation/proton exchangers have been most thoroughly studied in mammals, and NHE-1 is 

likely the best-understood transporter of the NHE family (Slepkov et al., 2005; Slepkov et al., 

2007; Wakabayashi et al., 2000). For NHE-1, the N-terminal membrane domain is necessary and 

sufficient for ion translocation (Murtazina et al., 2001; Touret et al., 2001; Wakabayashi et al., 

1992), while the C-terminus is important for regulatory functions. Numerous phosphorylation 

sites for various protein kinases and other sites responsible for interaction with accessory 

proteins are localized in the C-terminus (Orlowski and Grinstein, 2004; Slepkov et al., 2007). 

The transmembrane domain 4 (TM4) of mammalian NHE has been shown to be critical for the 

ion conduction pathway (Slepkov et al., 2005). This domain also contains the nine amino acid 

amiloride binding motif “F1 F2 X3 X4 X5 L6 P7 P8 I9”, that is conserved in members of the 

NHE family (Counillon et al., 1993; Counillon et al., 1997) (Fig. 4.1). 

In the genetic model system C. elegans, 9 putative NHE homologs have been cloned 

(called NHX-1 through -9) and investigated for their tissue and cellular localization in the 

nematode (Nehrke and Melvin, 2002). The authors reported that NHX-1 showed expression in a 

multicomponent pattern in hypodermal and muscle cells over the entire length of the nematode.  

NHX-2, -6 and -7 were found in the intestine, with NHX-2 localized to the apical membrane and 

NHX-7 localized predominantly to the basolateral membrane. NHX-6 is also localized to the 

basolateral membrane, but only in the most anterior and most posterior regions of the intestine. 

NHX-4 was found to be expressed in more or less all cell types. In polarized cells, NHX-4 was 
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targeted to the basolateral membrane and was therefore compared to the ubiquitously expressed 

mammalian NHE-1. In contrast to the NHX isoforms mentioned above, NHX-3, -5, -8 and -9 

appeared to be localized to intracellular membranes. NHX-3 showed highest abundance in the 

hypodermis with additional expression found in the uterine cells and spermathecal junction cells. 

NHX-5 occurred primarily in neuronal cell bodies. NHX-8 is localized to the seam cells, but also 

to the pharyngeal muscles, the pharyngeal-intestinal and intestinal-rectal valve cells. The authors 

further demonstrated that NHX-9 is targeted to the excretory cell. In a recent study it was 

suggested that C. elegans excretes at least part of its nitrogenous waste in form of ammonia 

across the hypodermis mediated by the acidification of the apical unstirred boundary layer 

(Adlimoghaddam et al., 2015). 

The aim of the current study was to explore whether NHX-transporters in C. elegans play 

a role in hypodermal H+ secretion, Na+ uptake, and ammonia excretion, employing the scanning 

ion-selective microelectrode technique (SIET) and a knock-out mutant that does not express the 

hypodermal NHX-3 isoform. Additionally, up or down regulation of NHX genes were monitored 

under various physiological stressors such as internal ammonia load (feeding), external ammonia 

load (HEA) and various environmental pH regiems. 

 

Materials and Methods 

Nematode cultivation 

The C. elegans strain (N2) employed in this investigation was obtained from the 

Caenorhabditis Genetics Center (CGC, University of Minnesota, Minneapolis). The VC717 nhx-

3(ok1049) knock out nemtode (referred to as ΔNHX-3) was originally obtained from the C. 

elegans Gene Knockout Consortium (Oklahoma Medical Research Foundation, OMRF, 
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Oklahoma City) and also ordered from CGC. Nematodes were maintained in the laboratory at 16 

°C on Nematode Growth Medium (NGM) seeded as a food source with E. coli OP50 according 

to the standard methods described by Brenner (Brenner, 1974). After five days of incubation, 

chunks of gravid nematodes on NGM were transferred to freshly seeded NGM plates for 

revitalization of the animals (Hope, 1999). After an incubation period of two days at 16 ºC, 

animals were washed from the plates with M9 buffer (in mmol l−1: 22 KH2PO4, 43.5 Na2HPO4, 

85.54 NaCl, and 3 MgSO4, pH 7) and transferred aseptically into 250 mL of liquid medium as 

previously described (Adlimoghaddam et al., 2015) using “heat killed” (100 °C, 1h) E. coli OP50 

as a food source. Nematodes from this liquid culture were then subjected for subsequent 

experiments. All experiments on living nematodes were performed at room temperature (RT, 22 

°C). 

 

Ammonia excretion experiments 

In this series of short-term experiments (2 hour treatment), ammonia excretion rates were 

determined under the influence of Na+ and NHE blockers, amiloride and EIPA, respectively. 

Nematodes (0.15-0.2 g) from the liquid culture were washed twice with non-buffered/control 

medium ((mmol l-1): 129 NaCl, 22 KCl, 1 MgSO4, adjusted to pH 7) followed by a 

centrifugation step (188 x g, 2 min). Nematodes of a combined fresh weight of approximately 

0.15-0.2 g (n=1) were then exposed to either the control medium or the control medium (pH 7) 

with inhibitors for 2 hours. Drugs were used at the following concentrations (µmol l-1): 10 and 

100 amiloride and 1, 5, 10, 50, 100, and 500 EIPA. EIPA was dissolved in dimethyl sulfoxide 

(DMSO) at a final concentration of 0.5%. DMSO (0.5%) was also added to the respective control 

solutions. During the 2 hour incubation period, nematodes were agitated at 200 r.p.m at room 
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temperature. At the end of 2 hours experimental period, nematodes were pelleted by 

centrifugation (188 x g, 3 min) and checked for survival under a microscope. After determining 

the fresh weight of nematodes, the supernatants of control media and the control medium was 

enriched with a particular inhibitors were collected. All samples were immediately frozen at -80 

°C for subsequent ammonia measurement of ammonia concentrations. 

 

Determination of ammonia concentrations 

Ammonia concentrations in the samples were determined by means of a gas sensitive 

NH3 electrode (Thermo Orion, Beverly, USA) connected to an mV/pH meter as described in 

detail in previous studies (Weihrauch et al., 1998). 

 

Determination of body pH 

In this set of long-term experiments (24 hours), body pH was investigated in fed and 

starved nematodes as well as in nematodes exposed to either 1 mmol l-1 NH4Cl (HEA), pH 5.5 

and pH 8.0 (5-6 replicates were measured for each treatment). 

Approximately 0.15-0.2 g of nematodes from the liquid culture were washed 2 times and 

subsequently acclimated for 24 hour to the following solutions: a) control media adjusted to pH 

7.0 enriched with “heat killed” E. coli OP50 (fed nematodes); b) control media adjusted to pH 

7.0 (no food source, starved nematodes). Additionally, nematodes were exposed for 48 hours to 

c) control media adjusted to pH 7.0 enriched with 1 mmol l-1 NH4Cl (no food source in the last 

24 hours); d) control media adjusted to pH 5.5 with 5 mmol l-1 2-(N- morpholino) ethanesulfonic 

acid (MES) (no food source in the last 24 hours); e) control media adjusted to pH 8.0 with 5 

mmol l-1 tris (hydroxymethyl) aminomethane hydrochloride (Tris-HCL) (no food source in the 
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last 24 hours). For treatments c, d and e the media were replaced after 24 hours of incubation. At 

the end of the treatments, nematodes were washed twice, pelleted and, after determination of the 

fresh weight, transferred to a small glass beaker containing 4 mL of millipore water (pH 7.3), 

and homogenized on ice for 20 s using a polytron homogenizer (AHS, Pro Scientific, Oxford, 

CT, USA). The homogenized samples were then centrifuged (188 x g, 2 min) and the pH of 

supernatants was determined using a digital pH meter. 

 

Quantitative PCR 

For this series of experiments animals were treated as described in the preceding section. 

At the end of each treatment, RNA was extracted from pelleted nematodes (0.15 – 0.2 g) under 

RNase-free conditions using the RNeasy plus Mini Kit (Qiagen Inc, Mississauga, Ontario, 

Canada). RNA was then quantified spectrophotometrically (Nanodrop Technologies, 

Wilmington, DE, USA). Following DNase I treatment (Invitrogen, Carlsbad, CA, USA), RNA 

samples were then checked for DNA contamination by high number of cycles in polymerase 

chain reaction (PCR) utilizing the primer pair Actin F/R (Table. 4.4). For cDNA synthesis, 0.3 g 

DNased RNA (DNA free) was transcribed using Superscript II reverse transcriptase and oligo-dT 

primers (iScript™ cDNA Synthesis Kit, Biorad, Mississauga, Ontario, Canada). The quality of 

cDNA samples was verified by PCR (Actin F/R) and post run gel visualization. 

All primers employed in qPCR were designed based on published sequences as indicated 

in Table. 4.4. PCR protocols for each employed primer pair were optimized in order to gain a 

single amplicon of the predicted size (data not shown). All PCR products of all target genes were 

gel purified (The E.Z.N.A.® gel extraction kit, Omega Bio-Tek, Norcross, Georgia, USA) and 
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subsequently confirmed for correctness by sequencing (Robarts Research Institute, London, 

Ontario, Canada). 

For quantitative PCR (Miniopticon, Biorad, Mississauga, Ontario, Canada) standard 

curves of each target gene were generated employing a dilution series of known quantities (10+4, 

10+3, 10+2, 10+1, 10+0, 10-1 fg DNA) of the respective purified PCR product (QIAquick Gel 

Extraction Kit, Qiagen Inc, Mississauga, Ontario, Canada). A minimum R2 value of 0.98 was 

required for the standard curve. Real-time PCR assays contained a total volume of 15 L using 

SSoFastTM EvaGreen supermix (Biorad, Mississauga, Ontario, Canada). After each run a 

melting curve analysis was performed to verify single product PCR reaction. 

 

SIET 

Nematodes were bathed in moderately hard reconstituted water (MHRW) (Khanna et al., 

1997) for measurements of H+ and Na+ fluxes. For H+ flux measurements, contained (in mmol l-

1): 1 NaCl, 1 NaHCO3, 0.3 CaCl2 and 0.1 KCl. For Na+ flux measurements, NaCl and NaHCO3 

were reduced to 0.5 and 0.6 mmol l-1, respectively, to facilitate detection of Na+ concentration 

gradients, as described below. 

 Fluxes of Na+ and H+ were measured using SIET. Levamisole (0.5 mmol l-1) was added 

to all media to minimize nematode movements during SIET measurements, as described 

previously (Adlimoghaddam et al., 2014). Transport of Na+ or H+ into or out of the nematode 

creates gradients in the activities of these ions in the unstirred layer (‘boundary layer’) near the 

surface of the hypodermis. Gradients were measured with Na+-selective and H+-selective 

microelectrodes positioned at two points within the unstirred layer. The microelectrode was 

moved perpendicular to the tissue surface between two positions separated by 50 m at each 

measurement site. It was first moved to the inner position within 5 m of the nematode surface. 
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The microelectrode then remained stationary during a 4 s wait period to allow ion gradients near 

the tissue to re-establish after the localized stirring during the movement period. No data were 

collected during the wait period. Lastly, the microelectrode voltage was recorded for 0.5 s during 

the sampling period. The microelectrode was then moved to the other extreme of the 50 m 

excursion, followed by another wait and sample period. Each move, wait and sample cycle at 

each extreme of microelectrode excursion was complete in <5 s. Voltage measurement at both 

extremes of microelectrode excursion thus required a total of 10 s and three replicate 

measurements at each site could thus be completed in <30 s. Voltage measurements taken at the 

limits of the excursion were used to calculate a mean voltage difference over the excursion 

distance of the microelectrode. This differential signal was then converted into a Na+ or H+ 

activity difference using standard microelectrode calibration curves that related voltage output to 

Na+ or H+ activity in MHRW. The resultant ion activity gradients were then used to calculate the 

ion flux, using the Fick equation: J = D C/ X, where J is the flux (mol cm-2 s-1), D is the diffusion 

coefficient (cm2 s-1), C is the concentration gradient (mols cm-3) and X is the distance between 

the two points (cm). Ion-selective microelectrodes were moved in the X, Y and Z planes by a 

system of computer-controlled stepper motors. Images of the preparation from a CCD camera 

mounted on the Zeiss Axiovert microscope were captured by a frame-grabber and the fluxes 

were overlaid as vectors on the image, permitting spatial differences in ion flux to be shown. 

SIET measurements were made with hardware from Applicable Electronics (Forestdale, MA, 

USA). Automated Scanning Electrode Technique (ASET) software (version 2.0; Science Wares, 

Falmouth, MA, USA) was used to automate microelectrode positioning, microelectrode voltage 

recording, and image capture. 
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Enzyme activities 

 Frozen nematodes (ca. 0.2 g) were homogenized using a ground-glass homogenizer in 

approximately 8 volumes of ice-cold 50 mmol l-1 imidazole buffer (pH 7.4 at 20 oC). 

