












laterally located Na�-K�-ATPase is partially blocked by the
large non-staining nucleus in the centre of the cells. The similar
expression pattern of Rhbg suggests that, as in adult pufferfish,
Rhbg is located basolaterally in larval zebrafish.

UT protein was localized to discrete clusters of cells within
the mouth (Fig. 9D), the brain, and nerve tracts (Fig. 9E).
Staining of Na�-K�-ATPase (Fig. 9F, red, dashed box)
showed no colocalization with UT (green, solid box), suggest-
ing that the cells in which UT is found are not NKA-rich
ionocytes.

DISCUSSION

There are a large number of studies providing evidence for
the ammonia-transporting abilities of Rh proteins. However,
most of those studies were correlative or relied on data from
cultured tissues and cells. The morpholino knockdowns of
Rhcg1 by Shih et al. (43) and the knockdowns of Rhag, Rhbg,
and Rhcg1 in this study are among the first to provide in vivo
evidence for the ammonia-transporting abilities of Rh proteins.
Although previous work appeared to show that the targeted
knockdown of Rhbg in mice had no effects (6), the removal of
any one of the three Rh proteins from zebrafish larvae signif-
icantly impaired ammonia excretion (Fig. 5). These results
strongly suggest that without functional ammonia transporters,
ammonia excretion would be severely constrained. Therefore,
in embryonic and larval zebrafish, ammonotely may not be
possible until Rh protein expression occurs, and thus an alter-
native method of nitrogenous waste removal is required.

Ureotely in teleosts. As zebrafish embryos developed, they
underwent a transition whereby they initially excreted 80% of

their nitrogenous waste as urea (ureotely) before the level
decreased to 15% in larvae and adults (ammonotely) (Fig. 1).
Increased urea excretion in larvae has been previously recorded
for both rainbow trout (11, 46, 47, 58) and cod (5). However,
whereas cod (5) and zebrafish embryos (Fig. 1) used urea as the
predominant waste product while still enclosed by the chorion,
trout embryos showed little urea excretion until just before
hatching (58). These differences suggest that there is no single
pattern of nitrogen excretion during the early development of
teleosts.

The high rate of urea excretion in embryonic and juvenile
teleosts is likely to be the result of a functional OUC. It has
been hypothesized that a functional OUC is required to detox-
ify ammonia when ammonia excretion is limited by the em-
bryo’s underdeveloped gills (42) and limited exchange with
bulk water (46) The fact that a large increase in ammonia
excretion occurs following hatching suggests that the chorion,
thought to be relatively impermeable to ammonia (45), may,
indeed, act as a physical barrier. However, previous results (11,
46), as well as our own findings (Fig. 1A), have shown that
ammonia can penetrate the chorion and may not be a barrier to
ammonia excretion. Instead, our data suggest that ammonia
excretion is limited by a lack of ammonia transporters, and it
was the simultaneous increase in expression of all three am-
monia transporters that triggered the increased rate of ammonia
excretion at 3 DPF. Therefore, in the period preceding ade-
quate Rh protein expression, zebrafish embryos may utilize the
OUC to prevent ammonia toxicity.

Rhcg1. Given the large increase in transcription levels of
Rhcg1 in developing rainbow trout (18) and zebrafish (Fig.

Fig. 8. In situ hybridization of Rh and UT tran-
scripts in zebrafish larvae at 4 and 8 DPF. A: Rhag
probe. I, 4 DPF embryos (asterisk, kidney; arrow,
common cardinal vein). II, 8 DPF larvae (asterisk,
kidney; arrow, common cardinal vein). III, Rhag
negative control with sense probe. B: Rhbg probe in
4 DPF larvae. C: Rhcg1 probe. I, 4 DPF larvae
(arrow, gills). II, 8 DPF larvae. D: UT probe. I, 4
DPF larvae (asterisk, liver; arrow, kidney). II, 8 DPF
larvae. Dashed boxes are expanded as insets. Bars,
200 �m.
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3B), it is tempting to speculate that it is the increase in Rhcg1
that is responsible for the large increase in ammonia excretion
between 2 and 4 DPF. However, there was increased transcrip-
tion of all three Rh genes at 3 DPF, and despite the larger
relative increase in Rhcg1 mRNA, there remained much more

