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In  this  review  we pose  the  following  seven  questions  related  to ammonia  and  fish  that  represent  gaps  in
our  knowledge.  1.  How  is  ammonia  excretion  linked  to  sodium  uptake  in  freshwater  fish?  2.  How  much
does  branchial  ammonia  excretion  in  seawater  teleosts  depend  on  Rhesus  (Rh)  glycoprotein-mediated
NH3 diffusion?  3.  How  do fish  maintain  ammonia  excretion  rates  if branchial  surface  area  is reduced  or
mmonia excretion
mmonia toxicity
ill remodeling
a+ uptake
ransepithelial potential

compromised?  4.  Why  does  high  environmental  ammonia  change  the  transepithelial  potential  across
the gills?  5.  Does  high  environmental  ammonia  increase  gill  surface  area  in  ammonia  tolerant  fish  but
decrease  gill surface  area  in  ammonia  intolerant  fish?  6. How  does  ammonia  contribute  to ventilatory
control?  7.  What  do Rh  proteins  do when  they  are  not  transporting  ammonia?  Mini reviews  on  each
topic,  which  are  able  to present  only  partial  answers  to  each  question  at present,  are  followed  by further
questions  and/or  suggestions  for research  approaches  targeted  to uncover  answers.
. Introduction

Ammonia is both a natural end product of protein catabolism
hat fish typically eliminate across their gills and a potential tox-
cant that ultimately causes convulsions, coma and death. This
aradox has fascinated biologists for decades – we have learned
uch, but the fish still know more. Over the last decade with the

iscovery that Rhesus (Rh) glycoproteins transport ammonia across
ell membranes, there has been a resurgence of studies on ammonia
ransport mechanisms in fish. Below we briefly review recent liter-
ture on the role of Rh proteins in branchial ammonia excretion in
reshwater and seawater fish, and raise new questions about how
his family of proteins may  be involved in facilitating movement
f other molecules. Another new discovery that impacts piscine
mmonia excretion is the fact that some fish reversibly remodel
heir gills to balance the demands of oxygen uptake and ion balance.
he possible consequences to ammonia handling of these dra-
atic changes are discussed, as are recently discovered effects of

mmonia on transepithelial potentials. Finally, new research indi-
ates that ammonia-induced hyperventilation in fish is partly due

o the stimulation of hypoxia-sensitive branchial neuroepithelial
ells. Whether central chemoreceptors also play a role remains to
e shown. Our aim in posing these seven questions was to invite and

� This paper is part of a special issue entitled “New Insights into Structure/Function
elationships in Fish Gills”, guest-edited by William K. Milsom and Steven F. Perry.
∗ Corresponding author. Tel.: +1 519 824 4120x52719; fax: +1 519 767 1656.

E-mail address: patwrigh@uoguelph.ca (P.A. Wright).
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© 2012 Elsevier B.V. All rights reserved.

hopefully excite fish biologists to continue exploring the complex-
ities of ammonia as a counterion, respiratory gas, nitrogen waste
product and toxicant. Below the term “ammonia” refers to total
ammonia, whereas the symbols NH4

+ and NH3 refer to the ionic
and nonionic forms, respectively.

2. How is ammonia excretion linked to sodium uptake in
freshwater fish?

Ever since the pioneering work of Krogh (1939) on goldfish and
crayfish, it has been apparent that there is some sort of linkage of
ammonia excretion to Na+ uptake in freshwater animals, but the
exact nature of that linkage has remained elusive. Earlier we  pro-
vided a historical perspective on this issue, and proposed a model
for how this might work (Wright and Wood, 2009). The model (see
Fig. 2 of Wright and Wood, 2009) was based on the discovery that
the Rh glycoproteins are expressed in the gills of fish (Nakada et al.,
2007a,b; Hung et al., 2007; Nawata et al., 2007), that they respond
at the mRNA level to internal or external ammonia loading (Hung
et al., 2007; Nawata et al., 2007; Nawata and Wood, 2008, 2009;
Tsui et al., 2009; Braun et al., 2009b), that ammonia excretion is
inhibited when the Rh genes are knocked down by morpholino
techniques in zebrafish embryos (Shih et al., 2008; Braun et al.,
2009a), and that there is evidence of linkages of ammonia excre-
tion, Na+ uptake and H+ efflux in cultured gill epithelia and larval

skin preparations (Horng et al., 2007; Esaki et al., 2007; Lin et al.,
2006, 2008; Shih et al., 2008; Tsui et al., 2009; Wu  et al., 2010). The
model incorporated the premise that piscine Rh proteins function
as ammonia channels, binding NH4

+ (the species of ammonia which

dx.doi.org/10.1016/j.resp.2012.07.003
http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
mailto:patwrigh@uoguelph.ca
dx.doi.org/10.1016/j.resp.2012.07.003
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Fig. 1. The dependence of unidirectional Na+ influx and ammonia excretion
rates on water Na+ concentration (acute changes) in adult Amazonian oscar
(Astronotus ocellatus) acclimated to ion-poor water (pH 6.5). The data con-
formed to Michaelis–Menten kinetics. Note that affinity constants (Km) for
water Na+ (103 ± 20 �mol  l−1 versus 780 ± 252 �mol  l−1) were significantly dif-
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reatly predominates at physiological pH) but facilitating the dif-
usion of NH3, in a similar manner to the postulated function of Rh
roteins and related microbial ammonia transporter proteins (Amt)

n other systems (Javelle et al., 2007). Subsequent Xenopus oocyte
xpression studies with trout Rh genes provided strong support for
his idea, as well as for the importance of pH gradients in facilitat-
ng ammonia transport by Rh channels (Nawata et al., 2010b). The
ctual species of ammonia moving through the fish Rh channels
ppears to be NH3, so the H+ removed from NH4

+ must be shut-
led by another mechanism if the fish is to excrete NH4

+ on a net
asis.

Our model addressed this point, proposing that there is a
Na+/NH4

+ exchange complex” consisting of several membrane
ransporters working together (Rhcg, V-type H+-ATPase, Na+/H+

xchanger NHE-2 and/or NHE-3, Na+ channel) as a metabolon in
he apical membranes of gill epithelial cells. By this scheme, the
+ removed from the NH4

+ at the intracellular binding site of the
hcg proteins may  be transferred to the external water by either
r both of the V-type H+-ATPase and/or the NHE. Both mechanisms
ould provide a coupling to Na+ uptake – the NHE by direct 1 for

 exchange of Na+ versus H+, and the V-type H+-ATPase by provid-
ng the necessary electromotive force to power the uptake of Na+

rom the water through a Na+– selective channel. [Note that while
harmacological and immunohistochemical (IHC) evidence exists
or this channel (Bury and Wood, 1999; Fenwick et al., 1999; Wilson
t al., 2000a),  molecular evidence remains elusive (Hwang and Lee,
007)]. In effect, the H+ transport would provide an acid-trapping
echanism in gill boundary layer water, similar to the classic acid-

rapping mechanism for facilitating NH3 diffusion into the urine
n the mammalian kidney tubule (Pitts, 1974). The relative impor-
ance of the two H+ transport mechanisms, as well as the particular
hcg protein involved appear to vary amongst species, with V-type
+-ATPase and Rhcg2 predominating in trout (Nawata et al., 2007;
sui et al., 2009; Wood and Nawata, 2011), V-type H+-ATPase and
hcg1 predominating in zebrafish (Nakada et al., 2007a; Shih et al.,
008; Braun et al., 2009a,b), and NHE-3 and Rhcg1 predominat-

ng in medaka (Wu et al., 2010; Lin et al., 2012), at least in fresh
ater at circumneutral pH. Our model also proposed that these
echanisms are normally superimposed on a substantial outward
ovement of NH3 by simple diffusion which is likely dependent on

cid-trapping in boundary layer water by H+ created by the catal-
sed or non-catalysed hydration of expired metabolic CO2. Thus
he overall linkage of Na+ uptake to ammonia excretion could be
ariable and loose.

Nevertheless, the model predicts that increased ammonia excre-
ion, and excretion against unfavourable ammonia gradients should
e associated with increased Na+ uptake in the intact animal,
ut evidence for this was sparse, negative, or conflicting at the
ime when the model was proposed. For example, either inhibi-
ion or negligible change of Na+ uptake has been reported in trout
Twitchen and Eddy, 1994), larval medaka (Wu et al., 2010), and
arval zebrafish (Shih et al., 2012) exposed to high environmental
mmonia (HEA). In trout, acute inhibition of Na+ uptake did not
ppear to impair the animal’s ability to excrete ammonia during
EA exposure (Wilson et al., 1994). On the other hand, intravascu-

ar infusion with ammonium salts significantly stimulated both Na+

ptake and ammonia excretion, an effect which was  independent
f effects on blood acid–base status (Salama et al., 1999). However,
or the two relationships in that same study, reciprocally raising
a+ uptake, by increasing water Na+ concentration, had negligi-
le effects on ammonia excretion. Yet the opposite was  seen in
he Amazonian oscar living in very dilute fresh water, where both

mmonia excretion and Na+ uptake were dependent upon water
a+ concentration in typical Michaelis–Menten fashion (Fig. 1),
ith similar maximum transport capacity values (Jmax) yet very
ifferent affinity constants (Km) for water Na+ (Wood et al., 2007).
ferent but maximum transport capacities (Jmax; 434 ± 23 �mol kg−1 h−1 versus
502 ± 128 �mol  kg−1 h−1) were very similar for the two relationships. Means ± 1
SEM (N = 8). Data from Wood et al. (2007).