Homogenates were used directly for measuring enzyme activities, or frozen for later assay of 

protein content, and all enzyme assays were conducted at 20 oC. Cytochorome c oxidase was 

measured at 550 nm in a medium of 50 mmol l-1 potassium phosphate buffer (pH 7.0 at 20 oC ), 

0.5% (w/v) sodium dodecyl-maltoside and 60 µmol l-1 of reduced (equine) cytochrome c. The 

difference in the rate of absorbance change due to the presence of 1 mmol-1 KCN was taken as 

the rate of cytochrome c oxidase activity. Citrate synthase activity was measured as the 

difference in the rate of absorbance change at 412 nm between the presence and absence of 1.0 

mmol l-1 oxaloacetate in an assay medium consisting of 50 mmol l-1 imidazole (pH 8.0 at 20 oC), 

0.5 mmol l-1, 5,5'- dithiobis-(2-nitrobenzoic acid), 0.1 mmol l-1 acetyl-CoA and 0.2% (v/v) of 

triton X-100. Protein was measured using the bicinchoninic acid assay in the presence of 0.2 % 

(w/v) sodium deoxycholate using bovine serum albumin as the protein standard. 

 

Phylogenetic analysis 

The CPA1 and CPA2 protein data set contained 33 full-length cDNA sequences 

(supplementary material, Fig. S4). Amino acid sequences were aligned by MUSCLE alignment 

in MEGA 5. Phylogenetic analysis of MUSCLE aligned sequences was done in MEGA 5 using 

maximum likelihood method with the Jones-Taylor-Thornton + four categories of gamma 

substitution rates + invariable sites model and Nearest Neighbor Interchange (NNI) Heuristic 

Method. Bootstrap values were determined from 1000 bootstrap replicates. 
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Chemicals 

All chemicals were obtained from either Sigma-Aldrich (St. Louis, MO, USA) or Fisher 

(Ottawa, Ontario, Canada) unless reported otherwise. 

 

Statistics 

With the exception of ion-flux experiments where individual nematodes were employed 

(SIET), each n-value represents the combined pool of nematodes with a mass of approximately 

0.15-0.2 g. Values are given as the mean±standard error of the mean (S.E.M). The software 

PAST3 (http://palaeo-electronica.org/2001_1/past/issue1_01.htm; Hammer et al., 2001) was 

employed for all statistical analysis. Statistical tests performed included Student’s t-tests for 

comparing two means and one-way ANOVA followed by Tukeys post-hoc tests for comparing 

more than two means. Alternatively, when data were not normally distributed (before and after 

log-transformation) and/or homogeneity of variance was not given; the Kruskal-Wallis-Test was 

applied with post-hoc Mann-Whitney pairwise comparisons. P-values 0.05 were considered 

statistically significant. The statistical method employed in each particular experiment is given in 

the respective figure legends. 

 

Results 

As seen in Fig. 4.1, an amino acid alignment revealed that all NHX-isoforms in C. 

elegans exhibit the conserved amiloride-binding motif. There is a 100% match of the relevant 

amino acids within that sequence for the amiloride-sensitive human NHE-1 and NHX-1,- 8a, -9a 

as well as the hypodermally expressed NHX-3. 
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Na+ and H+ fluxes across the hypodermis of C. elegans 

 To evaluate the participation of NHX proteins in hypodermal Na+-uptake and H+ 

excretion, ion fluxes across the hypodermis were measured by SIET in control medium and in 

the presence of 100 µmol l-1 amiloride or EIPA. The current study confirmed that regions of 

the hypodermis > 100 µm posterior to the excretory pore in wild-type nematodes (N2) take up 

Na+ at a rate of -20.8±1.3 pmol cm-2 s-1 (n=6) which is ~ 7 times greater than the observed rate of 

H+ excretion (2.97±0.21 pmol cm-2 s-1, n=5) (Fig. 4.2). Application of 100 µmol l-1 amiloride 

reduced Na+ uptake and H+ secretion by ca. 60% and 42%, respectively. In contrast, the 

application of 100 µmol l-1 EIPA had no effect on the H+ flux rate (Fig. 4.3). 

 

Effects of amiloride and EIPA on ammonia excretion 

 To determine the participation of NHX proteins in the ammonia excretion process, 

various concentrations of either amiloride or EIPA were applied and ammonia excretion rates of 

whole nematodes monitored. While ammonia excretion rates decreased significantly by ca. 23% 

and 40% after application of 10 and 100 µmol l-1 amiloride, respectively, exposure to various 

concentrations of EIPA (1 to 500 µmol l-1) caused no inhibition of the flux (Fig. 4. 4). 

 

Effects of starvation, high environmental ammonia (HEA), high pH and low pH on gene 

expression levels of NHX isoforms 

To evaluate responses of all NHX isoforms to internal and external stressors, changes of 

mRNA expression levels were assessed in nematodes, which were either starved or exposed to 

elevated environmental ammonia (HEA), high pH (8.0) and low pH (5.5). In fed nematodes, 

mRNAs of the nine NHX isoforms expressed in C. elegans showed different expression levels 
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when compared to each other. Highest mRNA expression levels were detected for NHX-1 and 

NHX-4 followed by moderate expression levels for NHX-2, -5, -7, low levels for NHX-3 and -9, 

and lowest levels for NHX-6 and -8 (Table. 4.1). 

When animals were deprived of food for 24 hours a moderate to strong down-regulation 

of NHX-2, -3, -4, and -5 was detected (Fig. 4.5A). Also, while mRNA expression levels NHX-1, 

-6, -7, and 8 displayed no changes after starvation; mRNA expression level of NHX-9 increased 

approximately 2-fold (Fig. 4.5A). In addition, body pH decreased by 0.17 units after starvation 

(Table. 4.2). 

To avoid effects from internal ammonia loads due to protein catabolism, only starved 

animals were employed in the following three series of experiments (HEA, low and high pH 

regimes). After a 2 day exposure to 1 mmol l-1 NH4Cl, mRNA expression levels of the intestinal 

NHX-2 increased and there was a trend towards an increase in neuronal NHX-5 (p=0.06). By 

contrast, there was a decrease in expression of hypodermal NHX-3 and the housekeeping NHX-

4. A trend towards reduced expression was also seen for the basolaterally expressed intestinal 

NHX-6 (Fig. 4.5B). Exposure to HEA had no effect on body pH (Table. 4.2). 

A 48 hour exposure to a low environmental pH (5.5) was associated with an up regulation 

of ca. 4-, 3-, and 2-fold for NHX-2, -3 and -5, respectively, while NHX-9, which is localized to 

the excretory cell, was partially down-regulated. A strong down-regulation was also found for 

NHX-4 (Fig. 4.5C). The body pH decreased by 0.28 units after exposure to a low environmental 

pH (Table. 4.2). 

When animals were exposed for 48 hours to pH 8, NHX-2, 3, 5, 6, 7, and -8 showed an 

up-regulation, while, similar to the findings under low pH exposure, NHX-4 and -9 were down 
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regulated (Fig. 4.5D). In contrast to the low pH treatment and starvation, body pH did not change 

after exposure to pH 8 (Table. 4.2). 

 

The knock-out mutant NHX-3 

In order to gain further information regarding the involvement of the hypodermal NHX-3 

isoform in Na+ uptake, H+ secretion and whole animal ammonia excretion, a knock-out mutant 

(∆NHX-3) that does not express NHX-3 was investigated. Phenotypically the mutant exhibited 

the same shape and size compared to wild type nematodes, but a considerably lower growth rate. 

While the nematode’s (N2) complete life cycle requires at 15 ºC usually about 5 days, 7 days 

were required for the NHX-3 mutants (personal observation). 

 In addition, ammonia and H+ transport differed considerably in NHX-3 mutants. The H+ 

secretion rate across the hypodermis was 1.41±0.13 pmol cm-2 s-2 (n=5), a reduction of 

approximately 45% relative to wild-type nematodes. Whole animal ammonia excretion rates in 

mutant nematodes (0.65±0.07 µmol gFW-1 h-1; n=5) were reduced to about 30% of the value 

measured in N2 nematodes. In contrast, Na+ uptake rates in the NHX-3 mutant (22.8±2.0 pmol  

cm 2 s-2 (n=5) remained unchanged relative to the wild-type nematodes. 

 Low ammonia production and H+ secretion in the mutant could be explained by a 

lowered protein metabolism or in general, a lower energy metabolism. To investigate this 

possibility, the specific activity rates of the mitochondrial enzymes cytochrome c oxidase and 

citrate synthase were compared between N2 nematodes and the NHX-3 mutant. Activity 

measurements revealed indeed a reduced specific enzyme activity for cytochrome c oxidase 

(Complex IV of the respiratory electron transport chain) in the mutant (Fig. 4.6A). However, the 
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rate-limiting enzyme in the first step of the citric acid cycle, citrate synthase, showed no change 

in activity, although there was a trend towards a decrease (p = 0.15) (Fig. 4.6B). 

 In order to further characterize NHX-3, mRNA expression levels of the remaining 8 

NHX isoforms were measured and compared to expression levels found in wild type nematodes 

(N2). As seen in Fig. 4.7, with the exception of NHX-1, all other NHX isoforms showed a 

differential expression. While NHX-9 (excretory cell) and NHX-6 (anterior and posterior 

intestine) showed 4-fold and 7-fold up-regulation compared to N2 nematodes, down-regulation 

was seen in NHX-4, -5, -7, -8 and particularly NHX-2. 

Surprisingly, and in contrast to findings in the wild type nematodes, application of 100 µmol l-1 

EIPA caused an increase in hypodermal H+ secretion by ca. 82% (Fig. 4.8A) and quadrupled 

whole nematode ammonia excretion rates (Fig. 4.8C). Application of 100 µmol l-1 amiloride had 

no effect on H+ secretion, but caused an increase of the Na+ uptake rates by ca. 170% (Fig. 4.8B) 

and an increase in ammonia excretion rates (Fig. 8C). 

  

Na+/H+ antiporter (NHA) and V-ATPase 

 The findings of the pharmacological experiments in the NHX-3 strain were quite 

surprising and opened up questions of which transporter/mechanism might have caused an 

increase in rates of transport of H+, Na+ and ammonia during application of EIPA and amiloride. 

We therefore measured transcript levels of the V-ATPase (subunit A) and Na+/H+ antiporters 

(NHAs) of the CPA2 subfamily, which do not exhibit an amiloride binding motif, in wild type 

worms and the mutant. A screen of the published C. elegans genome revealed 3 different genes 

coding for putative NHAs: NHA1 (Genbank accession #: NP_509724, also known as “Protein 

F41E7.1”), NHA2 (Genbank accession #: NP_509723, also known as “Protein F41E7.2”), and 

NHA3 (Genbank accession #: NP_507130, also known as “Protein F57G8.5”). All three genes 
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are expressed as mRNA in the nematodeand their translated amino acid sequences cluster 

together with NHAs from insects and human (supplementary material, Fig. S4). As seen in table 

4.3, the three NHA isoforms were differentially expressed in wild type nematodes, with NHA-1 

exhibiting the highest mRNA expression levels, followed by NHA-2, and NHA-3. In the NHX-3 

strain, transcript levels of NHA-1 and -3, as well as the V-ATPase are lower when compared to 

wild type nematodes; NHA-2 expression levels remain unchanged (Fig. 4.9). 

