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regions of the plasma membrane of renal epithelial cells (Fig.3B,

Fig.4A). In contrast, Na+,K+-ATPase immunostaining in renal

epithelial cells of the distal tubule and collecting duct exhibited

patterns consistent with localization in basolateral regions of the

plasma membrane (Fig.3B, Fig.4B,C). An observable difference
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in Na+,K+-ATPase immunostaining between the distal tubule and

collecting duct was the intensity of immunoreactivity; basolateral

Na+,K+-ATPase immunostaining was consistently weaker in the

collecting duct (Fig.3B, Fig.4C) than in the distal tubule (Fig.3B,

Fig.4B). While no occludin immunostaining could be observed in

Fig. 3. (A) Schematic illustration of a goldfish nephron
based on morphological criteria previously outlined
(Sakai, 1985). The goldfish nephron can be divided
into the following regions: 1, renal corpuscle
(Bowman’s capsule and glomerulus); 2, proximal
tubule; 3, distal tubule; and 4, collecting duct.
(B) Cross-section of goldfish kidney immunostained for
occludin (red) and Na+,K+-ATPase (green). Occludin
and Na+,K+-ATPase show region-specific
immunostaining along the nephron. Numbered labels
indicate regions of the nephron as defined in A. No
occludin or Na+,K+-ATPase immunostaining was found
in the renal corpuscle. A control section can be seen in
C (i.e. DAPI fluorescence only). All scale bars are
20μm.

Fig. 4. Immunofluorescence staining of (A–C)
Na+,K+-ATPase (green) and (D–F) occludin (red)
in cross-sections of goldfish proximal tubule
(A,D,G), distal tubule (B,E,H) and collecting duct
(C,F,I). Nuclei are stained with DAPI (blue) in
A–C. G, H and I are merged images of A and D,
B and E, and C and F, respectively.
Immunostaining for Na+,K+-ATPase is restricted
primarily to the basal membrane of renal epithelial
cells in the proximal region of the nephron (A) and
to the basolateral membrane of renal epithelial
cells in distal and collecting segments (B,C). No
occludin immunostaining is observed in proximal
segments of the nephron (D). Strong and
moderate occludin immunostaining is
concentrated at the apical membrane of renal
epithelial cells lining the lumen of the distal tubule
and collecting duct, respectively (E,F). All scale
bars are 20μm.
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proximal segments of the goldfish nephron (Fig.3B, Fig.4D),

strong and moderate occludin immunostaining occurred at the apical

membrane of renal epithelial cells lining the lumen of the distal

tubule and collecting duct, respectively (Fig.3B, Fig.4E,F). There

appeared to be no occludin or Na+,K+-ATPase immunostaining at

the goldfish renal corpuscle.

Western blot analysis
Western blot analysis of protein isolated from goldfish gill, intestine

and kidney revealed single occludin immunoreactive bands at

~68kDa; however, no immunoreactive bands were detected for

protein isolated from goldfish blood cells (Fig.5). A single occludin

immunoreactive band for protein isolated from rat kidney resolved

at ~65kDa (Fig.5).

Food deprivation experiments
Body mass changes

The effects of 1, 2 and 4weeks of food deprivation on goldfish body

mass are shown in Fig.6. Control fish, fed 1.5% their initial body

mass, gained an average (±s.e.m.) of 4.5±0.6%, 13.5±1.7% and

26.6±1.6% of their initial body mass during the 1, 2 and 4week

experimental periods, respectively. In contrast, food-deprived fish

lost an average of 8.6±0.6% (1 week), 12±1% (2 weeks) and

17.5±1.1% (4weeks) their initial body mass.

Serum osmolality, electrolytes and muscle moisture content
After 1week of food deprivation, no significant (P>0.05) alterations

in serum osmolality and Na+ or Cl– levels were observed

(Fig. 7A,B,C). Similarly, 1 week of food deprivation had no

significant (P>0.05) effect on muscle moisture content (Fig.7D).