Increased water Na+ also elevated ammonia excretion in zebrafish
larvae acclimated to low Na+ freshwater (Shih et al., 2012).

However, three recent studies have provided additional sup-
porting evidence in intact fish. Zimmer et al. (2010) reported that
increased Na+ uptake was associated with increased post-prandial
ammonia excretion in juvenile trout, while Kumai and Perry (2011)
and Lin et al. (2012) reported that chronic low pH exposure caused
increases in both Na+ uptake and ammonia excretion in larval
zebrafish and larval medaka, respectively. In all these studies, some
or all of the identified components of the metabolon (Rhcg, V-
type H+-ATPase, NHE) were increased at the molecular level by the
experimental treatments. Very recently, the Na+ uptake response to
HEA exposure was re-investigated by Sinha, Liew, Nawata, Wood,
and DeBoeck (unpublished results) in intact trout, carp, and gold-
fish. As reported by Twitchen and Eddy (1994),  the initial response
was inhibition or no change in Na+ uptake, but by 12 h and contin-
uing through 7 d, Na+ uptake was  increased in all three species as
they excreted ammonia against the unfavourable gradient. In addi-
tion, components of the metabolon were again increased at the
mRNA level in the gill tissue. Negative evidence in previous stud-
ies may  have been due to insufficent time for gene upregulation,
insufficient internal ammonia availability, and/or the fact that the
initial response may  reflect a direct competition by raised external
NH4

+ concentration for access to the NHE or putative Na+-selective
channel.

A critical remaining question is how the energetics of the link-
age works. Upregulation of the “Na+/NH4

+ exchange complex”
metabolon in the gills appears to be often associated with increased
gene expression and/or enzyme activity of V-type H+-ATPase
and/or Na+, K+-ATPase (Nawata et al., 2007; Nawata and Wood,
2009; Nawata et al., 2010a; Tsui et al., 2009; Braun et al., 2009b;
Wood and Nawata, 2011). This suggests that there is increased
ATP input to the metabolon, and that the overall transport occurs
against electrochemical gradients – i.e. that transport is active. The
concept is self-evident and well accepted for the net uptake of Na+

from fresh water, but is the pumping of NH3 also energized? It is
almost heresy to argue for the active excretion of a respiratory gas.
The input of ATP to outward H+ pumping by V-type H+-ATPase
across the apical membrane (which would power electro-diffusive
Na+ uptake) makes sense, as does the input of ATP to out-
ward pumping of Na+ by Na+, K+-ATPase across the basolateral
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embrane. But how is the NHE energized? As originally pointed
ut by Avella and Bornancin (1989),  the operation of NHE for Na+

ptake and H+ excretion in most fresh waters is problematical
ecause of thermodynamic considerations. Indeed, on thermo-
ynamic grounds, Parks et al. (2008) have elegantly argued that
ectorial transport by NHE would actually be reversed (i.e. Na+

xcretion and H+ uptake would occur) in most fresh waters, given
urrent knowledge of intracellular H+ (i.e. pHi) and Na+ concentra-
ions. Yet this mechanism seems to become particularly prominent
or Na+ uptake in the Osorezan dace (Hirata et al., 2003), the
ebrafish (Kumai and Perry, 2011; Shih et al., 2012), and larval
edaka (Lin et al., 2012) when chronically exposed to low water

H in fresh water of relatively low Na+ concentration, conditions
hich would seem to make it impossible. But the ion transport

ells are not homogenous bags of cytoplasm with uniform concen-
rations throughout. Local micro-environments may  exist on both
ides of the apical membranes (e.g. higher pH and [Na+] in the exter-
al boundary layer, mucus, or cellular crypts next to the water-side
HE binding sites; lower intracellular pHi and [Na+] next to the
ytoplasmic-side NHE binding sites) (Perry and Gilmour, 2006).
ndeed, these thermodynamic arguments may  become irrelevant
f the metabolon functions to directly transfer H+ stripped off NH4

+

t the entrance of the Rh channel to NHE, or to directly transfer Na+

rom the apical NHE to a basolateral Na+, K+-ATPase. Under such
ircumstances, effective concentrations could well become almost
nfinitely greater or less than those in the bulk cytoplasm.

. How much does branchial ammonia excretion in
eawater teleosts depend on Rh glycoprotein-mediated NH3
iffusion?

In our 2009 review (Wright and Wood, 2009), we  briefly sum-
arized the state of our understanding about the role of Rh

lycoproteins in SW fish and concluded that there was  “an urgent
eed for mechanistic studies in marine fish”. Compared to most FW
nvironments, Na+ concentrations in marine environments are two
rders of magnitude higher, gills of SW fish have a 10-fold higher
on permeability (Evans, 1984), the transepithelial gradient is pos-
tive in SW (Potts, 1984) and the stronger SW buffering capacity

ay  result in a smaller inspired-to-expired gill water pH gradient
elative to FW fish (Wright et al., 1989). At the molecular and cellu-
ar levels, gill ionocytes are fundamentally different between FW-
nd SW-acclimated fish (Marshall and Grosell, 2006). Given these
ontrasts between FW-  and SW-acclimated fish, we wondered if
he mechanisms of branchial ammonia excretion and the role of Rh
lycoproteins would change with salinity.

In the older literature on ammonia transport, there is evidence
hat NH4

+ diffusion across the gill is more important in marine rel-
tive to FW species (e.g. Claiborne and Evans, 1988; Wilson and
aylor, 1992). The first study detecting Rh proteins in any fish was
erformed on the marine pufferfish (Takifugu rubripes) (Nakada
t al., 2007b).  Based on IHC localization, the authors speculated that
n pavement cells, basolateral Rhbg and apical Rhcg2 facilitate NH3
iffusion whereas apical Rhcg1 coupled to basolateral NH4

+ entry
ia the Na+/K+ (NH4

+) – ATPase in MR  cells also moves NH3 across
he gill (Nakada et al., 2007b). It is not clear from this preliminary

odel, how NH4
+ diffusion would contribute to net ammonia flux.

Since our 2009 review, a small number of mechanistic studies
n marine fish have built on the original pufferfish paper (Nakada
t al., 2007b).  In one recent study, Takifugu rubripes were subjected
o high environmental ammonia levels (HEA: 1 or 5 mmol  1−1
H4HCO3, 24–48 h) and within 3 h, ammonia excretion to the
nvironment resumed, despite the high inward ammonia gradient
Nawata et al., 2010a).  Elevated plasma ammonia levels coupled to
he induction of gill H+-ATPase mRNA and activity, NKA mRNA and
y & Neurobiology 184 (2012) 231– 240 233

activity, as well as increased NKCC1, NHE3 and Rhcg1 mRNA lev-
els may  have been partly responsible for the recovery in ammonia
excretion (assuming transcriptional changes preceded correspond-
ing translational changes) (Nawata et al., 2010a). The authors
postulated that under these reversed gradient conditions, gill MR
cells are recruited to transport NH4

+ across the basolateral mem-
brane via NKA and NKCC proteins (with NH4

+ substituting for K+

at the K+ binding sites), and transport NH3 across the apical mem-
brane through the Rhcg1 protein. Outward NH3 diffusion would be
facilitated and backflux minimized by acidification of the apical sur-
face by H+ secretion via NHE3 and H+-ATPase. Nawata et al. (2010a)
also reported that mRNAs for Rhag and Rhbg were decreased in the
gills during HEA, and speculated that this was  part of a mechanism
to reduce ammonia influx through the pavement cells (PVCs) and
pillar cells during HEA, while routing active ammonia excretion
through the MRCs. At very high HEA levels (5 mmol  l−1 NH4HCO3)
Rhcg2 and H+-ATPase mRNA were both increased, suggesting a
recruitment of the PVCs to the active excretion mechanism. Essen-
tially these data support the original pufferfish model proposed by
Nakada et al., 2007b.

When similar experiments were carried out in SW-acclimated
steelhead trout (Oncorhynchus mykiss subspecies irideus;
1.0 mmol  l−1 NH4HCO3, 24 h), the gill response was  quite dif-
ferent from the SW pufferfish although recovery of ammonia
excretion rates by 3 h was  the same (Wood and Nawata, 2011). The
authors noted also that SW-acclimated trout were better able to
cope with HEA compared to their FW counterparts with a smaller
rise in plasma ammonia levels and a quicker re-establishment
of ammonia excretion rates. SW trout increased gill Rhcg2 and
NHE2 mRNA levels, whereas H+ ATPase mRNA and activity were
unchanged or decreased (Wood and Nawata, 2011). The authors
concluded that gill transport processes between FW-  and SW-
acclimated trout were similar: both rely on NH3 diffusion coupled
to acid trapping mechanisms at the gill, but the SW fish may  favour
NHE2 over H+ATPase to promote apical acidification (Wood and
Nawata, 2011). It is clear from these findings in pufferfish and
SW-acclimated trout that species differences exist in terms of how
marine fish respond to high environmental ammonia.