 

Discussion 

Effect of EIPA and amiloride on ammonia excretion and hypodermal Na+ and H+ fluxes 

The scanning ion-selective electrode technique (SIET) permits direct measurement of 

Na+ and H+ fluxes across the hypodermis of the minute nematode C. elegans. In the current study 

we found Na+ uptake and H+ secretion over the hypodermis, suggesting the participation of an 

apically-localized sodium/proton exchanger in these transport processes. It is noteworthy, that 

Na+ uptake rates were approximately 9-times greater than H+ secretion rates. However, the 

strong presence of NHX-1 and -3 in the hypodermis and their identified plasma membrane 

localization in C. elegans indicates that these two transporters are potential candidate 

transporters contributing to the measured cation fluxes (Nehrke and Melvin, 2002) (See also 

supplementary material, Fig. S4). Our sequence analysis revealed that all NHXs expressed in C. 

elegans exhibit the conserved amiloride-binding motif. Furthermore, the hypodermally expressed 

NHX-1 and -3 contain, as in the mammalian NHE-1, a leucine in the third position of the 

amiloride-binding motif (Fig. 4.1), an amino acid critical for amiloride sensitivity (Counillon et 

al., 1993). Consequently, an inhibition of the Na+ and H+ transport was expected after the 

application of inhibitory agents. 
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 Interestingly, after applying relatively high concentrations (100 µmol l-1) of EIPA, a 

potent inhibitor of NHEs in vertebrate and invertebrate epithelia (Blaesse et al., 2010; Kleyman 

and Cragoe, 1988), no inhibition of the hypodermal H+ flux and whole animal ammonia 

excretion was observed. This implies either that NHX proteins of C. elegans are not sensitive to 

EIPA, or that both NHX-1 and NHX-3 are not involved in either of these processes. It is 

however also possible, that neither of these two transporters are localized to the basolateral side 

of the hypodermal syncytium and are thus shielded from direct exposure to the inhibitor. As 

mentioned in the introduction, NHX-3 is localized primarily to intracellular membranes, while 

the cellular localization of NHX-1 is still unknown. In contrast to the absence of effects of EIPA, 

100 µmol l-1, amiloride caused a decrease not only in hypodermal H+ and Na+ fluxes, but also in 

whole animal ammonia excretion rates (Fig. 4.4), even at a low dose of 10 µmol l-1. Since EIPA 

is the more specific and more potent inhibitor of NHEs, compared to amiloride, (Blaesse et al., 

2010; Kleyman and Cragoe, 1988), it seems likely that effects seen with amiloride are due to a 

partial or full blockage of apical Na+-channels. A reduced Na+ uptake would have an inhibitory 

effect on the Na+/K+-ATPase due to the consequent reduction in intracellular availability of 

substrate. As recently suggested, the Na+/K+-ATPase is most likely a key player in hypodermal 

ammonia transport because it accepts not only K+, but also NH4
+ as a substrate (Adlimoghaddam 

et al., 2015). The pump is likely responsible, therefore, for the transport of ammonia from the 

body fluids into the hypodermal syncytium. Such a role of the Na+/K+-ATPase in ammonia 

transport processes has been described for many vertebrate and invertebrate systems (Larsen et 

al., 2014). Another possibility for the observed changes in transport rates could be that a 

blockage of the Na+ ion pathway over the apical membrane of the hypodermis caused a 

hyperpolarization of the syncytium, as observed for epithelial cells in the frog skin. Here, the 
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inhibition of the Na+ entry by apical application of amiloride caused a hyperpolarization of the 

epithelial cells and consequently also an inhibition of the net H+ efflux (Harvey and Ehrenfeld, 

1988). Assuming also in C. elegans the presence of NH4
+ and H+ conductive pathways in the 

apical membrane of the syncytium, e.g. K+-channels, AMTs (ammonium transporters) and V-

ATPase, reduced cation transport rates are expected due to a less favorable electrochemical 

gradient. 

 

Effects of starvation and high environmental ammonia (HEA) on mRNA expression levels of 

epithelial NHX-2, -3 and -9 

 Although hypodermal H+ and whole animal ammonia fluxes were not affected by 

externally applied EIPA, one can assume that NHX-transporters play a crucial role in pH 

homeostasis under various environmental conditions (Table. 4.2). The following discussion 

focuses on NHX-2, -3 and -9 expressed in the intestine, hypodermis and excretory cell, 

respectively, and found within the CPA1 subcluster of transporters. Due to their sequence 

similarities to homologous mammalian NHEs they are clustering with it is assumed that these 

NHEs are localized in recycle or residential plasma membranes (see supplementary material, Fig. 

S4) and are not potential transporters responsible for apical Na+ and H+ transport in hypodermis.     

 

Feeding 

An earlier study showed that fed C. elegans exhibited 3-fold higher ammonia excretion 

rates compared to starved animals, likely due to an elevated internal ammonia load caused by 

protein catabolism. Feeding was also correlated with an up-regulation of NHX isoforms highly 

abundant in epithelia of the intestine (NHX-2) and hypodermis (NHX-3). In contrast, transcripts 
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of NHX-9, abundant in the excretory cell, were down-regulated during feeding. This suggests 

that these epithelial transporters are involved in regulating feeding-related pH variations of the 

body fluids, but possibly also play a role in ammonia excretion, particularly NHX-2 and -3. 

NHEs have been linked to ammonia transport through their capacity to build up a transmembrane 

pH gradient and thereby also a PNH3 (Shih et al., 2012; Weihrauch et al., 2012; Wright and 

Wood, 2009), thus promoting ammonia trapping. Localized in the apical membrane of the 

intestine, NHX-2 is likely responsible for acidifying the unstirred apical layer in the gut lumen, 

possibly also creating a PNH3 gradient. NHX-3 on the other hand, is primarily located 

intracellularly, (Nehrke and Melvin, 2002), possibly in intracellular vesicles recycling to the 

plasma membrane as the mammalian NHE-3 (Brett et al., 2005) as our sequence analysis implies 

(See supplementary material, Fig. S4). A vesicular NHX-3 could acidify the compartmental 

lumen, trapping thereby ammonia in form of NH4
+. Indeed, vesicular ammonia excretion was 

suggested in an earlier study as inhibitory effects on excretion were observed after the 

application of colchicine (Adlimoghaddam et al., 2015). 

 

Exposure to high environmental ammonia (HEA) 

A recent study (chapter three) revealed that exposure to HEA (1 mmol l-1) caused a 7 fold 

increase in body ammonia but also a doubling of the ammonia excretion rate (Adlimoghaddam et 

al., 2015). In the current study it was observed that body pH was not affected in nematodes after 

a 2 day exposure to HEA. However, under this stress, NHX-2 mRNA levels increased more than 

3.5 fold, indicating strongly that this transporter is involved in intestinal ammonia transport and 

suggesting further that the gut might play an important role in ammonia elimination. 
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 After a 2 day HEA exposure NHX-3 was slightly down-regulated, indicating a minor 

importance for this transporter in the ammonia excretion process under this condition. Further, 

due to the lack of response, NHX-9 seems not to play a significant role in the ammonia handling 

processes in the excretory cell. The potential importance of NHX-2 in intestinal ammonia 

handling is further highlighted by the overall high abundance of its mRNA, which is 

approximately 10 times greater compared to NHX-2 or NHX-3 (Table. 4.1). 

 

The effects high and low environmental pH on NHX mRNA expression levels 

Exposure to pH 5.5 

Exposure to an environmental pH 5.5 had significant effects on the mRNA expression 

levels of NHX transporters localized in the epithelium (NHX-2, -3, -4 and –9). The 

corresponding body pH was 6.35 and thus not different from values found in starved animals 

(Table. 4.2). While the up-regulation of NHX-2 and -3 indicates an involvement in the protective 

acid secretion process, the observed slight down-regulation of NHX-9 upon low pH stress 

suggests that this transporter is not primarily responsible for H+ secretory processes occurring via 

the excretory cell (Adlimoghaddam et al., 2014). The severe down-regulation of NHX-4 (Fig. 

4.5C) is, however, puzzling, since as a housekeeping protein a protective function was expected, 

rather correlated with an up-regulation. Up-regulation of NHX-5, in contrast, suggests a 

protective role of this transporter in the neuronal cells, in spite of its cytoplasmic, rather than 

plasma membrane predicted localization (See supplementary material, Fig. S4). 

Exposure to pH 8 

When exposed to an elevated external pH  8, body pH increased by approximately 0.2 

units when compared to the respective control values in starved animals (Table. 4.2). However, 
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changes in gene expression levels of the NHX isoforms were very similar, with the same 

direction but even more pronounced when compared to the effects seen after a low pH exposure. 

In addition, an up-regulation of the intestinal NHX-6 and -7 isoforms and also the NHX-8 (seam 

cells) isoforms was seen in response to high pH stress. NHX-6 and -7 are localized to the 

basolateral membrane, promoting possibly a compensatory H+ influx into the body fluids. 

Overall, the results from the pH experiments are not conclusive, but they do underline the 

general importance of basically all NHX transporters with the exception of NHX-1, which did 

not respond to all applied stressors expressed in C. elegans in acid-base homeostasis. 

 

The knock-out mutant NHX-3 

In order to investigate the role of NHX-3 in hypodermal cation transport and the 

ammonia excretion mechanism, a series of experiments were performed employing a NHX-3 

knock-out strain. An integrative analysis revealed that this mutant is a rather transformed and 

crippled animal and not suitable for characterization of the role of a single transporter, NHX-3. 

The mutant showed slower growth rates, a reduced activity of the mitochondrial enzyme 

cytochrome c oxidase and reduced ammonia excretion rates. Moreover, with the exception of 

NHX-1 all other expressed NHX isoforms showed differential expression compared to the wild 

type. Interestingly, with the exception of the housekeeping gene NHX-4, the direction of changes 

in mRNA abundance were found to be the opposite to the responses observed under high and 

low pH stress and were broadly similar to the changes in gene expression found during starvation 

(Fig. 4.5A), basically under a reduced metabolism. This is in line with the detected reduced 

hypodermal H+ secretion. In contrast, Na+ uptake rates remained unchanged when compared to 

control nematodes, emphasizing the necessity for ion homeostasis in all metabolic states. 
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The effect of EIPA and amiloride on H+ and Na+ fluxes and ammonia excretion 

Unexpectedly, blocking hypodermal NHX-transporters and Na+-channels by EIPA and 

amiloride, respectively, caused significant increases in H+ efflux, Na+ uptake and whole animal 

ammonia excretion rates in NHX-3 (Fig. 4.8). Such a response could possibly be explained by an 

activation of an EIPA- and/or amiloride-insensitive transporter, such as the V-ATPase for H+ 

excretion or sodium/proton antiporters (NHAs), which belong to the electrogenic cation/proton 

antiporter 2 (CPA2) subfamily (Calinescu et al., 2014) and do not possess the characteristic 

amiloride binding motif (Blaesse et al., 2010). In the African malaria mosquito Anopheles 

gambiae, AeNHA1 has been localized to various sections of the alimentary tract and has been 

suggested to play a crucial role in maintaining the steep pH gradients found in this tissue 

(Rheault et al., 2007). A comparative mRNA expression analysis conducted in the current study 

revealed; however, identified NHAs expressed in C. elegans (see supplementary material, Fig. 

S4) were not up-regulated but down regulated, with the exception of NHA2 (Fig. 4.9). The 

results suggest that these transporters are not responsible for the observed increase in cation and 

ammonia transport rates after EIPA and amiloride application. The functions and tissue 

localization of NHAs expressed in C. elegans are not known to date, but should be subject of 

future studies to obtain a better understanding of the acid-base regulatory mechanism in this 

genetic model system. 

 

Conclusion 

The current study provides new information regarding the role of NHXs in the acid base 

homeostasis in the genetic model system C. elegans. A most recent study on this nematode 
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suggested, that ammonia excretion across the hypodermis involves a basal Na+/K+-ATPase, a 

vesicular microtubules depend transport, and an ammonia trapping mechanism over the apical 

membrane, which is promoted by an acidification of the apical unstirred boundary layer 

 (Adlimoghaddam et al., 2015). 

Unexpectedly, it was observed that NHXs are likely not involved in H+ secretion and 

ammonia excretion over the hypodermis of the animal. By contrast, our results point rather to a 

role of an apically localized Na+-channel in both processes, which can be inhibited by low 

concentrations of amiloride. If this holds true in future studies, the Na+ uptake mechanism in the 

soil nematode C. elegans may be comparable to that found in the osmoregulatory tissues found 

freshwater living animals such as amphibians and crustaceans (Henry et al., 2012; Klein et al., 

1997). Gene-expression analysis revealed further that, in contrast to the NHX isoforms expressed 

in the hypodermis, or NHX-9, which is localized in the excretory cell, the isoform localized to 

the apical membrane of the intestine (NHX-2) seems to be important both in acid-base 

homeostasis in animals challenged with environmental pH fluctuations and probably also in 

elimination of metabolic ammonia. Of particular importance for future studies on C. elegans, our 

findings reveal that great caution must be taken when knock-out mutants are employed. This is 

evident as our current study demonstrated that, in NHX-3, twelve out of fourteen investigated 

genes were differently expressed, resembling NHX expression levels found rather in starved than 

fed wild type nematodes. 
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 Fig. 4.1. The conserved amiloride binding motif is indicated in the outer black box. A critical leucine, 

underlaid in grey within the pocket, renders amiloride sensitivity. Mammalian NHE1 (Orlowski & Grinstein et 

al., 2004) was shown to be amiloride-sensitive. The diagram was constructed with MultAlign (bioinfo.genopole-

toulouse.prd.fr/multalin/ multalin.html). Accession numbers are given in parentheses: H. sapiens NHE1 

(NP_003038); C. elegans NHXs: CeNHX-1(NM_078221.5); CeNHX-2 (NM_063213.4); CeNHX-3a 

(NM_001028564.2); CeNHX-4a (NM_001029391.2); CeNHX-5a (NM_001029549.2); CeNHX-6b 

(NM_001027043.2); CeNHX-7 (AF497831.1); CeNHX-8a (NM_001026558.2); CeNHX-9a AF497835.1). 
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Fig. 4.2. Representative scans showing voltage differences recorded by SIET over the hypodermis for H+ 

fluxes (A) and Na+ fluxes (B) at locations at least 200 µm posterior of the excretory pore of adult C. elegans. 