In contrast, following 2 and 4weeks of food deprivation, serum

osmolality, and Na+ and Cl– levels significantly (P<0.05) decreased,

while muscle water content significantly (P<0.05) increased (Fig.7).

Na+,K+-ATPase enzyme activity and occludin protein expression
When compared with fed fish groups, goldfish gill Na+,K+-ATPase

activity significantly (P<0.05) decreased (~16%) following 1week

of food deprivation, increased (~11%, P>0.05) following 2weeks

of food deprivation and significantly (P<0.05) increased (~13%)

following 4weeks of food deprivation (Fig.8A). Gill occludin

protein expression in food-deprived goldfish was significantly

(P<0.05) lower than in control groups by ~41%, ~58% and ~31%

following 1, 2 and 4 weeks of food deprivation, respectively

(Fig.8B). Intestinal Na+,K+-ATPase activity in goldfish following

1, 2 and 4weeks of food deprivation significantly (P<0.05) decreased

by ~46%, ~66% and ~44%, respectively, when compared with fed

fish (Fig. 9A). Intestinal occludin protein expression did not

significantly (P>0.05) alter in goldfish following 1 and 2weeks of

food deprivation when compared with control groups; however,

intestinal occludin protein expression significantly (P<0.05)

decreased by ~34% following 4weeks of food deprivation when

compared with fed fish (Fig. 9B). Food deprivation did not

significantly (P>0.05) alter goldfish kidney Na+,K+-ATPase activity

at any point during the experiment (Fig.10A); however, goldfish

kidney occludin protein expression significantly (P<0.05) increased

by ~640% and ~160% following 1 and 2weeks of food deprivation,

respectively, and significantly (P<0.05) decreased by ~60%

following 4weeks of food deprivation when compared with fed

groups (Fig.10B). The loading control, α-tubulin, was detected at

~52kDa and its expression did not change following 1, 2 and 4weeks

of food deprivation (not shown).

DISCUSSION
Overview

Despite the universal inclusion of TJs in illustrative models of ion

transport across fish epithelia, studies specifically investigating TJs

in fishes have largely been limited to morphological analyses by

electron microscopy (Sardet et al., 1979; Bartels and Potter, 1991;

Freda et al., 1991; McDonald et al., 1991). To the best of our

knowledge, no studies have examined the immunohistochemical

localization and protein expression of any integral TJ protein in fish

gill, intestine or renal epithelial tissue, although the localization of

zonula occludens-1 (ZO-1, a cytosolic TJ-related protein) was

recently described in puffer fish gills (Kato et al., 2007).

Furthermore, no studies have examined whether or how TJ protein

expression may adjust in response to altered hydromineral status in

aquatic vertebrates. We have examined the localization and

expression of the integral transmembrane TJ protein occludin in

fish tissues for the first time. Our observations suggest a role for

occludin in the maintenance of hydromineral balance and that its

regulation of epithelial ‘tightness’ may be tissue specific.

Furthermore, within tissue composed of heterogeneous regions of
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Fig. 5. Western blot analysis of occludin expression in goldfish gill, intestine
and kidney. Single occludin immunoreactive bands (at ~68 kDa) always
appeared for goldfish epithelial tissue. A non-epithelial negative control
tissue (goldfish blood cells) was not immunoreactive. A positive tissue
control (rat kidney) was found to resolve at ~65 kDa.

Fig. 6. Effects of 1, 2 and 4 weeks feeding and food deprivation on relative
mass gain/loss in goldfish. Data are expressed as mean values ± s.e.m.
(N=10 per group). *Significant difference (P<0.05) between fed and unfed
groups at the same time point. †Significant difference (P<0.05) from 1 week
unfed group. ‡Significant difference (P<0.05) from 2 weeks unfed group.
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physiological function, such as the nephron, the role of occludin is

likely to vary between discrete zones. Overall, alterations in occludin
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protein expression in response to hydromineral imbalance suggest

that occludin may play a dynamic role in the regulation of epithelial

permeability in fish.