Rhbg and Rhag mRNA (Fig. 3C). This suggests that transport
through Rhcg1 may not be any more important than that
through the other Rh proteins during normal excretion. In fact,
it is unlikely that any single Rh protein is the key to ammonia
excretion in zebrafish larvae. The morpholino knockdowns

Fig. 9. Confocal laser scanning micrographs showing representative images from whole mount immunohistochemistry of zebrafish larvae at 4 DPF. A: Rhag
(green). I, Lateral view of exposed gills with the larval head pointing down. II, Higher magnification view of developing gills. B: Rhcg1 (green). I, Lateral view
of operculum with larval head pointing up. II, Higher magnification of several Rhcg1-labeled cells. C: an embryo double-stained for UT (green) and
Na�-K�-ATPase (red). Lateral view shows developing gills and surrounding skin with head pointing left. Arrowheads indicate mitochondrion-rich cells
containing large amounts of Na�-K�-ATPase. D: UT (green). Dorsal view shows larval head pointing left. E: UT (green). Dorsal view shows a section through
the dorsal head pointing left. F: an embryo double-stained for UT (green) and Na�-K�-ATPase (red). Lateral view shows head pointing right.
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showed that the removal of any one Rh protein resulted in a
similar fall in the rate of ammonia excretion, an argument
against the hypothesis that one member of the family is more
important than another. The morpholino knockdowns also
revealed the limits of ammonia diffusion through plasma mem-
branes, since the knockdown of any single Rh protein merely
prevented movement through either one or two plasma mem-
branes (35). That the result is a 50% fall in ammonia excretion
is an indication of the impermeability of the plasma mem-
branes to ammonia.

The 50% fall in ammonia excretion with each morpholino
treatment was unexpectedly large and could have been caused
by additional Rh proteins being knocked down by nonspecific
binding of the morpholinos. This seems highly unlikely, how-
ever, given the small number of shared nucleotides in the
morpholino binding regions of the proteins (see MATERIALS AND

METHODS). The large fall in ammonia excretion for each knock-
down might also be explained if 50% of excretion occurred via
simple diffusion while the remaining 50% occurred via a series
of Rh proteins. Thus knocking out any single Rh would result
in functionally knocking out all of them. This may well occur
in the pufferfish gill model (35); however, due to the locations
of the Rh proteins in zebrafish larvae, it is difficult to see how
knocking down a single member of the Rh family would affect
the others.

After UT knockdown, Rhcg1 was the only Rh protein for
which transcription was significantly increased, implying that
upregulation of Rhcg1 may be a mechanism for dealing with
extreme situations. In zebrafish embryos, the cells that express
Rhcg1 are V-type H�-ATPase mitochondrion-rich (HR) cells
(34). Utilizing a variety of methods, including morpholino
knockdowns and recording ammonia excretion from single
cells, Shih et al. (43) have revealed that both the V-type
H�-ATPase and Rhcg1 are required for normal ammonia
excretion. Beyond normal excretion, however, the presence of
Rhcg1 on the HR cells places it in a prime position to facilitate
increased ammonia excretion when required. HR cells have the
capacity to increase proton pumping for ionoregulatory func-
tions (16), and elevated acid excretion will favor increased
NH3 flux through the cell (and Rhcg1) via the process of “acid
trapping” (59). Increased transcription of Rhcg during periods
of stress (air exposure, high external ammonia) was previously
reported in the killifish (19), and in rainbow trout exposed to
high environmental ammonia, there was an increased transcrip-
tion of several Rh proteins and the V-type H�-ATPase (37).
Recent work on cultured rainbow trout gills has provided
additional evidence that some Rh proteins (Rhcg2 in rainbow
trout) may work with the V-type H�-ATPase as an ammonium
pump (49). Therefore, induction of Rhcg1 may play a crucial
role in maintaining ammonia excretion during periods of hy-
perammonemia.