The white circle in each panel indicates the location of the  excretory pore. The length of the arrow corresponds to 

the mean voltage difference of 3 replicate measurements at each site.  Voltage scales are provided in the top right of 

each panels.  
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Fig. 4.3. Cation fluxes over the hypodermis of adult wild type C. elegans (N2) under the influence of either 100 

µmol l-1 amiloride (black bars) or 100 µmol l-1 EIPA (gray bar). (A) H+ efflux; n=5; (B) Na+ influx; n=5-6. Data 

represent means±S.E.M. and were analyzed employing one-way ANOVA followed by Tukeys post-hoc tests. 

Significant differences are indicated by different letters. 
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Fig. 4.4. Ammonia excretion rates of C. elegans exposed to various concentrations of EIPA (Panel A; n=6) and 

amiloride (Panel B; n=4-5). Control conditions =  control media (pH=7, open bar). Data represent means±S.E.M. 

and were analyzed employing one-way ANOVA followed by Tukeys post-hoc tests. Significant differences are 

indicated by different letters. 
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Fig. 4.5. Changes of mRNA expression levels of NHX-1 to -9 after 1 day starvation (Panel A; n=4-5), 2 day 

exposure to 1 mmol l-1 NH4Cl (HEA) in starved nematodes (Panel B; n=4-5), 2 day exposure to pH 5.5 in 

starved nematodes  (Panel C; n=4-5), and 2 day exposure to pH 8.0 in starved nematodes (Panel D; n=4-5). 

Absolute mRNA expression levels of respective control animals were set to 1 (open bars) with values measured 

under the experimental conditions are given as “fold changes” of the respective controls (closed bars). The asterisk 

(*) indicates significant differences between treatments (p≤0.05). Data represent means±S.E.M. and were analyzed 

employing an unpaired, two-tailed Student’s t-test prior to calculation for fold change values. 
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Fig. 4.6. Specific enzyme activities of cytochrome c oxidase (A; n=5-6) and citrate synthase (B; n=5-6) in wild 

type nematodes N2 (open bars) and ∆NHX-3 (closed bars). Significant differences from the control value are 

indicated by “*” (p≤0.05). Data represent means±S.E.M. and were analyzed employing an unpaired, two-tailed 

Student’s t-test. 
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 Fig. 4.7. Changes of mRNA expression levels of NHX-1, 2, 4, 5, 6, 7, 8, 9 in fed wild type nematodes  (N2, open 

bars, n = 5) and the ∆NHX-3 strain (closed bars, n=5).  Absolute mRNA expression levels of respective control 

animals were set to 1 with values measured in ∆NHX-3 are given as “fold changes” of the respective controls. The 

asterisk (*) indicates significant differences between the two strains (p≤0.05). Data represent means±S.E.M. and 

were analyzed employing an unpaired, two-tailed Student’s t-test prior to calculation for fold change values. 
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Fig. 4.8. Whole animal ammonia excretion rates and cation fluxes over the hypodermis of ∆NHX-3 nematodes  

under the influence of either 100 µmol l-1 amiloride (black bars) or 100 µmol l-1 EIPA (gray bars). (A) H+ 

efflux; n=5; (B) Na+ influx; n=5; (C) Ammonia excretion; n=4-5. Data represent means±S.E.M and were analyzed 

employing one-way ANOVA followed by Tukeys post-hoc tests. For A and C, significant differences are indicated 

by different letters. In B asterisk (*) indicates significant differences between treatments. 
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Fig. 4.9. Changes of mRNA expression levels of NHA-1 to -3 and V-ATPase (subunit A) in fed wild type 

nematodes  (N2, open bars, n = 5) and the ∆NHX-3 strain (closed bars, n=5).  Absolute mRNA expression levels 

of respective control animals were set to 1 with values measured in ∆NHX-3 are given as “fold changes” of the 

respective controls. The asterisk (*) indicates significant differences between the two strains (p≤0.05). Data 

represent means±S.E.M. and were analyzed employing an unpaired, two-tailed Student’s t-test prior to calculation 

for fold change values. 
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Supplemental Fig. S4. Maximum likelihood unrooted tree of members of the cation/proton exchanger (CPA) 

superfamily. Numbers beside branches represent bootstrap values from 1000 replicates. The tree branches are 

drawn to scale, with the scale bar representing the number of amino acid substitutions per site.  Based on subcellular 

localization and function the CPA1 clade (NHEs) can be divided into two subcluster, containing either NHEs 

localized to plasma membranes (resident or recycling) or NHEs localized to endomembranes (Golgi or endosomes)  

(Brett et al., 2005; Ivanis et al., 2008; Nehrke and Melvin, 2002; Piermarini et al., 2009; Pullikuth et al., 2006; Tse et 

al., 1993).  Note, the nomenclature of the mammalian NHEs is not consistent with the nomenclature in C. elegans.  
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Accession numbers are given in parentheses: AeNHE3 (AAM63432.1), AeNHE79 (XP_001654568.1), AeNHE8 

(ACJ02512.1), AgNHA1 (ABJ91581), AgNHA2 (XP_312647),  CeNHX1 (NP_510622), CeNHX2 (NP_495614), 

CeNHX3a (NP_001023735), CeNHX4a (NP_001024562), CeNHX5a (NP_001024720), CeNHX6a 

(NP_001022214), CeNHX7 (AAM18109), CeNHX8a (NP_001021728), CeNHX9a (NP_001023627), CeNHA1 

(NP_509724), CeNHA2 (NP_509723), CeNHA3 (NP_507130), CmNHE (AAC26968), DmNHA1 (NP_723224), 

DmNHA2 (NP_732807), HsNHE1 (NP_003038.2), HsNHE2 (Q9UBY0.1), HsNHE3 (AAI01670), HsNHE4 

(NP_001011552), HsNHE5 (Q14940), HsNHE6a (NP_001036002), HsNHE7 (NP_115980), HsNHE8 (Q9Y2E8), 

HsNHE9 (BAD69592), HsNHA1 (NP_631912), HsNHAmt (NP_849155), MsNHE8 (ABX71221.1), OmNHE 

(NP_001118167).  Abbreviations: Ae, Aedes aegypti; Ag, Anopheles gambia; Ce,  Caenorhabditis elegans ; Cm, 

Carcinus maenas; Dm, Drosophila melanogaster; Hs, Homo sapiens; Ms, Manduca sexta; Om, Oncorhynchus 

mykiss.   
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Table. 4.1. Absolute mRNA expression levels (fg DNA/50 ng total RNA) of NHX isoforms in C. elegans. For 

statistical analysis a Kruskal-Wallis-Test was applied with post-hoc Mann-Whitney pairwise comparisons. 

Significant differences are indicated by different letters (p≤0.05). 

 

 NHX-1 NHX-2 NHX-3 NHX-4 NHX-5 NHX-6 NHX-7 NHX-8 NHX-9 

Mean 28.5 11.4 0.9 35.6 2.9 0.1 3.2 0.2 1.1 

S.E.M. 3.7 3.1 0.1 2.0 0.5 0.02 0.4 0.04 0.2 

n 5 5 5 5 5 5 5 5 5 

Statistics a b c a b d b d c 
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Table. 4.2. Body pH of homogenized C. elegans cultured in different media. Fed, unbuffered media pH 7; Starved, 

starved for 24 hours, unbuffered media pH 7; HEA, starved for 24 hours, unbuffered media enriched with 1 mmol l-

1NH4Cl (48 hours), pH 7; pH 5.5, starved for 24 hours, MES buffered media, pH 5.5 (48 hours); pH 8, starved for 24 

hours, TRIS buffered media, pH 8 (48 hours). For statistical analysis a Kruskal-Wallis-Test was applied with post-

hoc Mann- Whitney pairwise comparisons. Significant differences are indicated by different letters (p≤0.05). 

 

 Fed Starved HEA pH 5.5 pH 8.0 

Mean 6.63 6.46 6.65 6.35 6.67 

S.E.M. 0.016 0.022 0.027 0.050 0.023 

n 5 5 5 5 5 

Statistics a b a b a 
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Table. 4.3. Absolute mRNA expression levels (fg DNA/50 ng total RNA) of NHA isoforms in C. elegans. For 

statistical analysis a Kruskal-Wallis-Test was applied with post-hoc Mann-Whitney pairwise comparisons. 

Significant differences are indicated by different letters (p≤0.05). 

 

 NHA-1 NHA-2 NHA-3 

Mean 42.5 11.5 8.8 

S.E.M. 3.73 0.3 0.8 

n 5 4 5 

Statistics a b c 
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Table. 4.4. Primers employed in PCR targeting Na+/H+ exchangers (NHX-1, NHX-2, NHX-3 (isoform a), NHX-4 

(isoform a), NHX-5 (isoform a), NHX-6 (isoform a), NHX-7, NHX-8 (isoform b), NHX-9 (isoform b), Na+/H+ 

antiporter (NHA-1, NHA-2, NHA-3), Vesicular H+-ATPase (VHA; subunit A) from the nematode, Caenorhabditis 

elegans. 

Primer  Nucleotide sequence (5’à3’)  Annealing 
Temp. (ºC)  

Product size  
(bp)  

GenBank  
Acc. #  
 

Na+/H+ exchanger 
 
NHX-1 F 

 
 
AAAACAAAGTCGACAAATGG 

   

NHX-1 R CCCGTTCCTCCTATA CTTGA 58 180 NM_078221.5 
 
NHX-2 F 

 
AAGACATTGCCGGTTTCAAG 

   

NHX-2 R TCCACGTGCAATCTTCTTTG 60 179 NM_063213.4 
 
NHX-3 F 

 
GCGGGTCAACGTGGTCATTA 

   

NHX-3 R TGTGGCGTCGAAGCTTTGTC 60 110 NM_001028564.2 
 
NHX-4 F 

 
GGATTTGCCGGTGTGTTCAT 

   

NHX-4 R TGCCCAGTTTCAGCAAGGA 60 114 NM_001029391.2 
 
NHX-5 F 

 
AAGCCGACTTGTTTGCGTTA 

   

NHX-5 R CGCGTTCATACATCCAATCA 57 200 NM_001029549.2 
 
NHX-6 F 

 
CCTCTACCGGATGTTCCTGA 

   

NHX-6 R TGAAGACGCAGTTGAGGATG 58 197 NM_001027043.2 
 
NHX-7 F 

 
TTATTGCACTGATTGCCTGC 

   

NHX-7 R CCGAAACTGCAGAGAACACA 54 207 AF497831.1 
 
NHX-8 F 

 
ATCGGGTATCATGGCAATTC 

   

NHX-8 R CCAGAATATGAGCCACGGT 60 200 NM_001026558.2 
 
NHX-9 F 

 
TGGATTATGCAACTGGTGGA 

   

NHX-9 R TTGCGATTGCTATGATGGAG 60 207 AF497835.1 
 
Na+/H+ antiporter 
 
NHA1 (F41E7.1)  
 
NHA-1 F 

 
 
 
 
 
ATTGCGTGGCAAGATTGC 

   

CeNHA-1 R TTAGTAGCGTTGACTGGA 57 176 NM_001026558.2 
 

CeNHA2 (F41E7.2) 
 
NHA-2 F 

 
 
GCAAAAACCAAAGTGTT 

   

NHA-2 R TTGATGTGACCGGCGA 57 145 NM_077322.4 
 
NHA3 (F57GB.5) 
 
NHA-3 F 

 
 
 
ATTGATTGTCAGGGCAC 

   

NHA-3 R TCAGCATCTGGAAGTTTG 57 174 NM_074729.4 
 
H+ ATPase  
 
VHA-F 

 
 
 
CTTGAAGGCTCGTGAAGACC 

   

VHA-R ACGACTTCCTTTTCGAGCAA 60 150 NM_068639.5 
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CHAPTER FIVE 

 

RHESUS PROTEINS IN CAENORHABDITIS ELEGANS: PHYSIOLOGICAL AND 

MOLECULAR CHARACTERIZATION OF THE RHR-2 KNOCK OUT MUTANT  

 

*This chapter has been submitted to the Journal of Comparative Biochemistry and 

Physiology (CBP) Part A on the 22nd of May (submission number # 24951 ) 

 

Adlimoghaddam, A., O’Donnell, M.J., Treberg, J.R., Kormish, J., Merz, D., & Weihrauch, D. 

 

Abstract  

The free living soil nematode Caenorhabditis elegans (N2 strain) has previously been 

shown to be ammonotelic, where ammonia excretion was suggested to take place partially via 

the hypodermis, involving the Na+/K+-ATPase (NKA), V-ATPase (VHA), carbonic anhydrase, 

NHX-3 and a functional microtubule network and at least one Rh-like ammonia transporter Rhr-

1. In the current study we show that a second Rh-protein, Rhr-2, is highly expressed in the 

hypodermis of the animal. The lack of responsiveness in mRNA expression after a 2 day 

exposure to environmental pH 5.5 and 8, suggested that neither Rhr-1 nor Rhr-2 are directly 

involved in chronic acid-base regulation. To further characterize the role of Rhr-2 in ammonia 

excretion, a knock-out mutant rhr-2(ok403), further referred to as ∆Rhr-2 was employed. 