An in vitro Ussing chamber approach was  taken to understand
ammonia transport mechanisms across the skin of the euryhaline
cutaneous-breathing mangrove rivulus Kryptolebias marmoratus
(formerly mangrove killifish, Rivulus marmoratus) (Cooper et al.,
submitted for publication). In skins from FW-acclimated rivulus,
pharmacological inhibitor experiments supported the NH4

+/Na+

exchange model proposed for FW gill transport (Wright and
Wood, 2009; see Section 2). Remarkably, in brackish water (BW)-
acclimated fish, acidification of the apical skin surface decreased
rather than increased ammonia flux as observed in FW fish.
Inhibitors of NHE but not H+ATPase reduced ammonia excretion
rates in BW skins. These findings in K. marmoratus suggest that at
higher salinities, direct NH4

+ secretion through NHE and possibly
paracellular routes account for proportionally more ammonia flux
relative to FW-acclimated fish. Immunofluorescence microscopy
demonstrated that both Rhcg1 and NHE3 co-localize in MR cells
in the gills and kidney, indicating that NH3 diffusion through
Rh proteins probably is also involved in ammonia transport in
BW-acclimated K. marmoratus. It is still not clear however, what
proportion of ammonia exits the apical surface as NH3 versus NH4

+

in K. marmoratus and other marine fish.
One of the underlying difficulties in forming models of ammonia

transport in the gills or any tissue is the nearly impossible task of
separating direct NH4

+ flux from NH3 diffusion accompanied by

H+ flux. Fish gill cell culture studies provided critical data for the
FW gill ammonia excretion model (Tsui et al., 2009; Wright and
Wood, 2009) and should be explored further in SW fish (e.g. Avella
and Ehrenfeld, 1997; Tse et al., 2008). Alternative in vitro systems,
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uch as Ussing chamber studies using opercular skin membranes
r isolated branchial membrane vesicle preparations may  also be
aluable. Multiple approaches on several different SW species are
eeded to piece together one or more models of ammonia transport
nder marine conditions.

. How do fish maintain ammonia excretion rates if
ranchial surface area is reduced or compromised?

Gill morphology is plastic in a number of fish species (e.g.
hapman et al., 2000; Sollid et al., 2003; Brauner et al., 2004; Ong
t al., 2007; Matey et al., 2008). Gill surface area changes in response
o environmental perturbations, developmental programming or

 combination of the two. For example, crucian carp (Carassius
arassius) and goldfish (Carassius auratus) dramatically adjust gill
urface area by increasing or decreasing a cell mass (interlamellar
ell mass, ILCM) between the lamellae in response to alterations
n water oxygen or temperature (Sollid et al., 2003, 2005). In
ypoxia or elevated water temperatures (where O2 solubility is
educed), the ILCM mostly disappears (Sollid et al., 2003, 2005),
s gill oxygen uptake becomes more challenging in low water
xygen environments. Similar reversible changes were found to
ccur in the scaleless carp (Gymnocypris przewalskii) with hypoxia
Matey et al., 2008). In the cutaneous-breathing mangrove rivu-
us, an ILCM appears during air exposure when gills appear to
e nonfunctional (Ong et al., 2007; Turko et al., 2011) and in
esponse to water of low ionic strength (LeBlanc et al., 2010). On
he other hand, fixed changes in lamellar surface area arise during
he developmental transition between water-breathing in juve-
iles to air-breathing in adult piraracu Arapaima gigas (Brauner
t al., 2004), or in response to hypoxia during early life stages in
he cichlid Pseudocrenilabrus multicolor victoriae (Chapman et al.,
000). Thus, fish are capable of adjusting gill surface area to meet
espiratory demands. But how do fish maintain other gill functions
see also Mitrovic et al., 2009; Mitrovic and Perry, 2009), especially
itrogen excretion, in the face of profound changes in gill surface
rea?

The question of gill remodeling and the consequences to ammo-
ia excretion have been addressed in goldfish acclimated to 5–7 ◦C
increased ILCM) or 25 ◦C (decreased ILCM). Perry et al., 2010b
emonstrated that clearance of injected NH4Cl was higher in
5 ◦C- compared to 7 ◦C-acclimated fish, although part of this dif-
erence was attributed to the higher metabolic rate, ventilation
nd cardiac output at 25 ◦C. A redistribution of ammonia trans-
orters (Rhag, Rhbg and Rhcg1) to cells on the outer edge of the

LCM in 7 ◦C-acclimated goldfish facilitates branchial NH3 excre-
ion under a less than favourable gill diffusion distance between
lood and water (Perry et al., 2010b).  But what about other routes
f excretion? Divided chamber experiments in goldfish to separate
he anterior (gills) from posterior end of the fish (skin, kidneys,
ut) demonstrated that fish with larger ILCMs (5 ◦C-fish) excreted
roportionally more ammonia through the posterior end rela-
ive to fish with smaller ILCMs (25 ◦C-fish) (Smith et al., 2012).
aken together, the results suggest that the ILCM hinders branchial
mmonia excretion and posterior sites may  be employed to a
reater extent when lamellar surface area is reduced. If so, then
hat changes are necessary to enhance extra-branchial ammo-
ia excretion under these conditions? Is blood flow increased to
hese alternative sites? Are skin and kidney cells remodeled to
ccommodate higher ammonia flux, for example by increasing the
xpression of Rh glycoproteins? These questions are worthy of

nvestigation.

Gill function may  be more profoundly altered in some air-
reathing fish that emerse onto land and no longer maintain
onvection of water over the gills. In weather-loach (Misgurnus
y & Neurobiology 184 (2012) 231– 240

anguillicaudatus) and mangrove rivulus, NH3 volatilization across
the skin or gut partly sustains ammonia excretion during ter-
restrial episodes (Frick and Wright, 2002b; Tsui et al., 2002;
Litwiller et al., 2006). The mudskipper, Periophthalmodon schlosseri
retains small volumes of water within the gill chamber when
emersed and remarkably, ammonia is excreted actively into this
stagnant fluid reaching concentrations as high as 32 mmol l−1

after 24 h in air (Randall et al., 2004; Chew et al., 2007). The
climbing perch, Anabos testudineus, also actively excretes ammo-
nia across the skin and gills when out of water at a rate equal
to or greater than in control fish in water (Tay et al., 2006).
Hence, several fish species have evolved creative solutions to
solve the problem of ammonia excretion under terrestrial condi-
tions.

The transport mechanisms that support ammonia excretion in
emersed air-breathing fish have been partially identified. The gills
of mudskippers (P. schlosseri) contain high levels of Na+, K+-ATPase
and basolateral movement of NH4

+ instead of K+ may  be coupled to
apical NH4

+ transport via NHE (Randall et al., 1999, 2004; Wilson
et al., 2000b). To our knowledge, the role(s) of Rh proteins (if any)
have not been reported in P. schlosseri or other mudskipper species.
Alkalinization of mucosal surfaces accompanies NH3 volatilization
in weatherloach and mangrove rivulus (Tsui et al., 2002; Litwiller
et al., 2006), however the specific membrane transporters respon-
sible for these changes have not been identified. Rhcg1 and Rhcg2
mRNA levels are increased in the skin of air-exposed mangrove
rivulus (Hung et al., 2007) and Rhcg1 proteins are localized to
the apical membrane of skin mitochondrial rich cells (Wright and
Wood, 2009). Weihrauch et al. (2009) proposed a model for cuta-
neous NH3 volatilization where HCO3

− excretion via a Cl−/HCO3
−

exchanger occurs in parallel with NH3 diffusion via Rhcg. The dif-
ficulty with this scenario is that NH3 diffusion via Rh proteins is
typically supported by acid trapping mechanisms (see Section 2),
whereas HCO3

− secretion alone would decrease the blood-to-water
NH3 gradient over time. A more detailed analysis of ion transport
mechanisms that are compatible with NH3 volatilization is needed.

Developmental changes in gill morphology necessitate a trans-
fer of ammonia excretion between branchial and extra branchial
sites. In embryonic and larval fish with undeveloped gills
(Rombough and Ure, 1991), the cutaneous surface, especially the
yolk sac membrane, is the main site of ammonia excretion (Shih
et al., 2008). As in adult gills (see above), Na+/NH4

+ exchange occurs
through a flexible linkage between NHE, H+ATPase and Rh proteins
in freshwater larvae (Hung et al., 2008; Shih et al., 2008; Braun
et al., 2009a,b; Sashaw et al., 2010; Wu  et al., 2010; Kumai and
Perry, 2011). Branchial exchange is enhanced as lamellar struc-
tures develop (Rombough, 1999, 2002; Fu et al., 2010) although the
timing of the changeover in ammonia excretion from cutaneous to
branchial has not been reported. One might predict that tempo-
rally, branchial ammonia excretion in larval fish would be closely
correlated with Na+ uptake which shifts to the gills considerably
earlier compared to oxygen uptake, at least in rainbow trout (Fu
et al., 2010).