Immunolocalization and Western blot analysis of occludin
Na+,K+-ATPase immunolocalization to cells within the IL region

of goldfish primary filaments and at the base of the secondary gill

filaments (particularly along the trailing edge of primary gill

filaments; Fig.1A) corresponds with the location of mitochondria-

rich cells (MRCs) in goldfish gills (Kikuchi, 1977) and FW fish

gills in general (Perry, 1997; Wilson et al., 2000). Pronounced and

discontinuous occludin immunostaining along the edges of goldfish

gill secondary lamellae (Fig.1B,E), and along the edges of gill

epithelial cells that immunostain for Na+,K+-ATPase (and are thus

presumed to be MRCs; Fig.1D), suggests that occludin may be

associated with TJs between cells of the lamellar epithelium (e.g.

pavement cells or MRCs) and/or with TJs between pillar cells that

surround and form the lamellar blood spaces. This generally agrees

with previous reports in which freeze fracture and electron

microscopy observations of fish gill epithelia have shown that

Fig. 7. Effects of 1, 2 and 4 weeks feeding and food deprivation on (A)
serum osmolality, (B) serum Na+, (C) serum Cl– and (D) muscle water
content in goldfish. Data are expressed as mean values ± s.e.m. (N=10 per
group). *Significant difference (P<0.05) between fed and unfed groups at
the same time point. †Significant difference (P<0.05) from 1 week unfed
group.

 

S
er

um
 N

a+
 (

m
m

ol
 l–1

)

0

130

140

150

160

170

Fed
Unfed

*†
*†

M
us

cl
e 

w
at

er
 (

%
)

0

74

76

78

80

82

*†
*†

S
er

um
 C

l–  
(m

m
ol

 l–1
)

0

80

90

100

110

120

130

140

Week 1 Week 2 Week 4

Week 1 Week 2 Week 4

*†

*†

S
er

um
 o

sm
ol

al
ity

 (
m

os
m

ol
 k

g–1
)

0

240

250

260

270

280

*

*†

B

D

C 

A 

Week 1 Week 2 Week 4

Week 1 Week 2 Week 4

Fig. 8. Effects of 1, 2 and 4 weeks feeding and food deprivation on (A) gill
Na+,K+-ATPase activity and (B) normalized gill occludin expression in
goldfish determined by Western blot analyses. (C) Representative Western
blot of gill occludin protein expression in fed and unfed goldfish. Data are
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pavement cells (PVCs), MRCs and pillar cells all form TJ complexes

with adjacent cells – i.e. PVCs with adjacent PVCs, PVCs with

MRCs, or pillar cells with adjacent pillar cells (Hughes and

Grimstone, 1965; Sardet et al., 1979; Bartels and Potter, 1991; Kudo

et al., 2007). Furthermore, a recent study has immunolocalized ZO-

1, which is believed to associate with the C-terminal region of

occludin (Furuse et al., 1994), to pillar cells within the gills of marine

puffer fish (Kato et al., 2007). When taken together, the results of

our study combined with the immunolocalization of ZO-1 in puffer

fish gills (Kato et al., 2007) indicate that the close association

between ZO-1 and occludin that has been observed in mammals is

likely to exist in fishes as well. While our data suggest a potential

role for occludin in gill permeability, future studies using higher

resolution microscopy techniques will be beneficial to ascertain the

exact nature of occludin expression and interaction between gill cells

(e.g. PVCs, MRCs and/or pillar cells) within branchial lamellae.

Similar to immunohistochemical studies in other fish species

(Giffard-Mena et al., 2006), Na+,K+-ATPase immunostaining in the

goldfish intestine was concentrated along the basolateral membrane

of columnar epithelial cells lining the intestinal lumen (Fig.2A,B).