Compared to wild-type nematodes, this mutant showed a reduced metabolism, which was 

associated with a lower ammonia excretion rate, lower hypodermal H+ excretion and a reduced 

specific cytochrome c oxidase activity. At the same time Rhr-1, NAK, VHA, and NHX-3 were 
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up-regulated when compared to N2. Also, in contrast to N2 nematodes, ∆Rhr-2 did not show 

enhanced ammonia excretion rates when exposed to a low pH environment, suggesting that Rhr-

2 represents the apical NH3 pathway that allows N2 nematodes ammonia trapping via the 

hypodermis. The data from the current study as well as three most recent previous investigations 

on this subject are discussed and a hypothetical model for the hypodermal ammonia excretion 

mechanism proposed.   

 

Introduction 

Transmembrane transport of ammonia1, the primary end product of protein catabolism 

(Campbell, 1991), serves essential physiological functions that include the uptake of nitrogen in 

animals living on a nitrogen poor diet (Weihrauch, 2006),  the adjustment of acid-base 

homeostasis (Fehsenfeld and Weihrauch, 2012; Weiner and Verlander, 2013) and the excretion 

of nitrogenous waste in ammonotelic animals, such as fish and aquatic invertebrates (Larsen et 

al., 2014; Weihrauch et al., 2009; Wright and Wood, 2009). Ammonia exists in a pH-dependent 

equilibrium of NH3 and NH4
+ and occurs predominantly in its ionic form in physiological 

solutions, given its pKa of approximately 9.3 (Cameron and Heisler, 1983). Due to its similar 

size to K+ ions when hydrated (Weiner and Hamm, 2007), NH4
+ can serve as a substrate for 

numerous K+ transporting proteins and enzymes that includes the Na+/K+-ATPase (Cruz et al., 

2013; Skou, 1960), H+/K+-ATPase (Swarts et al., 2005), K+-channels (Choe et al., 2000), 

Na+/K+/2Cl- cotransporter (Good et al., 1984). In addition, NH4
+ may also substitute for alkali 

metal ions in Na+/H+ exchangers (Blaesse et al., 2010).  The gaseous form of ammonia, NH3 , on 

the other hand, cannot actively be transported across biomembranes, but requires a partial 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 In the present study “NH3” refers to gaseous ammonia, “NH4

+” to the ionic form, and the term “ammonia” is the 
sum of both molecules. 
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pressure gradient (ΔPNH3) and ideally a NH3-permeable channel for transmembrane passage. In 

animals, such NH3-channels have been identified to be glycosylated proteins, which belong to 

the Rhesus-protein family. These Rh-proteins are well conserved within the animal kingdom 

(Huang and Peng, 2005) and predicted to form in vivo trimeric complexes, wherein each 

monomer allows the passage of NH3 (Gruswitz et al., 2010; Marini et al., 2000). Since their 

discovery at the beginning of this millennium by Marini and coworkers (Marini et al., 2000), 

numerous studies have shown the importance of these Rh-proteins in acid-base regulation and 

epithelial ammonia transport processes, which have been extensively reviewed (Huang and Ye, 

2010; Nakhoul and Lee Hamm, 2013; Weihrauch et al., 2009; Weiner and Verlander, 2013; 

Wright and Wood, 2009; Wright et al., 2014). In many ammonia transporting epithelia, including 

the mammalian distal nephron, fish gills, and anal papillae of dipteran insect larvae, two Rh-

proteins are found, one localized on the apical and the other on the basolateral cell membrane, 

respectively. In a recent study, the ammonia excretion mechanism across the hypodermis of the 

soil dwelling nematode C. elegans was investigated (Adlimoghaddam et al., 2015).  As in insects 

(Weihrauch et al., 2011), C. elegans also expresses two Rh-proteins, named Rhr-1 and Rhr-2. 

Rhr-1 is expressed in many tissues of C. elegans but predominantly in the hypodermis (Ji et al., 

2006). Moreover, Rhr-1 shares high sequence similarity to other vertebrate and invertebrate Rh-

proteins and has been shown to function as an ammonia transporter when expressed in yeast 

(Adlimoghaddam et al., 2015). The latter study also suggested that some ammonia is actively 

transported from the body fluids via the Na+/K+-ATPase into the cytoplasm of the hypodermal 

syncytium. Cytoplasmic ammonia is then believed to be trapped into acidified vesicles, which 

are then transported to the apical membrane for exocytotic release (Adlimoghaddam et al., 2015). 

The lack of transcriptional alterations in response to internal ammonia loading suggested that 
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Rhr-1 serves as a housekeeping gene and is likely localized to the basal membrane of the 

hypodermis (Adlimoghaddam et al., 2015). However, due to its unknown tissue localization and 

function, the role of the second Rh-protein, Rhr-2, in the ammonia transport processes of the 

nematode remains unresolved. In the current investigation, tissue localization and potential 

functions of Rhr-2 were investigated through the use of transgenic GFP-constructs as well as 

transport studies and gene-expression analysis in Rhr-2 knock-out mutants. 

 

Material and methods 

Nematode cultures 

The hermaphrodite wild-type Caenorhabditis elegans strain (N2) and RB651 rhr-

2(ok403) knock out nematode (referred to as ΔRhr-2) were obtained from the Caenorhaditis 

Genetics Center (CGC, University of Minnesota, Minneapolis) and maintained as described 

earlier (Adlimoghaddam et al., 2015). In brief, both strains were maintained in the laboratory on 

Nematode Growth Medium (NGM) seeded with Escherichia coli OP50 at 16 °C. After 

revitalization, nematodes were washed from the plates with M9 buffer (in mmol l−1: 22 KH2PO4, 

43.5 Na2HPO4, 85.54 NaCl, and 3 MgSO4, pH 7) and transferred aseptically into 250 mL of 

liquid medium (S-Basal, in mmol l−1: 43 KH2PO4, 5.6 K2HPO4, and 97 NaCl, 0.92 citric acid 

monohydrate, 8.81 tri-potassium citrate monohydrate, 0.048 disodium EDTA, 0.024 

FeSO4.7H20, 0.015 MnCl2.4H20, 0.017 ZnSo4.7H20, 0.00097 CuSO4.5H20, 2.92 CaCl2, and 2.92 

MgSO4.). The liquid culture medium was enriched with “heat killed” E. coli OP50 as a food 

source and agitated (Innova 2000 platform-shaker, New Brunswick, Canada, RT) at 200 r.p.m 

for three days before nematodes were used in experiments. All experiments on living nematodes 

were performed at room temperature (RT, 22 °C).	  
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Plasmid construction 

 To construct the entire promoter region of Rhr-2 gene, sequences between the stop codon 

of previous gene (npp-22) to the ATG start codon of Rhr-2 gene, was PCR amplified using 

forward and reverse (Rhr-2 smaI F: GGGGCCCGGGGAAAATTCATACAACGTTTCCCA/ 

Rhr-2 ageI R: GGGGACCGGTTCTGGAATTTTTCGTAGAAATTTA) primers, and Phusion 

high-fidelity DNA polymerase (Thermo Scientific, Ottawa, ON, Canada). Further, both PCR 

fragments and pPD95.77 vector (Promega, Fisher Scientific, Nepean, ON, Canada) were 

digested with the same FastDigest restriction enzymes (FastDigest kit, Thermo Scientific, 

Ottawa, Ontario, Canada) overnight at 37 °C. The digested products were electrophoresed and 

purified using the gel extraction kit (QIAquick gel extraction kit, Qiagen Inc, Mississauga, 

Ontario, Canada). The resulting products were ligated (Promega, Madison, WI, USA) together 

overnight at 4 °C, creating transcriptional fusion. Further, the cloned product was transformed 

into chemically competent E. coli DH5α strain and grown in LB containing 100 µg/mL 

ampicillin overnight at 37 °C. At the end of incubation period, colonies were screened by PCR 

for correct insertion. Vectors containing the Rhr-2 promoter were isolated from the overnight 

culture using the Qiaprep Spin Miniprep kit (Qiagen, Mississauga, ON, Canada). Correct 

expression of transcriptional and translational constructions was verified by sequencing (Robarts 

Research Institute, London, Ontario, Canada). 

 

Microinjection 

The transcriptional construct (40 ng/µL) was co-injected with 40 ng/µL pRF4 (rol-

6(su1006)), and 20 ng/µL pBSII) into the gonads of young adult hermaphrodites (N2). Rolling 

F1 progeny were selected and stable lines identified.  
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Fluorescence microscopy 

Animals from stable transgenic lines were placed on slides with 2% agar pads with 10 

mM azide. Slides were analyzed with a Zeiss Images A.1 compound microscope. Images were 

taken and analyzed with Axiovision software (Zeiss, Toronto, Canada). 

Nitrogen excretion experiments 

Ammonia excretion rates were determined under the influence of various pH regimes in a 

series of short-term (2 h) experiments. N2 or ∆Rhr-2 nematodes (0.1-0.15 g) from liquid culture 

were washed twice with control medium (in mmol l−1: 22 KCl, 129 NaCl, 1 MgSO4, adjusted to 

pH 7) followed each time by a centrifugation step (188 x g, 1 min at room temperature). After 

the washing steps, nematodes were then exposed either to control media adjusted to pH 7, low 

pH media (control media enriched with 5 mmol l-1 2-(N- orpholino) ethanesulfonic acid (MES), 

adjusted to pH 5), or high pH media (control media enriched with 5 mmol l-1 tris 

(hydroxymethyl) aminomethane hydrochloride (Tris-HCl), adjusted to pH 8.0) for two hours. 

During the 2 hour incubation period, nematodes were agitated (Innova 2000 platform-shaker, 

New Brunswick, Canada) at 200 r.p.m. At the end of the incubation period, nematodes were 

pelleted by centrifugation (188 x g, 3 min) to determine a fresh nematode mass and the collected 

supernatant of the respective media were immediately frozen at -80 ºC for later analysis of total 

ammonia and urea concentrations. 

 

Determination of ammonia and urea by NH3-selective electrode 

Ammonia concentration in samples was measured using a gas-selective NH3 electrode 

(Thermo Orion, Beverly, USA) connected to a mV/pH meter (Weihrauch et al., 1998). Urea 
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concentration was measured in an aliquot of the sample treated with 10 unit/ml of urease type II 

(Sigma, Saint Louis, USA), which catalyzes the conversion of urea to ammonia and bicarbonate. 

Total ammonia (i.e. background plus urea-derived ammonia) was determined after 30 minutes 

incubation at room temperature. The urea concentration was then determined by subtracting 

background ammonia (measured in a parallel sample) from total ammonia. The resulting value 

was then divided by 2 to obtain the urea concentration of the sample. Standard curves were made 

with the respective experimental solutions, enriched with known concentrations of NH4Cl.   

 

Quantitative Real-time PCR 

RNA was isolated from nematodes after each experiment described in the figure legends. 

Total RNA was isolated from N2 and ∆Rhr-2 mutants using the RNeasy plus Mini Kit (Qiagen 

Inc, Mississauga, Ontario, Canada) under RNase-free conditions. RNA samples were treated 

with DNase I (Invitrogen, Carlsbad, CA, USA) to remove any genomic DNA contamination. The 

treated RNA was then tested for genomic DNA by a 40 cycle PCR, employing the primer pair 

Actin-F/R primer pair listed in Table. 5.1.  

Integrity of RNA was checked by both, gel electrophoresis and spectrophotometric 

quantification (Nanodrop 2000C, Nanodrop Technologies, Wilmington, DE, USA). 

Subsequently, DNase treated total RNA (0.3 µg) was reverse transcribed into cDNA using 

Superscript II reverse transcriptase and oligo-dT primer (iScript™ cDNA Synthesis Kit, Biorad, 

Mississauga, Ontario, Canada). The quality of cDNAs was tested before quantitative PCR by 

standard PCR (Actin-F/ R) followed by gel electrophoresis and product visualization using 

ethidium bromide. PCR protocols were optimized for each gene (Table. 5.1) while correctness of 

the respective PCR products was verified by sequencing (Robarts Research Institute, London, 
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Ontario, Canada). 

Standard curves for qPCR were generated utilizing a dilution series of known quantities 

(10+4, 10+3, 10+2, 10+1, 10+0, 10-1 fg DNA) of the respective purified PCR product (QIAquick 

PCR Purification Kit, Qiagen Inc, Mississauga, Ontario, Canada) of the target gene. All primers, 

annealing temperatures and PCR product size values are listed in table. 5.1. SSoFastTM EvaGreen 

supermix (Biorad, Mississauga, Ontario, Canada) and a Biorad MiniOpticon RT-PCR machine 

(Miniopticon, Biorad, Mississauga, Ontario, Canada) were used for qPCR. Single product 

amplification was verified at the end of the reaction by means of melting curve analysis. 