Rhag. Rhag morphants exhibited a number of phenotypic
abnormalities not observed in the other knockdowns and gen-
erally appeared to be in a compromised state. The physical
problems were manifested in a decrease in both ammonia and
urea excretion (Fig. 5), and the Rhag morphants were the only
embryos that did not show any compensatory upregulation of
transcription during the gene knockdown (Fig. 7).

The physical anomalies of the Rhag morphants suggest an
alternative explanation for the excretion results of the morpho-
lino knockdowns: that all ammonia is excreted through Rhbg

and Rhcg1, with no external movement of ammonia occurring
via Rhag. Therefore, knocking down either Rhbg or Rhcg1
results in a 50% fall in excretion, whereas the coincidental
decrease in both ammonia and urea excretion in Rhag mor-
phants is due to a phenotypic metabolic depression.

In mammals, Rhag is almost exclusively found on the red
blood cell and appears to play a vital role in maintaining its
structural integrity (2). Mutants lacking a functional Rhag
protein display the Rh null phenotype and suffer both structural
and biochemical abnormalities of the red blood cell, resulting
in chronic hemolytic anemia (7, 17, 21). Rhag has been shown
to occur in the gills, spleen, blood, and kidney of pufferfish
(35), similar to the expression in zebrafish (Fig. 8A). The
diverse tissue expression pattern, coupled with the numerous
phenotypes produced by Rhag knockdowns, suggests that
Rhag serves other functions in addition to ammonia excretion
in zebrafish.

It is unclear, based on the results of in situ hybridization and
immunohistochemistry, whether there are specific cells within
the gills or on the skin in which Rhag is found. On the basis of
the images (Figs. 8A and 9A) and evidence from other species
(35), Rhag is likely found throughout the gills on either the
pavement and/or pillar cells.

Rhbg. Unlike in the rainbow trout, where Rhbg levels remain
low throughout development (18), Rhbg mRNA was abun-
dantly expressed at 2–6 DPF (Fig. 3). As with Rhag, Rhbg was
found throughout the gill tissue, as well as in discrete cells
covering the yolk sac and operculum (Fig. 8B and 9C). The
nonspecific expression pattern on the gills suggests localization
to pavement cells, similar to the expression pattern of the
pufferfish (35). Overall, the highly expressed, broadly distrib-
uted Rhbg in zebrafish larvae may play a significantly larger
role in ammonia excretion or ionoregulation than in either the
rainbow trout or the pufferfish.

In mammals, Rhbg is found on the basolateral surface of
A-type (acid secreting) intercalated cells in the kidney (51),
which are analogous to the HR cells in zebrafish (16). Al-
though Rhbg does appear to be located basolaterally in some
cells, these Rhbg-expressing cells are not likely to be HR cells,
because the expression pattern is distinctly different from that
of Rhcg1, which is exclusively found in HR cells in larval
zebrafish (20, 43). Furthermore, the cells are also not NKA-
type mitochondrion-rich cells, because there was no colocal-
ization with �5 (Fig. 9C, arrowheads).

Hwang and Lee (20) have proposed a model of ionoregula-
tory mechanisms for zebrafish containing at least three sub-
types of gill/skin ionocytes: HR cells, NKA cells, and NCC
(thiazide-sensitive Na�-Cl� cotransporter) cells. It may be that
in larval zebrafish, Rhbg is located in the NCC skin cells or in
an additional cell type that has yet to be described.

Urea transporters. Many studies on fish have used phloretin
to inhibit urea excretion and thus demonstrate the presence of
a facilitated urea transport system (14, 33, 52). Phloretin,
however, indiscriminately blocks all UTs and aquaporins [also
believed to function as urea transporters (48)], making it
difficult to separate the relative contributions of the potential
transport proteins. Although some of the nonspecific effects of
phloretin can be avoided by using structural analogs of urea as
competitive inhibitors, in the present study this problem was
avoided through the use of the UT morpholino to specifically
knock down the gill isoform of UT. The resulting 90% fall in
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urea excretion indicates that in juvenile zebrafish, the vast
majority of urea excretion occurs via the branchial form of UT.
Thus other potential urea transport routes [including via aqua-
porins (13, 22, 61)] would appear to be of minor importance in
zebrafish embryos and larvae. The remaining urea excretion in
the UT knockdowns may have reflected the use of these minor
urea transport pathways or the accumulation of urea within the
tissues resulting in passive diffusion. Much of the urea pro-
duced in fish is derived from enzymatic processes in the
muscles (12, 24–26), which should therefore possess the ca-
pacity to transport urea. The Western blot analysis of adult
tissue (Fig. 4) suggests that zebrafish white muscle contains
one or more isoforms of UT, which may allow for some
excretion in embryos.