Transition to air breathing and loss of lamellar structures in juve-
nile A. gigas may  reverse the normal ontogenic changes described
above. As gill surface area declines in juvenile A. gigas, the rate of
branchial ammonia excretion may  also decline accompanied by a
rise in cutaneous and/or renal ammonia excretion. The kidney of
A. gigas appears relatively large compared to other closely-related
species (Brauner et al., 2004). Alternatively, ammonia excretion
may  remain primarily branchial in adult A. gigas, localized to large
Na+, K+-ATPase-rich cells that are present on the outer epithelium

(Brauner et al., 2004). Rh proteins co-localize with Na+, K+-ATPase
in branchial and cutaneous cells in other fish species (Nakada
et al., 2007b; Wright and Wood, 2009; Wu  et al., 2010). There
is still much to learn about developmental changes in ammonia
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Fig. 2. (A) The influence of exposure to high environmental ammonia (HEA, added
as 1 mmol  l−1 NH4HCO3, pH 7.9) on transepithelial potential (TEP) in rainbow trout
(Oncorhynchus mykiss irideus, steelhead strain) in fresh water or sea water. The labels
indicate the unidirectional flux ratios for NH4

+ predicted by the Ussing criterion
under symmetrical conditions (i.e. equal internal and external NH4

+ concentrations)
for the TEP values indicated by arrows. Note that the rise in TEP during HEA in fresh-
water trout brings the flux ratio close to 1.0, similar to the ratio in seawater trout.
(B).  The true electrochemical potential or net driving force (FNH4

+ ) for NH4
+ across

the  gills for the same data set calculated as the difference between the Nernst
potential for NH4

+ and the TEP:

FNH4
+ = RT ln [NH4

+]out

zF[NH4
+]in

− TEP

where z is the valence, R is the gas constant, T is the absolute temperature, and F
is  Faraday’s constant, [NH4

+]in is the measured concentration of NH4
+ in the blood

plasma, and [NH4
+]out is the measured concentration of NH4

+ in the outside water.
A  positive value of FNH4

+ will tend to drive NH4
+ into the fish, while a negative value

will  drive NH4
+ out of the fish. Note that had TEP not depolarized in freshwater trout,

the inward force on NH + during HEA exposure would have been 15 mV higher,

be adaptive.
P.A. Wright, C.M. Wood / Respiratory Ph

ransport and the balance between branchial and extra-branchial
ites.

. Why  does high environmental ammonia change the
ransepithelial potential across the gills?

At normal physiological pH, over 95% of body ammonia exists
s NH4

+. In general, ammonia appears to distribute across the cell
embranes of ammoniotelic fish tissues primarily according to the
embrane potential rather than the pHe–pHi gradient as it does in

igher vertebrates (Wright et al., 1988; Wright and Wood, 1988;
ood, 1993; Wang et al., 1996). In muscle tissue, for example, intra-

ellular total ammonia levels are normally about 35-fold greater
han extracellular levels in fish, but only 3-fold greater in mammals
Wood et al., 1989; Wood, 1993). In simple terms, the basis for this
ifference appears to be a much higher effective permeability of
sh cell membranes to NH4

+ than to NH3; Boron and Roos (1976),
oos and Boron (1981),  and Wood et al. (1989) provide a detailed
heoretical analysis. In practice, this means that the intracellular
ompartments of fish tissues can serve as a substantial buffer store
or ammonia, yet at the same time, it renders fish cells sensitive to
epolarization by increases in plasma ammonia (Beaumont et al.,
000; Shingles et al., 2001; Wicks et al., 2002).

Given this ability of ammonia to alter membrane potential in
sh cells, it seems quite possible that HEA should also alter trans-
pithelial potential (TEP) across the gills, but this effect was only
rst reported by Tsui et al. (2009) in cultured trout gill epithelia
nd by Wood and Nawata (2011) in intact fish. In the latter study,
reshwater trout exposed to HEA (1000 �mol  l−1 NH4HCO3) experi-
nced a marked depolarization of branchial TEP from −16.3 mV  to
1.6 mV,  whereas seawater trout exposed to the same HEA con-

entration exhibited no change in TEP which remained slightly
ositive (+2.5 mV)  (Fig. 2A). This depolarizing effect of HEA has
ow been confirmed in a second rainbow trout study, with qual-

tatively similar results in freshwater carp and goldfish as well
Sinha, Liew, Nawata, Wood, and DeBoeck (unpublished. results).
he response would appear to be of adaptive significance. In sim-
le terms, as illustrated in Fig. 2A, if one applies the Ussing flux
atio criterion (Kirschner, 1970), then the NH4

+ influx to efflux ratio
upported by this TEP under symmetrical conditions drops from
.96 to almost 1.0, similar to the ratio in seawater trout. At a more
etailed level, calculation of the electrochemical driving force on
H4

+ (FNH4
+ = the difference between the Nernst potential and the

EP; Kirschner, 1970) using actual measurements of plasma and
ater NH4

+ concentrations, indicates that FNH4 changed from neg-
igible under control conditions to a positive inward value during
EA in freshwater trout, similar to the value in seawater trout dur-

ng HEA (Fig. 2B). However, had TEP not depolarized, the inward
orce on NH4

+ would have been 15 mV higher, exacerbating ammo-
ia loading in freshwater fish during HEA.

In seawater fish, the positive TEP is thought to mainly reflect
lectrogenic Cl− extrusion (Potts, 1984), which is presumably
naffected by HEA. However, in freshwater fish, the traditional

nterpretation of negative TEP is a diffusion potential reflecting
he differential permeability of the gills to Na+ versus Cl− through
he paracellular pathway – i.e. PNa+ /PCl− > 1.0 (Potts, 1984). Thus
he depolarizing effect of HEA would be to decrease paracellular

Na+ /PCl− , but whether this actually occurs remain to be deter-
ined. Certainly, with the recent discoveries of Rh proteins as

idirectional transcellular ammonia transporters (see Section 2),
f evidence for regulation of transcellular permeability of the gills
o major ions (Wood et al., 2009), and of the ability of elevated

lasma ammonia to depolarize other fish cells, it would be timely
o re-assess the possible contribution of transcellular events, and
articularly the influence of HEA, to the gill TEP in freshwater fish.
4

exacerbating ammonia loading. Instead, FNH4
+ became similar in freshwater and

seawater fish. Means ± 1 SEM (N = 5–11). Data from Wood and Nawata (2011).

6. Does high environmental ammonia increase gill surface
area in ammonia tolerant fish but decrease gill surface area
in ammonia intolerant fish?

Environmental ammonia may  cause structural changes to the
gills of many fish, but there are some inconsistencies in the lit-
erature. One of the difficulties in comparing between studies is
that water conditions (pH, ion concentrations, temperature) and
exposure (duration, concentration) vary. Some studies report no
changes in gill structure or function in response to chronic sublethal
or acute lethal ammonia levels (e.g. Mitchell and Cech, 1983; Smart,
1976; Le Franç ois et al., 2008). In many other studies, however,
when water ammonia levels approached or surpassed the NH3 LC50
(96 h), gill edema, lamellar fusion and/or hyperplasia contributed
to an increase in lamellar thickness (Lease et al., 2003; Thurston
et al., 1978, 1984; Miron et al., 2008; Benli et al., 2008). An increase
in lamellar thickness and a decrease in lamellar surface area (due
to hyperplasia) would hinder oxygen uptake. At the same time, the
demand for oxygen rises with the concentration of ammonia and
exposure time (Smart, 1978; Barbieri and Doi, 2012). Thus, these
types of changes to gill structure in response to ammonia may not
Alternatively, do some fish remodel gill structures to enhance
oxygen uptake during ammonia exposure? Reversible gill remod-
eling in cyprinid and cyprinodontid species in response to
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Fig. 3. Representative light micrographs of gills from the mangrove rivulus Kryptole-
bias marmoratus under control conditions (A), after 7 days of exposure to 5 mmol l−1
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Fig. 4. The interlamellar cell mass (ILCM) height in mangrove rivulus Kryptolebias
marmoratus gills under control conditions (black bar), after 7 days in 5 mmol l−1

NH4Cl (checked bar), and in recovery fish returned to control conditions for 7 days
H4Cl (B), and recovery for 7 days in ammonia-free control water following treat-
ent (C); 5 mmol  l−1 NH4Cl, 7 days). Control water was 15 ppt, 25 ◦C, pH 8.0. Scale

ar  represents 50 �m.

nvironmental perturbations (see Section 4) would provide the
exibility to enhance lamellar surface area when oxygen demands
re elevated. We  hypothesized that HEA would induce ILCM regres-
ion in the ammonia-tolerant cyprinodontid K. marmoratus. K.
armoratus were exposed to sublethal ammonia levels (5 mmol  l−1

H4Cl (230 �mol  l−1 NH3; 15 ppt, 25 ◦C), n = 11) for one week and
he gills were processed for histology as described before (LeBlanc
t al., 2010). Note, K. marmoratus survive 446 �mol  l−1 NH3 for
8 h but succumb to longer exposures or higher concentrations
Frick and Wright, 2002a).  Gill morphology was compared with
ontrol fish held under the same conditions but without ammo-
ia added to the water (n = 12) and with recovery fish that were
xposed to 5 mmol  l−1 NH4Cl for one week and then control water
or one week (n = 11). Representative images of fish from each group
ndicate that relative to control and recovery fish, fish exposed
o 5 mmol  l−1 NH4Cl had a reduced ILCM (Fig. 3). Indeed, quan-
ification of gill dimensions showed that ammonia-exposed fish
ad a significantly smaller ILCM compared to the control and

ecovery fish (t-test P < 0.05; Fig. 4), but there were no differences
n the width of the lamellae (data not shown; A. Russo and P.

right, unpublished data). These results support the hypothesis
hat reversible gill remodeling occurs in K. marmoratus in response
following treatment (5 mmol  l−1 NH4Cl, 7 days; open bar). Means ± S.E. (n = 11–12).
Asterisk indicates ammonia-exposed fish had significantly lower (p < 0.05) ILCM
height relative to control or recovery (t-test).

to environmental ammonia, a strategy that would optimize the
transfer of oxygen across the gill during ammonia-induced respi-
ratory distress. On the other hand, a regression in the ILCM results
in an increase in the effective gill surface area, which in turn would
enhance branchial uptake of ammonia. Are these gill changes adap-
tive?