 

Measurements of H+ flux using the scanning ion electrode technique (SIET)  

Nematodes were bathed in moderately hard reconstituted water (MHRW) (Khanna et al., 

1997) containing (in mmol l-1): 1 NaCl, 1 NaHCO3, 0.3 CaCl2 and 0.1 KCl.  Levamisole (0.5 

mmol l-1) was added to all media to minimize nematode movements during SIET measurements, 

as described previously (Adlimoghaddam et al., 2014). Net transport of H+ produced small 

concentration differences in [H+] in the unstirred layer next to the surface of the nematode. H+ 

concentration gradients within the unstirred layer near the surface of the nematode were 

determined from measurements of H+-selective microelectrode voltage using the following 

equation: 

ΔC = CB 10(ΔV /S) - CB 

Where ΔC is the concentration gradient between the two points (µmol cm-3); CB is the 

background H+ concentration (µmol cm-3), calculated as the average of the concentrations at each 

point; ΔV is the voltage gradient (µV); and S is the slope of the electrode (µV) for a 10-fold 

change in ion concentration bracketing the range of interest. The concentration gradient was 
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subsequently converted into an estimate of H+ flux using Fick's first law of diffusion: 

JH+ = DH+ ΔC/ Δx 

where JH+ is the net flux of the ion (pmol cm-2 s-1), DH+ is the H+ diffusion coefficient (9.31×10-

5 cm2 s-1) and Δx is the distance between the two points measured (cm). H+ fluxes were corrected 

for the effects of buffering by H2O and HCO3
- using equations published previously (Messerli et 

al., 2006). SIET methods and H+-selective microelectrode fabrication and calibration have been 

described in our earlier paper (Adlimoghaddam et al., 2014). At each site along the hypodermis, 

fluxes were calculated based on the mean of 3 replicate measurements.  For each nematode, 

fluxes were measured at 5 or more sites separated by 20 – 25 µm. A mean value for H+ flux 

across the hypodermis of each nematode was then calculated from the mean values at each site; n 

values reported in the results indicate the number of nematodes.  

 

Enzyme activities 

Frozen nematodes were homogenized in approximately 8 volumes of ice-cold 50 mmol l-

1 Imidazole buffer (pH 7.4 at 20 ºC) using a ground-glass homogenizer. Homogenates were 

employed directly for measuring enzyme activities, or frozen (-80 ºC) for later determination of 

protein content. Enzyme assays were performed at 20 ºC. Cytochorome c oxidase was measured 

at 550 nm in a medium of 50 mmol l-1 potassium phosphate buffer (pH 7.0 at 20 ºC), 0.5% (w/v) 

sodium dodecyl-maltoside and 60 µmol l-1 of reduced (equine) cytochrome c. The difference in 

the rate of absorbance change due to the presence of 1 mmol l-1 KCN was taken as the rate of 

cytochrome c oxidase activity. Citrate synthase activity was measured as the difference in the 

rate of absorbance change at 412 nm between the presence and absence of 1.0 mmol l-1 

oxaloacetate in an assay medium consisting of 50 mmol l-1 Imidazole (pH 8.0 at 20 ºC), 0.5 
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mmol l-1, 5,5'-dithiobis-(2-nitrobenzoic acid), 0.1 mmol l-1 acetyl-CoA and 0.2% (v/v) of triton 

X-100. Protein was measured using the bicinchoninic acid assay in the presence of 0.2 % (w/v) 

sodium deoxycholate using bovine serum albumin as the protein standard.  

 

Chemicals 

All chemicals and reagents used in this study were either purchased from Sigma-Aldrich 

(St. Louis, MO, USA) or Fisher Scientific (Ottawa, Ontario, Canada) unless reported otherwise. 

 

Statistics 

In this study, each n value represents the combined pooled nematodes with a mass of ca. 

0.1-0.15 g. Results have been reported as mean±standard error of the mean (S.E.M). Differences 

in nitrogen excretion rates, enzymatic activities and absolute mRNA expression patterns between 

control and treatments were evaluated by an unpaired Student’s t-tests. One-way analysis of 

variance (ANOVA) followed by significant difference with Tukey’s post-hoc test was used to 

analyze the data shown in Fig. 5.3A. Significance of differences was accepted at p≤0.05 in all 

statistical analyses. The statistical method used in each particular experiment is given in the 

respective figure legends. 

 

 Results 

Our earlier study suggested an ammonia trapping mechanism across the apical membrane 

of the hypodermis of the nematode (Adlimoghaddam et al., 2015). NH3-channels in the 

hypodermis are thus required for this mechanism to operate. GFP expression activated by the 
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Rhr-2 promotor indicated that Rhr-2 is expressed predominantly in the hypodermis, with 

additional abundance observed in the ventral nerve cord (Fig. 5.1).  

To evaluate whether the hypodermal expressed Rh-proteins, Rhr-1 and Rhr-2, are 

involved in chronic acid-base regulation, gene-expression levels were monitored in animals 

acclimated for 2 days to either pH 5.5 or pH 8. Messenger RNA expression levels of Rhr-1, Rhr-

2, as well of the V-ATPase (VAT, subunit A) did not change in either pH when compared to 

control values (animals acclimated to pH 7 (non-buffered)). A slight up-regulation in gene 

expression was observed only for the Na+/K+-ATPase (α-subunit) after a two-day acclimation to 

pH 8 (Fig. 5.2).  

 

The ∆Rhr-2 mutant 

There were no noticeable differences between the N2 wild type phenotype and the ∆Rhr-

2 mutant (Ji et al., 2006), with the exception found in the current study that adult ∆Rhr-2 mutants 

tent to be smaller (max. 0.9 mm) compared to wild type nematodes (1.12-1.15 mm, 

https://www.wormbase.org). None of treatments such as starvation, feeding or exposure to high 

environmental ammonia (HEA) revealed any phenotypic differences between ∆Rhr-2 and N2 

nematodes.  

To assess whether Rhr-2 is involved in nitrogen excretion, the Rhr-2 knock-out mutant 

strain (∆Rhr-2) was employed. In comparison to excretion values measured in a previous study 

(Adlimoghaddam et al., 2015), ammonia and urea excretion rates in fed animals decreased by 

approximately 80% and 95%, respectively (Fig. 5.3).  

To further characterize the ∆Rhr-2 strain, hypodermal H+ fluxes across the hypodermis 

were measured using SIET. As seen in Fig. 5.4, hypodermal H+ efflux was reduced in ∆Rhr-2 by 
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about 50%; mean values in ∆Rhr-2 and N2 nematodes were 1.55±0.07 pmol cm-2 s-1 (n=5), and 

2.97±0.11 pmol cm-2 s-1 (n=5), respectively.    

The reduction in ammonia and H+ efflux rates in the ∆Rhr-2 mutant relative to wild-type 

nematodes could have been a consequence of a general reduction in metabolic rate. To 

investigate this possibility, enzyme activity measurements on cytochrome c oxidase and citrate 

synthase were measured in fed control N2 nematodes and the ∆Rhr-2 strain. As shown in Fig. 

5.5, activity rate of cytochrome c oxidase was reduced by more than 50%. However, activity of 

the citrate synthase showed no difference between N2 and the ∆Rhr-2 strain. Note, values for 

control N2 nematodes were taken from a previous study (Chapter four, Fig. 4.6B), as the 

experiments were conducted in parallel.  

Although at reduced levels, the ∆Rhr-2 strain still exhibited detectable ammonia 

excretion rates. To test whether the hypodermal ammonia trapping described in wild-type 

nematodes (Adlimoghaddam et al., 2015) also occurred in the mutants, ∆Rhr-2 nematodes  were 

exposed to an environmental pH of 5. The results showed that ammonia excretion rates remained 

unaltered under the experimental conditions. In contrast, when ∆Rhr-2 nematodes  were exposed 

to pH 8.5, ammonia excretion rates decreased by approximately 45% (Fig. 5.3A).  

  The importance of Rhr-2 in ammonia transport was further investigated by monitoring 

changes of expression levels of genes known to be involved in the process. As Fig. 5.6 shows, 

mRNA expression levels of Rhr-1, Na+/K+-ATPase, V-ATPase and NHX-3 were higher in fed 

∆Rhr-2 when compared to fed N2 nematodes. Only the housekeeping sodium-hydrogen 

exchanger, NHX-4, showed a down-regulation in the ∆Rhr-2 strain. Moreover, internal ammonia 

loads due to feeding caused a massive up-regulation of Rhr-1, Na+/K+-ATPase, V-ATPase, 

NHX-3 and NHX-4 in the ∆Rhr-2 strain, when compared to starved animals (Fig. 5.7).   
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Discussion 

The current investigation examined the role of Rhr-2 in hypodermal ammonia excretion 

in C. elegans. Rhr-2 shares a high level of sequence homology to the functionally characterized 

CeRhr-1 ammonia transporter in C. elegans and contains, in common with Rhr-1 and other Rh-

proteins, the conserved amino acid residues crucial for ammonia conductance (Adlimoghaddam 

et al., 2015; Zidi-Yahiaoui et al., 2009). Accordingly, an NH3 transport function is strongly 

suggested also for Rhr-2.  An earlier study revealed that mRNA expression levels of Rhr-2, but 

not Rhr-1, were up-regulated in response to internal ammonia loads after feeding, suggesting an 

important role of Rhr-2 in ammonia excretion processes (Adlimoghaddam et al., 2015). Indeed, 

Rhr-2 promotor activated GFP expression indicated clearly that Rhr-2 is predominantly 

expressed in the hypodermis (Fig. 5.1), underpinning its potential function in hypodermal 

ammonia excretion.  

With the background that the second Rh-protein, Rhr-1, is also localized in the 

hypodermis (Ji et al., 2006), cellular localization of Rhr-2 is predicted to be on the apical side of 

the hypodermal syncytium for a number of reasons. For example, Rhr-2 showed an mRNA up-

regulation after feeding or after the exposure to high environmental ammonia (HEA) 

(Adlimoghaddam et al., 2015; Zimmer et al., 2010), similar to the apically localized Rhcg-2 in 

the gill epithelia of freshwater rainbow trout. Also, in contrast to N2 nematodes, which showed 

increased ammonia excretion rates when exposed to pH 5, likely due to apical ammonia trapping 

(Adlimoghaddam et al., 2015), ammonia excretion rates in the ∆Rhr-2 strain remained 

unchanged in a low pH environment (Fig. 5.3A). This result could well be explained by a 

missing NH3 pathway, possibly Rhr-2, in the apical membrane of the hypodermis. In addition, 

mRNA expression levels of Rhr-2 are ca. 10 times lower overall, in comparison to Rhr-1  
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(Adlimoghaddam et al., 2015). A similar reduction in expression of ~ 10-fold was also found in 

the skin of Xenopus laevis for Rhcg, when compared to Rhbg (Cruz et al., 2013). Although not 

shown for the frog skin specifically, in vertebrate species Rhbg is usually localized to the 

basolateral membrane of epithelial cells (Han et al., 2013; Verlander et al., 2003; Weihrauch et 

al., 2009; Wright and Wood, 2009). 

Interestingly, mRNA expression levels of both Rhr-1 and Rhr-2 did not change 

significantly when animals were exposed chronically to pH 5.5 or pH 8, suggesting that both Rh-

proteins are likely not substantially involved in the regulation of acid or base homeostasis.   

Moreover, as predicted for Rhr-2, Rhcg-2 in trout gills is also apically localized and its 

expression levels do not change significantly when fish are exposed for 2 days to an alkaline pH 

(Sashaw et al., 2010), implying again a similar localization and role of these two Rh-proteins in 

the ammonia excretion process.       

The lack of response seen for Rhr-1 and Rhr-2 under the influence of low and high 

environmental pH regimes stands in contrast to our recent observation investigating epithelial 

sodium/proton exchangers in C. elegans. In response to exposure to pH 5.5 and 8, a significant 

up-regulation of mRNA for NHX-3 in the hypodermis and NHX-2 in the apical membrane of the 

intestine was observed, and a concomitant down-regulation of NHX-9, expressed in the 

excretory cell. This is an indication that the NHEs in C. elegans are key players in cellular and 

organismal acid-base homeostasis, as shown for many other animal systems (Orlowski and 

Grinstein, 2004; Zachos et al., 2005).  
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The ∆Rhr-2 mutant as a system to investigate the role of Rhr-2 in ammonia transport  

Our results indicate that protein metabolism in the ∆Rhr-2 strain was compromised or 

slowed, as evident from the reductions in the rates of ammonia excretion and hypodermal H+ 

excretion, as well as from the lower specific activity of cytochrome c oxidase. On the other hand 

the mutant revealed no drastic changes in its phenotype, except for a slightly shorter body length.  

In fact, experiments employing the ∆Rhr-2 mutant strain provided useful information regarding 

the role of Rhr-2 in the ammonia excretion processes in C. elegans. Mutant nematodes showed 

an up-regulation of Rhr-1, Na+/K+-ATPase and V-ATPase, transporters known to be involved in 

the ammonia excretion mechanism in C. elegans (Fig. 5.6) (Adlimoghaddam et al., 2015). We 

suggest that up-regulation of these transporters is a compensatory response to the lack of the 

hypodermal ammonia transporter, as is the increase in mRNA levels for hypodermal-expressed 

NHX-3. NHX-3 is localized in intracellular plasma membrane vesicles (Nehrke and Melvin, 

2002) and was also up-regulated in wild type nematodes after an internal ammonia load due to 

feeding. NHX-4 is ubiquitously expressed and targeted to the basolateral membrane, and likely 

functions as a housekeeping gene, similar to the mammalian NHE-1 (Nehrke and Melvin, 2002). 