Tissue ammonia and urea. High-intensity exercise in juve-
nile and adult rainbow trout significantly increases urea excre-
tion rates (1, 27). This is likely a result of elevated levels of
ammonia in the muscles combining with glutamate to form
glutamine and providing the primary substrate for the OUC to
produce urea (47). Therefore, the increase in embryonic tissue
urea at 2–3 DPF may be caused by the muscular work required
of the embryos to escape from the chorion, with excess am-
monia funneled into the OUC. The OUC enzymes are likely to
be both functional and playing a major role in detoxifying
ammonia in prehatched/hatching embryos (58), and this in-
crease in urea production by the tissues occurs as the relative
amount of UT being transcribed begins to decline (Fig. 3). By
4 DPF, as the metabolic demands of the fish increase, they may
no longer have the capacity to excrete large amounts of urea,
resulting in the increased urea tissue levels.

The yolk sac can serve as a sink for ammonia in larval
rainbow trout (46), and its absorption around 4–5 DPF may
partly explain why tissue levels of ammonia, as well as rates of
both ammonia and urea excretion, significantly increase over
the same interval. Without the ability to utilize the yolk for
ammonia storage, all ammonia must be excreted, along with
any ammonia that was previously stored. That ammonia tissue
levels continue to rise over the first 6 days of development
(Fig. 2) implies a deficit in larval excretory capacity, possibly
reflecting the slow development of the gills (23, 42). Mean-
while, the metabolism of the larvae increases 40-fold over the
same interval (3), causing a potential mismatch between the
gill’s functions and surface area. If both surface area and
perfusion are inadequate, the Rh transporters will be unable to
adequately remove ammonia, and tissue levels will rise.

Location of the transporters. Although the various ammonia
transporters become increasingly centralized around the gills as
the larvae develop, each transporter has a unique expression
pattern. Nakada et al. (35) introduced the idea that Rh proteins,
working in tandem in pufferfish gill, provide a specific path-
way for ammonia movement . However, the scattered location
of the cells expressing Rhcg1 and Rhbg imply that in zebrafish
larvae, the Rh proteins do not form a continuous pathway for
ammonia flux but may work independently to regulate internal
ammonia levels. Although the previous model (35) places the
Rh proteins throughout the cell layers that make up the respi-
ratory lamellae, the apparent independence of the Rh proteins
in larvae is likely a consequence of the slowly developing gills
(42). Without functional lamellae, building up a sophisticated
branchial Rh network for ammonia transport may not have any
benefits, hence the large amount of Rhcg1 and Rhbg occurring

on the surface of the yolk sac. The presence of Rh proteins on
the yolk sac may also aid in its function as an ammonia sink
(46). That the cells expressing the various Rh proteins begin to
coalesce around the gills in embryos at 8 DPF implies that the
mechanisms of ammonia excretion via Rh proteins in adults
could be very different.

Perspectives

With this study, we provide compelling in vivo evidence for
the importance of ammonia and urea transporters in ammonia
and urea excretion, respectively. UT appears to be crucial for
the effective removal of urea, implying a reduced role for urea
movement via aquaporins, at least in larvae. On the contrary,
none of the Rh proteins examined appeared to be more impor-
tant than any other during normal ammonia excretion. The
situation in the gills of pufferfish (35), where the Rh proteins
are arranged in a series, makes it possible that a single Rh
protein could effectively control the rate of ammonia efflux.
However, the diverse locations of Rh proteins on the surface of
zebrafish embryos may limit such interactions. As the embryos
developed, expression of the transporters in and around the
gills increased, and it is likely that future work will reveal a
different functional arrangement of Rh proteins in adults, one
that may be more akin to the model proposed in pufferfish (35).
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