Ammonia-tolerant fish may  remodel their gills to maximize res-
piration during periods of elevated environmental ammonia but
are able to tolerate, excrete or detoxify the accompanying sur-
plus of ammonia from the environment that these changes entail.
For example, in K. marmoratus, whole body ammonia levels were
not elevated after 4 or 10 days of exposure to 5 mmol  l−1 NH4Cl
in the environment (Frick and Wright, 2002a).  The ‘ammonia-
tolerant fish’ hypothesis could be further tested in cyprinids that
have plastic gills and are less sensitive to external ammonia (e.g.
crucian carp, goldfish). In species that are intolerant of ammonia
(e.g. trout), structural changes to the gill (increased diffusion dis-
tance) would appear non-adaptive from the respiratory point of
view, but may  be adaptive in preventing excessive uptake of ammo-
nia from the environment. It is not clear from earlier publications
whether gill damage from ammonia exposure is reversible. The
ILCM appears to act as a diffusive barrier in goldfish acclimated
to 5 ◦C (increased ILCM) and acutely exposed to environmental
ammonia (1.5 mmol l−1 NH4HCO3) relative to 25 ◦C acclimated fish
(decreased ILCM) (Smith et al., 2012). Goldfish with increased ILCM
had significantly lower rates of ammonia uptake from the environ-
ment (Smith et al., 2012). Further comparisons of ammonia tolerant
versus intolerant species with respect to gill histology and respira-
tory function under high chronic ammonia exposures would help
elucidate if different tactics are used to balance the demands of
respiration with the costs of ammonia toxicity in fish.

7. How does ammonia contribute to ventilatory control?

Given the multiple roles of ammonia as an ion, an acid–base
equivalent, a nutrient, and a toxicant, it is easy to overlook the
fact that ammonia is also a true respiratory gas, produced by
metabolism in the form of NH3 at a rate equivalent to 10–20% of
CO2 production or O2 uptake in ammoniotelic fish (Randall and Ip,

2006). As such, we  might expect it to have a role in ventilatory con-
trol, along with the now well documented actions of O2 and CO2/pH
in this regard (e.g. Randall, 1982; Perry and Wood, 1989; Gilmour,
2001). Indeed, in mammals it has long been known that ammonia,
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cting centrally, can stimulate ventilation (Wichser and Kazemi,
974). However, only a very few piscine studies have examined
mmonia in this context, although many toxicological investiga-
ions have reported hyperventilation as one of the pathological
ymptoms accompanying elevated waterborne ammonia exposure
i.e. HEA; Smart, 1978; Lang et al., 1987; Knoph, 1996). Hillaby and
andall (1979) were the first to report that intravascular injections
f ammonium salts stimulated ventilation in trout. An extensive
tudy by McKenzie et al. (1993) confirmed this result but could not
efinitively separate the hyperventilatory effects caused by ammo-
ia from those caused by accompanying changes in blood acid–base
tatus. However, more recently, Zhang and Wood (2009) succeeded
n this regard. It is now clear that ammonia alone, at physiologically
ealistic levels in the bloodstream, can stimulate ventilation in rain-
ow trout, mainly by raising ventilatory stroke volume rather than
reathing frequency, and that this action is separate from changes

n other blood gases or acid–base status. At present, it is unclear
hether the response is to NH3, to NH4

+, or to both, an important
uestion for future investigation.

One circumstance where this response would be of obvious
daptive significance is the hyperventilation accompanying the
pecific dynamic action (Secor, 2009) following a large meal where
lasma total ammonia concentrations increase greatly; this could
e particularly important in counteracting any depression of ven-
ilation caused by the post-prandial “alkaline tide” (Bucking and

ood, 2008; Cooper and Wilson, 2008). Indeed, plasma ammonia
ncreases after a meal even in ureotelic dogfish sharks (Wood et al.,
010) during the period of the alkaline tide (Wood et al., 2005) and
ecent injection experiments have shown that sharks hyperventi-
ate in response to physiologically relevant elevations in plasma
mmonia (DeBoeck and Wood, unpublished results). Another rel-
vant circumstance is the hyperventilation which facilitates EPOC
excess post-exercise O2 consumption) after exhaustive exercise
Scarabello et al., 1991), a situation in which plasma ammonia lev-
ls are again substantially elevated (Mommsen and Hochachka,
988; Wright et al., 1988; Wood, 1988; Wang et al., 1994). It is
ore difficult to see how the response would be adaptive dur-

ng exposure to high waterborne ammonia, so it is not surprising
hat it completely disappears during chronic HEA exposure (Zhang
t al., 2011). Nevertheless, short-term hyperventilation could be
seful in increasing ammonia excretion in a fish that has just
scaped from an HEA environment. This raises the interesting ques-
ion whether hyperventilation can enhance ammonia excretion
cross the gills. Randall and Ip (2006) proposed that the answer
as negative, arguing that ammonia excretion in fish gills is prob-

bly subject to diffusive rather than ventilatory limitations, but
his was just before the discovery that Rh glycoproteins facilitate
mmonia diffusion across teleost gills (see Section 2). Clearly, the
uestion could be tested experimentally by artificially hyperven-
ilating fish in Van Dam chambers (e.g. Wood and Jackson, 1980;
wama et al., 1987) to different extents after infusion of ammo-
ia.

Ventilation is subject to both central and peripheral control in
ertebrates, but in fish most research to date has focused on the
atter, particularly the neuroepithelial cells (NECs) on gill arches I
nd II (embryonic arches III and IV; Milsom and Burleson, 2007).
hese appear to represent the phylogenetic antecedents of the
ammalian carotid and aortic bodies respectively, and exhibit sen-

itivity to both O2 and CO2 (Jonz et al., 2004; Qin et al., 2010).
he recent study of Zhang et al. (2011) suggests that they may
n fact be trimodal sensors, responding to ammonia as well with

arked elevations in intracellular [Ca2+]i. The latter is thought to

ccur by inhibition of a background K+ current, causing membrane
eplorization, which triggers voltage-gated Ca2+ influx and subse-
uent neurotransmitter release to activate afferent nerve fibres.

ndeed 1 mmol  l−1 NH4
+ was as effective as 30 mmol  l−1 K+ in
y & Neurobiology 184 (2012) 231– 240 237

this regard. In intact trout, the hyperventilatory response to ele-
vated ammonia was delayed by bilateral ablation of gill arch I
and abolished by combined ablation of arches I and II. Removal
of the other arches had no effect. Chronic HEA exposure, which
abolished the hyperventilatory response to ammonia challenge
in vivo, also reduced the size and abundance of NECs on arches I
and II. In accompanying in vitro studies, NECs isolated from trout
chronically exposed to HEA exhibited normal [Ca2+]i responses to
30 mmol  l−1 K+, but attenuated [Ca2+]i responses to 1 mmol l−1

NH4
+ (Zhang et al., 2011). However, peripheral actions on NECs may

be only part of the story, because in mammals, ammonia seems to
stimulate ventilation mainly through central effects (Wichser and
Kazemi, 1974). Experiments to date in trout indicate that the hyper-
ventilatory responses to several ammonia treatments are more
closely correlated with increases in brain ammonia levels than with
increases in either plasma or CSF ammonia concentrations (Zhang
and Wood, unpublished results). There is much yet to learn about
the interplay of central versus peripheral effects of ammonia in
ventilatory control.

8. What do Rh proteins do when they are not transporting
ammonia?

Kustu and Inwood (2006) and Huang (2008) have argued that
CO2 transport, rather than NH3 transport may  have been the ances-
tral role of Rh glycoproteins, and that this role may be retained in
modern versions of the proteins (also reviewed by Boron, 2010).
However this point remains controversial with evidence both
for and against CO2 transport function in the RhAG proteins of
mammalian erythrocyte membranes, for example (summarized by
Wright and Wood, 2009). In fish, there have been two investiga-
tions of this possibility. Nawata and Wood (2008) exposed trout to
high environmental CO2 and found that changes in Rhbg and Rhcg
expression in gills and skin did not occur, or could be explained
by secondary effects of elevated plasma ammonia. However, Rhag
expression in the erythrocytes responded differentially to high CO2
and high ammonia, suggesting a possible dual transport role. More
recently Perry et al. (2010a) reported that translational knock-
downs of Rhbg and Rhcg expression in larval zebrafish inhibited
both ammonia excretion and relative CO2 excretion (assessed as
a decreased MCO2/MO2 ratio) of the whole larvae. Furthermore in
adult zebrafish, a treatment which caused sudden CO2 washout
seemed to reduce simultaneous ammonia excretion, suggesting a
direct competition between CO2 and NH3 for common carriers.
While all this evidence is intriguing, it remains circumstantial, and
alternate explanations are possible (e.g. altered metabolic function
in morphants, altered pH gradients in flux experiments, discon-
nects between mRNA and functional protein changes).