The observed down-regulation of NHX-4 in the mutant may thus be explained by the reduction 

in metabolism in the ∆Rhr-2 strain relative to N2 nematodes.  

When starved ∆Rhr-2 mutant nematodes were refed, all the transporter genes that we 

investigated showed a strong up-regulation (Fig. 5.7). The observed up-regulation of these genes 

was several times higher than that seen in earlier studies of fed N2 nematodes (Adlimoghaddam 

et al., 2015). Importantly, while mRNA expression levels of Rhr-1 in N2 nematodes were 

unaffected by feeding, feeding of ∆Rhr-2 mutants caused a more than 12-fold up-regulation of 

Rhr-1, underpinning a possibly greater importance for this protein when the second hypodermal 
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ammonia transporter, Rhr-2, is lacking. In turn, this result emphasizes the overall importance of 

Rhr-2 in excretion of ammonia across the hypodermis.     

 

Conclusion 

Our data indicate a central role for Rhr-2 in hypodermal ammonia excretion and suggest 

further that Rhr-2 resides in the apical membrane. Moreover, experiments employing the ∆Rhr-2 

mutant verified the importance of other transporters, such as Rhr-1, Na+/K+-ATPase, V-ATPase 

and NHX-3 in ammonia excretion, as suggested also in earlier studies. A hypodermal ammonia 

excretion mechanisms incorporates findings from both, this study and previous work on C. 

elegans (Adlimoghaddam et al., 2015) proposes that ammonia from the body fluids enters the 

hypodermis via the Na+/K+ (NH4
+)-ATPase. In addition, NH3 may also enter via Rhr-1 in the 

basolateral membrane, depending on the prevailing ΔPNH3. It is likely that Rhr-1 also serves as 

an entrance pathway for CO2, based on studies of Rhesus protein function in other animals 

(Endeward et al., 2008; Kustu and Inwood, 2006; Perry et al., 2010). Intracellular ammonia 

occurs in a pH-dependent equilibrium of NH4
+ and NH3 + H+. Protons produced by the action of  

carbonic anhydrase are transported via an apically localized V-ATPase into the multilayered 

cuticle (unstirred boundary layer) (Peixoto and De Souza, 1995), thereby generating a partial 

pressure gradient for NH3 (ΔPNH3). According to the current study, NH3 follows the ΔPNH3 via 

the apically localized Rhr-2 and is trapped outside as NH4
+. In addition to this mechanism, NH3 

may follow ΔPNH3 into intracellular vesicles that are acidified by NHX-3 and/or a V-ATPase. 

Whether NH3 crosses the vesicular membrane via simple diffusion or also via an NH3-channel 

awaits further investigations. The NH4
+ laden vesicles are then transported along the microtubule 

network to the apical membrane, where NH4
+ is released by exocytosis.   
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An intriguing aspect of the hypothesized hypodermal ammonia excretion mechanism in 

C. elegans is its dual nature; the model incorporates both the apical ammonia trapping 

mechanisms found in the transporting epithelia of freshwater organisms, such as the trout gill 

(Wright and Wood, 2009) or the body surface of planarians and leeches (Weihrauch et al., 2012), 

as well as the vesicular transport of ammonia found in brackish/seawater water dwelling 

invertebrates, as described for the gills of the green crab Carcinus maenas (Weihrauch et al., 

2002).  The nematode’s habitat (soil) might indeed demand physiological adaptations that have 

led to a co-existence of the two excretory mechanisms. Sodium concentrations of the water film 

around soil particles can be quite low (< 6 mmol kg-1) (Haynes and Williams, 1992), and, as a 

consequence,  an active secretion of cations (protons) may be required to hyperpolarize the 

apical membrane in order to drive Na+ uptake from a Na+-poor environment. Such a mechanism 

is commonly found in the osmoregulatory epithelia of freshwater species (Larsen et al., 2014).  

Apical secretion of H+, as shown for the hypodermis of C. elegans, will also create a ΔPNH3 and 

promote apical ammonia excretion. To function to its fullest extent, this apical ammonia trapping 

mechanism requires a “strong” unstirred boundary layer, where proton gradients could be 

sustained and therefore consequently also an environment with low buffer capacity. Compared to 

freshwater; however, soil may have a very high buffer capacity (Federer and Hornbeck, 1984).  

Vesicular transport, as found in gills of marine crustaceans, may thus be advantageous for soil 

nematodes since it provides an additional ammonia excretion mechanism that is relatively 

independent of environmental pH. 
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Fig. 5.1. Rhr-2 promotor activated GFP-expression in the hypodermis and ventral nerve cord in C. elegans. 
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Fig. 5.2. Changes of mRNA expression levels of Rhr-1 (n=4-5), Rhr-2 (n=5), Na+/K+-ATPase (α-subunit) (n=4-

5) and V-ATPase (subunit A) (n=4-5) in C. elegans after a 2 day exposure to pH 5.5 (A) and pH 8.0 (B). 

Absolute mRNA expression levels of control animals exposed to a non-buffered saline (pH 7) were set to 1 and are 

indicated by the dotted line. The asterisk (*) indicates significant differences between treatments (p≤0.05) and 

respective controls. Data represent means±S.E.M. and were analyzed employing an unpaired, two-tailed Student’s t-

test prior to calculation for fold change values.
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Fig. 5.3. Ammonia (A) and urea (B) excretion rates in N2 and ∆Rhr-2 C. elegans. Values for ammonia and urea 

excretion were taken from a previous study (black bars, n=4-6) {Adlimoghaddam, 2015 #3344}.  The asterisk (*) 

indicates significant differences between N2 and ∆Rhr-2 (open bars, n=4-6) under control conditions (p≤0.05) and 

here data were analyzed employing an unpaired, two-tailed Student’s t-test. Ammonia excretion rates of ∆Rhr-2 are 

shown for nematodes exposed to control conditions (open bar) and during exposure to pH 5.5 and 8.0, respectively 

(gray bars). Here for statistical analysis a Kruskal-Wallis-Test was applied with post-hoc Mann-Whitney pairwise 

comparisons (n=4-6). Significant differences are indicated by different letters. All data represent means±S.E.M. 
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Fig. 5.4. Representative scans showing voltage differences recorded by SIET over the hypodermis for H+ 

fluxes in N2 nematodes (left image) and ∆Rhr-2  (right image) at locations 100 µm or more posterior to the 

excretory pore of adult C. elegans. The length of the arrows corresponds to the mean voltage difference of 3 

replicate measurements at each site. Voltage scales are provided in the images.  
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Fig. 5.5. Specific enzyme activities of cytochrome c oxidase (A; n=5-6) and citrate synthase (B; n=5-6) in wild 

type nematodes N2 (open bars) and ∆Rhr-2 (closed bars). Significant differences from the control value are 

indicated by “*” (p≤0.05). Data represent means±S.E.M. and were analyzed employing an unpaired, two-tailed 

Student’s t-test.  
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Fig. 5.6. Changes of mRNA expression levels of Rhr-1 (n=4-5), Na+/K+-ATPase (α-subunit) (n=4-5) and V-

ATPase (subunit A) (n=4-5), NHX-3 (n=4-5), and NHX-4 (n=4-5) in fed C. elegans wild-type nematodes (N2) 

and ∆Rhr-2. Absolute mRNA expression levels of N2 nematodes were set to 1 and are indicated by the dotted 

line. The asterisk (*) indicates significant differences in mRNA expression of the respective gene in N2 and ∆Rhr-2. 

(p≤0.05). Data represent means±S.E.M and were analyzed employing an unpaired, two-tailed Student’s t-test prior 

to calculation for fold change values. 
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Fig. 5.7. Changes of mRNA expression levels of Rhr-1 (n=4-5), Na+/K+-ATPase (α-subunit) (n=4-5), V-ATPase 

(subunit A) (n=4-5), NHX-3 (n=4-5), and NHX-4 (n=4-5) in ∆Rhr-2 under fed (closed bars) and staved (24 

hours, open bars) conditions. Absolute mRNA expression levels of fed animals were set to 1 with values measured 

under starved conditions are given as “fold changes” of the respective control (closed bars). The asterisk (*) 

indicates significant differences between treatments (p≤0.05). Data represent means±S.E.M and were analyzed 

employing an unpaired, two-tailed Student’s t-test prior to calculation for fold change values. 
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Table. 5.1. Primers employed in real-time PCR targeting actin, Rhesus (Rh)-like ammonia transporter (Rhr-1, Rhr-

2), vesicular H+-ATPase (VHA; subunit A), Na+/K+-ATPase (NKA; α-subunit), NHX-3 and NHX-4 from the 

nematode, C.s elegans. 

 

Primer  Nucleotide sequence (5’à3’)  Annealing 
Temp. (ºC)  

Product size  
(bp)  

GenBank  
Acc. #  

 
 
Actin         
Actin-F ATCGTCCTCGACTCTGGAGAT 60   

100 
  
NM_073417 Actin-R TCACGTCCAGCCAAGTCAAG 60 

 
Rhr-1         
Rhr-1 F TTCTTGTCTGAGAAACTCGGA 60   

210 
  
NM_072035 Rhr-1 R GATTGCCATAAGCTGGTTCAA 60 

 
Rhr-2         
Rhr-2 F ACAGTGGTAGATCTCTTTCC 60     
Rhr-2 R GCTGCATCTTCTGGTTCTTG 60 205 NM_073560 
 
Na+/K+-ATPase     

    NKA F GACCTCGGAACTGACATGGT 60 
NKA R CCCATAAGCAAGGGAGATCA 60 135 U18546 
 
H+-ATPase      

    VHA F CTTGAAGGCTCGTGAAGACC 60 
VHA R ACGACTTCCTTTTCGAGCAA 60 150 NM_068639 
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CHAPTER SIX 
 

SUMMARIZING DISCUSSION 

Summary 

The general long-term goal of the current study is to increase the body of knowledge 

regarding nitrogen excretion in the phylogenetically ancient invertebrate C. elegans and how it 

compares to other invertebrates. This will require understanding the molecular and physiological 

processes involved in the nitrogen excretory mechanism in this roundworm. A special focus was 

placed upon how various environmental fluctuations can alter the nitrogen excretion machinery, 

and how C. elegans adjusts its interacellular homeostasis in response to these different 

fluctuations. In the current study, the focus was set on four main research interests: 

1) To investigate whether the excretory system and/or the hypodermis are sites for ion 

fluxes, we applied the sophisticated Scanning Ion-selective Electrode Technique (SIET) and 

provided for the first time evidence that the excretory cell of nematodes does indeed excrete 

cations, such as Na+, K+, H+ and Ca2+. Further, it was shown that the hypodermis does also 

mediate a cation transport (Chapter two). 

2) To characterize the ammonia excretion mechanism in C.elegans, nematodes were 

exposed to numerous environmental stress conditions such as various environmental pH regimes, 

internal ammonia loads (feeding) and external ammonia loads (HEA). The results of these 

experiments showed that ammonia excretion is sensitive to environmental pH, with enhanced 

and decreased excretion in low and high environmental pH, respectively. Further, feeding as well 

as HEA caused increased excretion rates. In parallel, the mode of the actual ammonia excretion 

mechanism was investigated utilizing enzyme assays and specific inhibitors targeting 

transporters usually involved in epithelial ammonia transport mechanism, such as Na+/K+-
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ATPase, V-type H+-ATPase, carbonic anhydrase, and the microtubule network. The results 

showed that there is a difference between C. elegans and freshwater animals in terms of the 

ammonia excretory pathway. Furthermore, emphasis was placed also on exploring whether Rhr-

1, a homolog to the vertebrate Rh-proteins, is capable of promoting an ammonia transport. We 

were able to show for the first time, that an Rh-protein (Rhr-1) in an invertebrate system does 

function as an ammonia transporter (chapter three).  

 3) To investigate the potential role of the second isoform of Rh proteins expressed 

in C. elegans, Rhr-2, nematodes were exposed to high	  environmental ammonia concentrations 

and an mRNA expression analysis was performed. Up-regulation of this gene upon this stress 

provoded first evidence that Rhr-2 might also be involed in the excretory system of the 

nematode. However, with exception of the sequence of Rhr-2 gene, nothing is known about this 

protein. Further, to investigate the participation of Rhr-2 in ammonia handling in C. elegans, 

ammonia excretion rates were compared between Rhr-2 knock-out mutants and the wild type 

(N2). In contrast to the wild-type, the mutant did not show an increased in ammonia excretion 

upon application of an outwardly directed NH3 gradient imposed by a low environmental pH. 

This suggested that Rhr-2 plays a critical role in apical NH3 transport in the hypodermis. 