In contrast, occludin immunostaining was most prominent in apical

regions of intestinal epithelial cells (Fig.2A,C). When observed more

closely, occludin immunostaining along the apical membrane of

intestinal epithelial cells appeared to be distributed in a honeycomb-

like arrangement (Fig.2C), a typical TJ protein distribution pattern

that has been observed along the gastrointestinal tract of other

vertebrates (Inoue et al., 2006; Ridyard et al., 2007).

The goldfish kidney revealed differential immunostaining patterns

in discrete regions of the nephron for both Na+,K+-ATPase and

occludin (Fig. 3B). Similar differential Na+,K+-ATPase�staining

patterns have been observed in other fish species and basolateral

localization of Na+,K+-ATPase concurs with models illustrating

region-specific ion transport mechanisms in fish renal epithelia

(Nebel et al., 2005; Beyenbach, 2004). Furthermore, specific

patterns of Na+,K+-ATPase distribution along the nephron have also

been reported for several other vertebrate groups (Piepenhagen et
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kidney Na+,K+-ATPase activity and (B) normalized kidney occludin
expression in goldfish determined by Western blot analyses.
(C) Representative Western blot of kidney occludin protein expression in
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al., 1995; Kwon et al., 1998; Sabolic et al., 1999; Sturla et al., 2003).

The differential occludin expression patterns observed in the

goldfish nephron were similar to those observed in the mammalian

kidney (Kwon et al., 1998; González-Mariscal et al., 2000). In

mammals, differential occludin immunostaining patterns correlate

with renal epithelial ‘tightness’, such that ‘tighter’ nephron segments

(as determined by TER measurements) express higher levels of

occludin protein than ‘leakier’ nephron regions. In human and rabbit

renal tubules, occludin immunostaining was weakest in ‘leaky’

proximal tubules and strongest in ‘tight’ distal tubules (Kwon et al.,

1998; González-Mariscal et al., 2000). Furthermore, Western blot

analysis of microdissected rabbit renal tubules revealed low occludin

protein expression in ‘leaky’ proximal tubules and significantly

higher occludin protein expression in ‘tight’ distal and collecting

segments (González-Mariscal et al., 2000). The proximal tubule of

the FW fish nephron is characterized as a relatively water-permeable

and ‘leaky’ epithelium that reabsorbs a small percentage of Na+ and

Cl– ions, as well as glucose and other organic solutes, from

glomerular filtrate (Logan et al., 1980; Dantzler, 2003). The distal

tubule and collecting duct of the FW teleost nephron, on the other

hand, reabsorb the majority of salts from glomerular filtrate and are

characterized as ‘tight’ epithelia (Nishimura et al., 1983; Dantzler,

2003). In the goldfish nephron, no occludin immunostaining was

observed in ‘leaky’ proximal regions (Fig.4D); however, strong

apical occludin immunoreactivity was detected in the ‘tighter’ distal

regions and moderate expression was observed in the collecting

segments (Fig.4E,F) These observations suggest that occludin may

regulate goldfish renal epithelial ‘tightness’ in a manner similar to

mammals, and may thus influence the re-absorptive capacity of the

different segments of the nephron.

Western blot analysis of occludin protein expression in

homogenized rat kidney revealed a single immunoreactive band at

~65kDa, while single immunoreactive bands at ~68kDa were

detected for homogenized goldfish gills, intestine and kidney

(Fig.5). No occludin immunoreactivity was detected for goldfish

blood cells, a non-epithelial tissue (Fig.5). Although predominantly

detected as a 65kDa protein in mammals, many reports have

identified several occludin immunoreactive bands between ~62 and

82kDa (Sakakibara et al., 1997; Wong, 1997), therefore the occludin

immunoreactive band found for goldfish epithelial tissue is

consistent with the molecular mass range found in other vertebrates.