Similarly intriguing is the recent finding that both mRNA and
protein expression occurs for Rhbg and Rhcg in the gills of Alco-
lapia grahami, a tilapia which lives in the highly alkaline, highly
buffered (pH 10, titration alkalinity = 300 mmol  l−1) water of Lake
Magadi, Kenya (Wood et al., submitted for publication). At an exter-
nal water pH of 10, the fish lives in a “CO2 vacuum” (Johansen
et al., 1975); a priori, there would seem to be little need for trans-
porters which facilitate CO2 excretion. This fish is an obligate 100%
ureotele; it never excretes ammonia, even when given the oppor-
tunity by acute exposure to neutralized Lake Magadi water (Wood
et al., 1989b)  or gradual acclimation to circumneutral freshwa-
ter (Wood et al., 2002). Nevertheless, when Magadi tilapia were
exposed to HEA, Rhbg and Rhcg mRNA expression increased in the

gills, so the signalling pathway seems to remain functional (Wood
et al., submitted for publication).

There may  well be other roles for Rh proteins. For exam-
ple, recent studies have shown that a simple two amino acid
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ubstitution can change a mammalian RhAG glycoprotein into a
ation-selective channel (Bruce et al., 2009) while impairing but not
topping its ammonia transport function (Genetet et al., 2012). Is it
ossible that a slightly altered Rh protein could serve as the elusive
a+ channel in the freshwater teleost gill (see Section 2), facilitat-

ng both Na+ uptake and ammonia excretion? Other recent studies
ave implicated both normal and mutated Rh proteins in functions
s diverse as tumour suppression, infertility, depression, migraine,
nd HCO3

− transport (reviewed by Huang and Ye, 2010). The latter
ould be critical to the Magadi tilapia, which must actively excrete
CO3

− across its gills (Wood et al., 2012). Notably, the Rhbg and
hcg proteins in Magadi tilapia gills appear to be truncated, with
nly 8 (Rhcg) or 10 (Rhbg) transmembrane domains, rather than
he 12 which are considered normal (Wood et al., submitted for
ublication). Is it possible that these changes have fundamentally
ltered their functions? This question is clearly open to solution
hrough future oocyte expression studies (e.g. Nawata et al., 2010b).

. Summary

In the past decade there has been a renewed interest in ammo-
ia excretion in fish. The discovery that Rh proteins facilitate NH3
ransport across the gills has significantly propelled the field for-
ard and we now have a much clearer understanding of the
echanisms of branchial ammonia excretion in freshwater fish.
any new avenues of research are now open to understand what

ole Rh proteins play in NH3 (and possibly CO2) transport in dif-
erent environments and tissues. Reversible gill remodeling in
yprinids and cyprinidontids has been newly described in the last
en years and the physiological implications for ammonia excre-
ion and other gill processes is under investigation. The adverse
ffects of elevated environmental ammonia on morphology and
hysiology in fish have long been known, but recent studies at the
ellular level have uncovered a role for gill neuroepithelial cells in
mmonia-induced hyperventiliation. Again, there is much to learn
bout the role of ammonia in ventilatory control. At present only the
sh knows the answer to these questions, but the research toolbox

s full of promising approaches.
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e Franç ois, N.R., Savoie, A., Siikavuopio, S.I., 2008. Gill metabolic and osmoregu-
latory responses of juvenile Atlantic cod (Gadus morhua) to chronic ammonia
exposure. Journal of Applied Ichthyology 24, 112–115.

ease, H.M., Jansen, J.A., Bergman, H.L., Meyer, J.S., 2003. Structural changes in gills of
Lost  River suckers exposed to elevated pH and ammonia concentrations. 134C,
491–500.

eBlanc, D.M., Wood, C.M., Fudge, D.S., Wright, P.A., 2010. A fish out of water: gill and
skin remodeling promotes osmo- and ionoregulation in the mangrove killifish
Kryptolebias marmoratus. Physiological and Biochemical Zoology 83, 939–949.

in, L-Y., Horng, J.L., Kunkel, J., Hwang, P.P., 2006. Proton pump-rich cell secretes
acid in skin of zebrafish larvae. American Journal of Physiology 290, C371–C378.

in, T.-Y., Liao, B.-K., Horng, J.-L., Yah, J.-J., Hsiao, C.-D., Hwang, P.-P., 2008. Car-
bonic anhydrase 2-like a and 15a are involved in acid-base regulation and Na+

uptake in zebrafish H+-ATPase-rich cells. American Journal of Physiology 294,
C1250–C1260.

in, C-C., Lin, L-Y., Hsu, H-H., Thermes, V., Prunet, P., Horng, J-L., Hwang, P-P., 2012.
Acid secretion by mitochondrion-rich cells of medaka (Oryzias latipes) accli-
mated to acidic freshwater. American Journal of Physiology 302, R283–R291.

itwiller, S.L., O’Donnell, M.J., Wright, P.A., 2006. Rapid increase in the partial pres-
sure of NH3 on the cutaneous surface of air-exposed mangrove killifish, Rivulus
marmoratus.  Journal of Experimental Biology 209, 1737–1745.

arshall, W.S., Grosell, M.,  2006. Ion transport, osmoregulation, and acid-base bal-
ance. In: Evans, D.H., Claiborne, J.B. (Eds.), Homeostasis and Reproduction, The
Physiology of Fishes. , 3rd edition. Taylor and Francis Group, Boca Raton, pp.
177–230.

atey, V., Richards, J.G., Wang, Y., Wood, C.M., Rogers, J., Davies, R., Murray, B.W.,
Chen, X.-Q., Du, J., Brauner, C.J., 2008. The effect of hypoxia on gill morphol-
ogy and ionoregulatory status in the Lake Qinghai scaleless carp, Gymnocypris
przewalskii.  Journal of Experimental Biology 211, 1063–1074.

cKenzie, D.J., Randall, D.J., Lin, H., Aota, S., 1993. Effects of changes in plasma pH,
CO2 and ammonia on ventilation in trout. Fish Physiology and Biochemistry 10,
507–515.

ilsom, W.K., Burleson, M.L., 2007. Peripheral arterial chemoreceptors and the evo-
lution of the carotid body. Respiratory Physiology and Neurobiology 157, 4–11.

iron, D.d.S., Moraes, B., Becken, A.G., Grestani, M.,  Sanevello, R., Loro, V.L., Baldis-
serotto, B., 2008. Ammonia and pH effects on some metabolic parameters and
gill histology of silver catfish, Rhamdia quelen (Heptapteridae). Aquaculture 277,
192–196.

itchell, S.J., Cech Jr., J.J., 1983. Ammonia-caused gill damage in channel catfish
(Ictalurus punctatus): confounding effects of residual chlorine. Canadian Journal
of  Fisheries and Aquatic Sciences 40, 242–247.

itrovic, D., Perry, S.F., 2009. The effects of thermally induced gill remodeling on
ionocyte distribution and branchial chloride fluxes in goldfish (Carassius aura-
tus).  Journal of Experimental Biology 212, 843–852.

itrovic, D., Dymowska, A., Nilsson, G.E., Perry, S.F., 2009. Physiological conse-
quences of gill remodeling in goldfish (Carassius auratus) during exposure to
long-term hypoxia. American Journal of Physiology – Regulatory, Integrative
and Comparative Physiology 297, R224–R234.

ommsen, T.P., Hochachka, P.W., 1988. The purine nucleotide cycle as two tem-
porally separated metabolic units. Metabolism: Clinical and Experimental 37,
552–556.

akada, T., Hoshijima, K., Esaki, M.,  Nagayoshi, S., Kawakami, K., Hirose, S., 2007a.
Localization of ammonia transporter Rhcg1 in mitochondrion-rich cells of yolk
sac, gill, and kidney of zebrafish and its ionic strength-dependent expression.
American Journal of Physiology 293, R1743–R1753.
akada, T., Westhoff, C.M., Kato, A., Hirose, S., 2007b. Ammonia secretion from fish
gill depends on a set of Rh proteins. FASEB Journal 21, 1067–1074.

awata, C.M., Wood, C.M., 2008. The effects of CO2 and external buffering on ammo-
nia excretion and Rhesus glycoprotein mRNA expression in rainbow trout.
Journal of Experimental Biology 211, 3226–3236.
y & Neurobiology 184 (2012) 231– 240 239

Nawata, C.M., Wood, C.M., 2009. mRNA expression analysis of the physiological
responses to ammonia infusion in rainbow trout. Journal of Comparative Phys-
iology B 179, 799–810.

Nawata, C.M., Hung, C.C.Y., Tsui, T.K.N., Wilson, J.M., Wright, P.A., Wood, C.M., 2007.
Ammonia excretion in rainbow trout (Oncorhynchus mykiss): evidence for Rh
glycoprotein and H+-ATPase involvement. Physiological Genomics 31, 463–474.