Furthermore, Rhr-2 promotor regulated expression of GFP showed that Rhr-2 is expressed 

mainly in the hypodermal tissue. This directly supports our hypothesis that Rhr-2 takes part in 

the ammonia excretion mechanisms in nematodes (chapter five).  

4) In a parallel study we investigated the role of Na+/H+-exchangers (9 isoforms in C. 

elegans, here called NHX) in acid-base balance and ammonia excretion, two processes often 

tightly connected to each other. Epithelial NHEs, when apically expressed often play a role in 

ammonia excretion by acidifying the apical unstirred boundary layer. This creates an outwardly 
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directed partial pressure gradient for NH3. Utilizing gene expression experiments, 

pharmacological reagents, ammonia transport studies and SIET for Na+ and H+ ions on wild-type 

worms and ΔNHX-3 knock out mutants, we were able to show that apically localized NHX 

proteins, if present, are not involved in hypodermal H+ excretion and ammonia excretion. We 

found however, evidence that links apical Na+ channels to both of these processes (chapter four). 

 

C. elegans becomes ureotelic under starvation 

As stated in chapter one, it was hypothesized that C. elegans is ammonotelic under 

control (fed) conditions. However, as shown in chapter three, the nematodes became ureotelic 

when starved. Under this condition the majority of nitrogen was excreted in the form of urea 

compared to ammonia. These results lead to the assumption that pathways for urea synthesis and 

excretion are in place and could potentially become important when ammonia synthesis or 

excretion is compromised. Metabolic pathways for urea synthesis and the mechanism for urea 

excretion should be investigated in future studies in this roundworm. 

 

Ammonia is potentially excreted via the excretory cell, intestine, and hypodermis  

Excretory cell 

The excretory cell was expected to be a potential site for ammonia excretion mostly due 

to the abundance of transport proteins usually involved in ammonia transport, such as Rhr-1, 

vesicular H+-ATPase, Na+/K+-ATPase, and Na+/H+ exchanger (Nehrke and Melvin, 2002; Choi 

et al., 2003; Ji et al., 2006; Ruaud and Bessereau, 2007; Lee et al., 2010). The results from 

chapter two employing the scanning ion-selective electrode technique (SIET) provided the first 

direct evidence for nematodes that the excretory cell does indeed excrete cations, such as Na+, 
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K+, H+, and Ca2+ (Adlimoghaddam et al., 2014). Due to intereferance with excreted K+ions it was 

not possible to measure NH4
+ flux rates by SIET, but based on the similarity between K+ and 

NH4
+ ions, one can hypothesize that the excretory cell in C. elegans contributes to the animal’s 

ammonia excretion. High excretion rates of H+ measured at the site of the excretory pore further 

implies that ammonia trapping occurs within the canal of the cell, a mechanism also proposed for 

ammonia excretion in other excretory tissues found in freshwater animals (Larsen et al., 2014). 

Intestine 

The mammalian intestine is challenged by an extremely high ammonia concentration 

resulting from bacterial fermentation of nitrogenous waste products and deamination of amino 

acids (Macfaralane and Cummings, 1991). In the mammalian intestine, elevated ammonia 

concentration causes mucosal cell damage and could promote colon carcinogenesis (Topping and 

Viesk, 1976; Lin and Viesk, 1991). In addition, studies in the human intestinal carcinoma cell 

line T84 have shown that elevated ammonia concentration inhibit the cAMP- regulated Cl-- 

transport (Prasad et al., 1995) and disturbs the K+ conductance over the epithelial tissue (Hrnjez 

et al., 1999). Indeed a number of proteins involved in ammonia transport are expressed in the 

mammalian intestine, which has to cope with extremely high ammonia concentrations and is in 

charge to prevent massive influxes of toxic ammonia (Macfarlane et al., 1986; Silen et al, 1995). 

So far very little is known about a possible ammonia exit route via the intestine in nematodes. 

However, the intestine of C. elegans expresses important transporters usually being involved in 

ammonia transport, including Rhr-1, H+-ATPase, K+-channels, and Na+/H+ exchangers (Nehrke 

and Melvin, 2002; Buckingham et al., 2005; Ji et al., 2006; Lee et al., 2010). 

As discussed in chapter four, the role of Na+/H+ exchangers (NHXs; 9 isoforms in C. 

elegans) was investigated with respect to acid-base balance and ammonia excretion, two 
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processes tightly connected to each other, in C. elegans. Messenger RNA expression of the 

intestinal expressed NHX-2 was significantly up-regulated upon internal ammonia load (feeding) 

and external ammonia (HEA, 1 mM NH4Cl) stress conditions. This suggests that the intestinal 

NHX-2 contributes at least partially in the animal’s ammonia excretion process and ammonia 

excretion in C. elegans and nematodes in general. The extent of this excretion; however, would 

need to be investigated the future. 

 

Hypodermis 

As discussed in chapters two and four, SIET experiments showed that the hypodermis 

promotes an excretion of K+, H+, and Ca2+, as well as an influx of Na+ ions. The detected ion 

fluxes across the hypodermis suggested that this tissue, which directly faces the environment, is 

an important site of osmoregulation, pH regulation and therefore most likely also for ammonia 

excretion. Participation of the skin in osmoregulation and nitrogen excretion was shown in many 

aquatic living species as well, including invertebrates such as leeches and planarians (Zerbst-

Boroffka 1984; Weber et al., 1993; Weihrauch et al., 2012) and vertebrates such as fish and 

amphibians (Fanelli and Goldstein, 1964; Shoemaker and Nagy, 1977; Lin et al., 2006; Shih et 

al., 2008; Cruz et al., 2013). The observed participation of apically- localized Na+-channels in 

Na+ uptake over the hypodermis in C. elegans, suggests a mechanism typically found in 

freshwater living species, such as freshwater fish and crustaceans (Onken and McNamara, 2002; 

Onken, 1999; Wilson et al., 2000; Reid et al., 2003; Weihrauch et al., 2004). In these organisms, 

the basolateral Na+/K+-ATPase and an apical V-ATPase work in concert, generating a 

sufficiently strong electrochemical gradient that drives Na+ into the cytoplasm against the steep 

Na+ gradient found in freshwater habitats (Salama et al., 1999; Shih et al., 2008; Weihrauch et 
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al., 2009; Larsen et al., 2014).  

Most importantly, the observed excretion of H+ over the hypodermis strongly suggested 

that ammonia excretion via acid trapping takes place as well as shown for other “skin like” 

tissues in animals such as Zebrafish larvae, flatworms and leeches (Weihrauch et al., 2012; Shih 

et al., 2013; Quijada-Rodriguez, personal communication). Also, evidence was provided in 

chapter three that the hypodermal Na+/K+-ATPase does accept NH4
+ as a substrate and thereby 

potentially transporting NH4
+ from the body fluids into the hypodermal syncytium for further 

excretion.  

In addition, tissue localization experiments showed that Rhr-1 is expressed mainly in the 

hypodermis with lower expression in other cell types (Ji et al., 2006). Moreover, in chapter three, 

functional expression studies provided evidence that Rhr-1 is capable of  mediating  an ammonia 

transport, at least when expressed in yeast (Adlimoghaddam et al., 2015). Additionally, in 

chapter five, we showed that the ammonia transporter Rhr-2 is also predominatly expressed in 

the hypodermal tissue. This directly supports our hypothesis that the hypodermis is an important 

tissue in the ammonia excretion machinery in nematodes.  

 

Comparison of the predicted hypodermal ammonia excretion mechanism in C. elegans to 

mechanisms found in seawater (SW) and freshwater (FW) species   

The strength and strategy of ammonia excretion mechanisms in seawater (SW) and 

freshwater (FW) inhabiting species mainly depend on differences in the ambient salinity level 

and buffer capacity.   

Due to the high buffering capacity of SW, the acidification of epidermal boundary 

layer via a V-ATPase, which is essential for an apical ammonia trapping mechanism, is likely 
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compromised. Consequently an ammonia excretion mechanism must be in place that is rather 

independent of the environmental pH.  For the intertidal green crab Carcinus maenas a vesicular, 

microtubules-dependent ammonia excretion mechanism was suggested, which is independent of 

the buffer capacity of the environment (Weihrauch, 1998). Such a mechanism has now been 

proposed to be responsible also for at least part of the ammonia excretion in C. elegans. 

Regarding the ammonia excretion mechanism, soil nematodes also face similar challenges as SW 

living species, as the environment exhibits a fairly high buffer capacity (Federer and Hornbeck, 

1984), which potentially compromises apical ammonia trapping. 

In contrast to seawater, freshwater environments have a low buffer capacity but exhibit 

other challenges (Wilson et al., 1994; Cooper et al., 2013). Here the ambient Na+ concentrations 

are low.  In order to facilitate Na+ uptake out of the highly diluted environment, freshwater 

species utilize an apically localized V-ATPase to further hyperpolarize the respective epithelia 

cells to increase the electrochemical gradient. Sodium is then taken up via apical Na+-channels 

(Weihrauch and O’Donnell, 2015; Larsen et al., 2014). An accompanying effect of this 

osmoregulatory mechanism is the acidification of the apical unstirred boundary layer, facilitating 

ammonia trapping utilizing apical Rh-proteins. Although not a freshwater species, C. elegans 

also inhabits environments with potentially very low sodium concentrations (Tavakkoli et al., 

2010). As demonstrated in chapter two and three, this nematode secretes H+ over its hypodermis 

into its environment, while also taking up Na+ via amiloride-sensitive transporters, likely Na+-

channels. Beside the detected microtubule dependent ammonia excretion (chapter three), apical 

ammonia trapping also seems to be, at least partially responsible for the nematode’s ammonia 

excretion across the hypodermis. Taken together, studying the soil nematode C. elegans revealed 

a novel ammonia excretion mechanism, which combining excretion strategies usually restricted 
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to either FW inhabiting or SW inhabiting species. 

 

Mode of ammonia excretion in C. elegans across the hypodermis 

From this study, a hypothetical model for hypodermal ammonia excretion in C. 

elegans was proposed, including possible basolateral and apical mechanisms of facilitating 

ammonia transport that can be found in Fig. 6.1. According to this model, hemolymph NH4
+ is 

pumped into the cytoplasm via basolaterally localized Na+/K+-ATPase (NKA) or enters as NH3 

likely via Rhr-1. In the cytoplasm, protons are generated by carbonic anhydrase (CA) and are 

transported by a V-ATPase to acidify the multilayered cuticle, which potentially serves as an 

unstirred boundary layer. Dropping the pH in the unstirred boundary layer creates an outwardly 

directed partial pressure gradient for NH3, which then drives NH3 from the cytoplasm into the 

unstirred boundary layer via Rhr-2. Additionally ammonia is also trapped into vesicles acidified 

by V-ATPase and/or NHX-3. The vesicles are then transported by the microtubule network 

system to the apical membrane and their content is excreted via exocytosis. 

The ammonia excretion process does partially also depend on apical Na+-channels. This 

might be likely due to an indirect effect, since Na+ taken up from the environment serves as an 

essential substrate for the basolateral Na+/K+ (NH4
+)-ATPase.   

 

Future directions 

Exploring the evolution and function of AMT proteins in C. elegans 

As Huang and Peng pointed out, Rhesus proteins are distantly related to AMTs (ca. 14% 

identity in the amino acid sequences), which have been described to be the major transporters for 

NH4
+ uptake in plants (Huang and Peng, 2005; Neuhäuser et al., 2007). While not being 
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expressed in vertebrates, AMTs seem to be expressed in invertebrates. Interestingly, as now 

shown for other invertebrate species, C. elegans expresses both “AMT” ammonia transporters 

(AMT-1 to AMT-4) and the animal-type “Rhesus glycoproteins” (Rhr-1, Rhr-2). While no 

published information is available to date for tissue expression patterns of AMT-1, AMT-2, and 

AMT-4, AMT-3 is expressed in adult nematodes in the head nerves, ring and tail nerves, and in 

the intestine. However, verification that AMT-proteins expressed in C. elegans do indeed 

promote ammonia transport must still be obtained as well as the tissue and subcellular expression 

patterns of AMT-1, -2, and -4.  

So far there is only one study by Pitts and collegues, showing that an AMT expressed by 

the malaria vector mosquito Anopheles gambiae, promote an NH4
+- dependent electric current, 

when expressed in Xenopus laevis oocytes (Pitts et al., 2014). The detected current could 

potentially be a result of H+ influx mediated by the tested AMT, since a parallel yeast growth 

complementation assay failed to verify ammonia transport capacity by the heterologous 

expressed protein.  Therefore, transport function and the specific role of AMTs in ammonia 

homeostasis would be necessary to clarify the urgent question of whether or not AMTs have lost 

their original function in ammonia transport in animal systems and why vertebrate species have 

lost the capacity/need to express AMTs. 
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Fig. 6.1. Proposed theoretical model of ammonia excretion across the hypodermis of C. elegans. For a detailed 

description refer to the text. 
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