Nawata, C.M., Hirose, S., Nakada, T., Wood, C.M., Kato, A., 2010a. Rh glycoprotein
expression is modulated in pufferfish (Takifugu rubripes) during high environ-
mental ammonia exposure. Journal of Experimental Biology 213, 3150–3160.

Nawata, C.M., Wood, C.M., O’Donnell, M.J., 2010b. Functional characterization of
Rhesus glycoproteins from an ammoniotelic teleost, the rainbow trout, using
oocyte expression and SIET analysis. Journal of Experimental Biology 213,
1049–1059.

Ong, K.J., Stevens, E.D., Wright, P.A., 2007. Gill morphology of the mangrove killifish
(Kryptolebias marmoratus) is plastic and changes in response to terrestrial air
exposure. Journal of Experimental Biology 210, 1109–1115.

Parks, S.K., Tresguerres, M.,  Goss, G.G., 2008. Theoretical considerations underlying
Na+ uptake mechanisms in freshwater fishes. Comparative Biochemistry and
Physiology C148, 411–418.

Perry, S.F., Gilmour, K.M., 2006. Acid-base balance and CO2 excretion in fish:
unanswered questions and emerging models. Respiratory Physiology and Neu-
robiology 154, 199–215.

Perry, S.F., Wood, C.M., 1989. Control and co-ordination of gas transfer in fishes.
Canadian Journal of Zoology 67, 2961–2970.

Perry, S.F., Braun, M.H., Noland, M.,  Dawdy, J., Walsh, P.J., 2010a. Do zebrafish Rh
proteins act as dual ammonia – CO2 channels. Journal of Experimental Zoology
313A, 618–621.

Perry, S.F., Schwaiger, T., Kumai, Y., Tzaneva, B., Braun, M.H.,  2010b. The con-
sequences of reversible gill remodeling on ammonia excretion in goldfish
(Carassius auratus). Journal of Experimental Biology 213, 3656–3665.

Pitts, R.F., 1974. Physiology of the kidney an body fluids, 3rd edition. Yearbook
Medical, Chicago.

Potts, W.T.W., 1984. Transepithelial potentials in fish gills. In: Hoar, W.S., Randall,
D.J.  (Eds.), Fish Physiology, vol. 10B. Academic Press, Orlando, pp. 403–430.

Qin, Z., Lewis, J.E., Perry, S.F., 2010. Zebrafish (Danio rerio) gill neuroepithelial cells
are  sensitive chemoreceptors for environmental CO2. Journal of Physiology 588,
861–872.

Randall, D.J., 1982. The control of respiration and circulation in fish during exercise
and  hypoxia. Journal of Experimental Biology 100, 275–288.

Randall, D.J., Ip, Y.K., 2006. Ammonia as a respiratory gas in water and air-breathing
fishes. Respiratory Physiology and Neurobiology 154, 216–225.

Randall, D.J., Wilson, J.M., Peng, K.W., Kok, T.W.K., Kuah, S.S.L., Chew, S.F., Lam, T.J.,
Ip,  Y.K., 1999. The mudskipper, Periphthalmodon schlosseri, actively transports
NH4

+ against a concentration gradient. American Journal of Physiology 277,
R1562–R1567.

Randall, D.J., Ip, Y.K., Chew, S.F., Wilson, J.M., 2004. Air breathing and ammonia
excretion in the giant mudskipper, Periphthalmodon schlosseri. Physiological and
Biochemical Zoology 77, 783–788.

Rombough, P.J., 1999. The gill of fish larvae. Is it primarily a respiratory or an ionoreg-
ulatory structure? Journal of Physiology 55, 186–204.

Rombough, P.J., 2002. Gills are needed for ionoregulation before they are needed for
O2 uptake in developing zebrafish, Danio rerio. Journal of Experimental Biology
205,  1787–1794.

Rombough, P.J., Ure, D., 1991. Partitioning of oxygen uptake between cutaneous and
branchial surfaces in larval and young juvenile Chinook salmon Onchorhynchus
tshawytscha.  Physiological Zoology 64, 717–727.

Roos, A., Boron, W.F., 1981. Intracellular pH. Physiological Reviews 61, 296–434.
Salama, A., Morgan, I.J., Wood, C.M., 1999. The linkage between Na+ uptake and

ammonia excretion in rainbow trout: kinetic analysis, the effects of (NH4)2SO4

and NH4HCO3 infusion, and the influence of gill boundary layer pH.  Journal of
Experimental Biology 202, 697–709.

Sashaw, J., Nawata, M.,  Thompson, S., Wood, C.M., Wright, P.A., 2010. Rhesus glyco-
protein and urea transporter genes in rainbow trout embryos are increased in
response to alkaline water (pH 9.7) but not elevated water ammonia. Aquatic
Toxicology 96, 308–313.

Scarabello, M.,  Heigenhauser, G.J.F., Wood, C.M., 1991. The O2 debt hypothesis in
juvenile trout after exhaustive exercise. Respiration Physiology 84, 245–259.

Secor, S.M., 2009. Specific dynamic action: a review of the postprandial metabolic
response. Journal of Comparative Physiology B 179, 1–56.

Shih, T-H., Horng, J-L., Hwang, P-P., Lin, L-Y., 2008. Ammonia excretion by the
skin  of zebrafish (Danio rerio) larvae. American Journal of Physiology 295,
C1625–C1632.

Shih, T-H., Horng, J-L., Liu, S-T., Hwang, P-P., Lin, Y-H., 2012. Rhcg1 and NHE3b are
involved in ammonium-dependent sodium uptake by zebrafish larvae accli-
mated to low-sodium water. American Journal of Physiology 302, R84–R93.

Shingles, A., McKenzie, D.J., Taylor, E.W., Moretti, A., Butler, P.J., Ceradini, S., 2001.
Effects of sublethal ammonia exposure on swimming performance in rainbow
trout (Oncorhynchus mykiss). Journal of Experimental Biology 204, 2691–2698.

Smart, G.R., 1976. The effect of ammonia exposure on gill structure of rainbow trout
(Salmo gairdneri). Journal of Fish Biology 8, 471–475.

Smart, G.R., 1978. Investigations of the toxic mechanism of ammonia to fish – gas

exchange in rainbow trout (Salmo gairdneri) exposed to acutely lethal concen-
trations. Journal of Fish Biology 12, 93–104.

Smith, A.A., Zimmer, A.M., Wood, C.M., 2012. Branchial and extra-branchial ammo-
nia excretion in goldfish (Carassius auratus) following thermally induced gill
remodeling. Comparative Physiology and Biochemistry A 162, 185–192.



2 ysiolog

S

S

T

T

T

T

T

T

T

T

W

W

W

W

W

W

W

W

W

W

40 P.A. Wright, C.M. Wood / Respiratory Ph

ollid, J., DeAngelis, P., Gundersen, K., Nilsson, G.E., 2003. Hypoxia induces adap-
tive and reversible gross morphological changes in crucian carp gills. Journal of
Experimental Biology 206, 3667–3673.

ollid, J., Weber, R.E., Nilsson, G.E., 2005. Temperature alters the respiratory surface
area of crucian carp Carassius carassius and goldfish Carassius auratus. Journal of
Experimental Biology 208, 1109–1116.

ay, Y.L., Loong, A.M., Hiong, K.C., Lee, S.J., Tng, Y.Y.M., Wee, N.L.J., Lee, S.M.L., Wong,
W.P., Chew, S.F., Wilson, J.M., Ip, Y.K., 2006. Active ammonia transport and excre-
tory  nitrogen metabolism in the climbing perch, Anabas testudineus, during 4
days of emersion or 10 minutes of forced exercise on land. Journal of Experi-
mental Biology 209, 4475–4489.

hurston, R.V., Russo, R.C., Smith, C.E., 1978. Acute toxicity of ammonia and nitrite to
cutthroat trout fry. Transactions of the American Fisheries Society 107, 361–368.

hurston, R.V., Russo, R.J., Luedtke, R.J., Smith, C.E., Meyn, E.L., Chakoumalos, C.,
Wang, K.C., Brown, C.J.D., 1984. Chronic toxicity of ammonia to rainbow trout.
Transactions of the American Fisheries Society 113, 56–73.

se, W.K.F., Chow, S.C., Wong, C.K.C., 2008. The cloning of eel osmotic stress tran-
scription factor and the regulation of its expression in primary gill cell culture.
Journal of Experimental Biology, 1964–1968.

sui, T.K.N., Randall, D.J., Chew, S.F., Ji, Y., Wilson, J.M., Ip, Y.K., 2002. Accumulation
of ammonia in the body and NH3 volatilization from alkaline regions of the
body surface during ammonia loading and exposure to air in the weather loach
Misgurnus anguillicaudatus. Journal of Experimental Biology 205, 651–659.

sui, T.K.N., Hung, C.Y.C., Nawata, C.M., Wilson, J.M., Wright, P.A., Wood, C.M., 2009.
Ammonia transport in cultured gill epithelium of freshwater rainbow trout: the
importance of Rhesus glycoproteins and the presence of an apical Na+/NH4

+

exchange complex. Journal of Experimental Biology 212, 878–892.
urko, A., Earley, R., Wright, P.A., 2011. Behaviour drives morphology: voluntary

emersion patterns shape gill structure in genetically identical mangrove rivulus.
Annals of Behavioral Medicine 82, 39–47.

witchen, I.D., Eddy, F.B., 1994. Effects of ammonia on sodium balance in juvenile
rainbow trout Oncorhynchus mykiss Walbaum. Aquatic Toxicology 30, 27–45.

ang, Y., Heigenhauser, G.J.F., Wood, C.M., 1994. Integrated responses to exhaustive
exercise and recovery in rainbow trout white muscle: acid–base, phosphogen,
carbohydrate, lipid, ammonia, fluid volume and electrolyte metabolism. Journal
of  Experimental Biology 195, 227–258.

ang, Y., Heigenhauser, G.J.F., Wood, C.M., 1996. Ammonia transport and distri-
bution after exercise across white muscle cell membranes in rainbow trout: a
perfusion study. American Journal of Physiology 271, R738–R750.

eihrauch, D., Wilkie, M.P., Walsh, P.J., 2009. Ammonia and urea transporters in gills
of  fish and aquatic crustaceans. Journal of Experimental Biology 212, 1716–1730.

ichser, J., Kazemi, H., 1974. Ammonia and ventilation: site and mechanism of
action. Respiration Physiology 20, 393–406.

icks, B.J., Joensen, R., Tang, Q., Randall, D.J., 2002. Swimming and ammonia toxic-
ity  in salmonids: the effect of sub lethal ammonia exposure on the swimming
performance of coho salmon and the acute toxicity of ammonia in swimming
and resting rainbow trout. Aquatic Toxicology 59, 55–69.

ilson, R.W., Taylor, E.W., 1992. Transbranchial ammonia gradients and
acid–base responses to high external ammonia concentration in rainbow trout
(Oncorhynchus mykiss) acclimated to different salinities. Journal of Experimental
Biology 166, 95–112.

ilson, R.W., Wright, P.M., Munger, S., Wood, C.M., 1994. Ammonia excretion in
freshwater rainbow trout (Oncorhynchus mykiss) and the importance of gill
boundary layer acidification: lack of evidence for Na+/NH4

+ exchange. Journal
of  Experimental Biology 191, 37–58.

ilson, J.M., Laurent, P.L., Tufts, B.L., Benos, D.J., Donowitz, M., Vogl., A.W., Ran-
dall, D.J., 2000a. NaCl uptake by the branchial epithelium in freshwater teleost
fish: an immunological approach to ion-transport protein, localization. Journal
of  Experimental Biology 203, 2279–2296.

ilson, J.M., Randall, D.J., Donowitz, M.,  Vogl, A.W., Ip, Y.K., 2000b. Immunolocaliza-

tion  of ion-transport proteins to branchial epithelium mitochondria-rich cells
in the mudskipper, Periophthalamus schlosseri. Journal of Experimental Biology
203, 2297–2310.

ood, C.M., 1993. Ammonia and urea metabolism and excretion. In: Evans, D.H.
(Ed.), The Physiology of Fishes. CRC Press, Boca Raton, pp. 379–425.
y & Neurobiology 184 (2012) 231– 240

Wood, C.M., Jackson, E.B., 1980. Blood acid-base regulation during environmental
hyperoxia in the rainbow trout (Salmo gairdneri). Respiration Physiology 42,
351–372.

Wood, C.M., Nawata, C.M., 2011. A nose-to-nose comparison of the physiological
and molecular responses of rainbow trout to high environmental ammo-
nia  in seawater versus freshwater. Journal of Experimental Biology 214,
3557–3569.

Wood, C.M., Munger, R.S., Toews, D.P., 1989. Ammonia, urea, and H+ distribution
and the evolution of ureotelism in amphibians. Journal of Experimental Biology
144, 215–233.

Wood, C.M., Perry, S.F., Wright, P.A., Bergman, H.L., Randall, D.J., 1989b. Ammonia
and urea dynamics in the Lake Magadi tilapia, a ureotelic teleost fish adapted to
an  extremely alkaline environment. Respiration Physiology 77, 1–20.

Wood, C.M., Wilson, P.W., Bergman, H.L., Bergman, A.N., Laurent, P., Otiang’a-Owiti,
G.,  Walsh, P.J., 2002. Obligatory urea production and the cost of living in the
Magadi tilapia revealed by acclimation to reduced salinity and alkalinity. Phys-
iological and Biochemical Zoology 75, 111–122.

Wood, C.M., Kajimura, M.,  Mommsen, T.P., Walsh, P.J., 2005. Alkaline tide and nitro-
gen conservation after feeding in the elasmobranch Squalus acanthias. Journal
of  Experimental Biology 208, 2693–2705.

Wood, C.M., Kajimura, M.,  Sloman, K.A., Scott, G.R., Almeida-Val, F.F., Val, A.L., 2007.
Rapid regulation of Na+ and ammonia fluxes in response to acute environmen-
tal hypoxia in the Amazonian oscar, Astronotus ocellatus. American Journal of
Physiology 292, R2048–R2058.

Wood, C.M., Iftikar, F.I., Scott, G.R., De Boeck, G., Sloman, K.A., Matey, V., Valdez
Domingos, F.A., Duarte, R.M., Almeida-Val, V.M.F., Val, A.L., 2009. Regulation
of  gill transcellular permeability and renal function during acute hypoxia in
the  Amazonian oscar (Astronotus ocellatus): new angles to the osmo-respiratory
compromise. Journal of Experimental Biology 212, 1949–1964.

Wood, C.M., Walsh, P.J., Kajimura, M.,  McClelland, G.B., Chew, S.F., 2010. The influ-
ence of feeding and fasting on plasma metabolites in the dogfish shark (Squalus
acanthias). Comparative Biochemistry and Physiology Part A: Physiology 155,
435–444.

Wood, C.M., Bergman, H.L., Bianchini, A., Laurent, P., Maina, J., Johannsson, O.E.,
Bianchini, L.F., Chevalier, C., Kavembe, G.D., Papah, M.B., Ojoo, R.O., 2012. Trans-
epithelial potential in Magadi tilapia, a fish in extreme alkalinity. Journal of
Comparative Physiology B 182, 247–258.

Wood, C.M., Nawata, C.M., Wilson, J. M.,  Bergman H.L., Bianchini A., Laurent P., Maina
J.,  Johannsson O.E., Bianchini L.F., Chevalier C., Kavembe G.D., Papah M.B., Ojoo
R.O., Rh proteins and NH4

+-activated Na+-ATPase in the Magadi tilapia (Alcolapia
grahami),  a 100% ureotelic teleost fish, submitted for publication.

Wright, P.A., Wood, C.M., 1988. Muscle ammonia stores are not determined by pH
gradients. Fish Physiology and Biochemistry 5, 159–162.

Wright, P.A., Wood, C.M., 2009. A new paradigm for ammonia excretion in aquatic
animals: role of Rhesus (Rh) glycoproteins. Journal of Experimental Biology 212,
2302–2312.

Wright, P.A., Randall, D.J., Wood, C.M., 1988. The distribution of ammonia and H+

ions between tissue compartments in lemon sole (Parophrys vetulus) at rest,
during hypercapnia, and following exercise. Journal of Experimental Biology
136,  149–175.

Wright, P.A., Randall, D.J., Perry, S.F., 1989. Fish gill water boundary layer: a site of
linkage between carbon dioxide and ammonia excretion. Journal of Comparative
Physiology B 158, 627–635.

Wu,  S.C., Horng, J.L., Liu, S.T., Hwang, P.P., Wen, Z.H., Lin, C.S., Lin, L.Y., 2010.
Ammonium-dependent sodium uptake in mitochondrion-rich cells of medaka
(Oryzias latipes)  larvae. American Journal of Physiology 298, C237–C250.

Zhang, L., Wood, C.M., 2009. Ammonia as a stimulant to ventilation in rainbow trout
Oncorhynchus mykiss. Respiratory Physiology and Neurobiology 168, 261–271.

Zhang, L., Nurse, C.A., Jonz, M.G., Wood, C.M., 2011. Ammonia sensing by neuroepi-
thelial cells and ventilatory responses to ammonia in rainbow trout. Journal of

Experimental Biology 214, 2678–2689.

Zimmer, A., Nawata, C.M., Wood, C.M., 2010. Physiological and molecular analysis of
the  interactive effects of feeding and high environmental ammonia on branchial
ammonia excretion and Na+ uptake in freshwater rainbow trout. Journal of
Comparative Physiology B 180, 1191–1204.


	Seven things fish know about ammonia and we don’t
	1 Introduction
	2 How is ammonia excretion linked to sodium uptake in freshwater fish?
	3 How much does branchial ammonia excretion in seawater teleosts depend on Rh glycoprotein-mediated NH3 diffusion?
	4 How do fish maintain ammonia excretion rates if branchial surface area is reduced or compromised?
	5 Why does high environmental ammonia change the transepithelial potential across the gills?
	6 Does high environmental ammonia increase gill surface area in ammonia tolerant fish but decrease gill surface area in am...
	7 How does ammonia contribute to ventilatory control?
	8 What do Rh proteins do when they are not transporting ammonia?
	9 Summary
	Acknowledgements
	References