Hydromineral balance and occludin expression in food-
deprived goldfish

Food deprivation in goldfish resulted in a negative energy balance

(negative changes in fish mass) at all time periods examined in the

current study (Fig.6). However, only fish that were food deprived

for 2weeks or longer exhibited alterations in the endpoints associated

with salt and water balance. The observed reductions in serum

osmolality, and Na+ and Cl– levels and a concomitant increase in

muscle hydration (Fig.7) indicate that food deprivation can elicit

changes in the hydromineral status of goldfish. These observations

are in line with other studies that have described the reorganization

of ionoregulatory machinery in response to restricted dietary regimes

or food deprivation (Kültz and Jürss, 1991; Vijayan et al., 1996;

Kelly et al., 1999).

Short-term food deprivation (1week) in goldfish resulted in a

significant reduction in gill Na+,K+-ATPase activity while a longer

period without feeding (e.g. 4weeks) resulted in a significant

increase in gill Na+,K+-ATPase activity (Fig.8A), suggesting an

initial (temporary) down-regulation of active ion transport across

the gills followed by a significant up-regulation. An up-regulation
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of gill Na+,K+-ATPase activity after 4weeks of food deprivation

was unexpected. A previous study (Kültz and Jürss, 1991) reported

that food deprivation (albeit 6weeks) in FW tilapia caused a

reduction in gill Na+,K+-ATPase activity. However, results may be

time or species specific as another study (Vijayan et al., 1996)

reported no change in gill Na+,K+-ATPase activity after 2weeks of

food deprivation in the same species. In contrast to Na+,K+-ATPase

activity, occludin protein expression decreased in response to food

deprivation after 1week and remained consistently low after 2 and

4weeks (Fig.8B). Although these results allow us to accept our

original hypothesis, that occludin protein expression would alter in

response to hydromineral imbalance, it is difficult to rationalize a

reduction in occludin protein expression, as opposed to an increase

that might be expected to occur in association with gill epithelial

tightening and reduced passive ion loss. There are several possible

explanations: (1) gill epithelia may become ‘leakier’ in food-

deprived goldfish; however, this would seem maladaptive

[furthermore, a previous study (Nance et al., 1987) reported

reductions in gill epithelial permeability in response to food

deprivation in a FW fish]; (2) the role of occludin in regulating gill

epithelial permeability during periods of food deprivation may be

overshadowed by other TJ proteins such as claudins, a family of

transmembrane TJ proteins that also significantly contribute to the

TJ barrier function (for a review, see Koval, 2006); or (3) the use

of whole-gill homogenates and the heterogeneous nature of the gill

epithelium may mask specific changes in occludin expression

between specific gill cell types. For example, an earlier study

reported (Kültz and Jürss, 1991) a significant reduction in MRC

number in response to food deprivation in a FW fish. A reduction

in MRC number, and thus a reduction in MRC–PVC TJ interactions,

could potentially result in an overall reduction in gill occludin

expression with little to no change in gill permeability, since

PVC–PVC TJs would presumably remain intact. Regardless, the

exact reason(s) for a reduction in gill occludin expression in food-

deprived goldfish requires further study.

Dietary Na+ and Cl– as well as nutrient absorption by intestinal

epithelial cells of FW fishes is dependent upon an electrochemical

gradient generated by Na+,K+-ATPase (Loretz, 1995). Food

deprivation at all time points resulted in a significant reduction in

goldfish intestinal Na+,K+-ATPase activity (Fig.9A), suggesting a

diminished capacity for active dietary salt and nutrient absorption

by starved fish. Reduced intestinal Na+,K+-ATPase activity as a

result of food deprivation has also been reported in FW tilapia (Kültz

and Jürss, 1991) and may be indicative of a depletion of the intestinal

absorptive mucosa, a starvation-associated condition observed in

other fish species (Bogé et al., 1981; Avella et al., 1992). Intestinal

occludin expression significantly decreased following 4weeks of

food deprivation only (Fig.9B), suggesting that over longer periods

of dietary restriction, occludin may become involved in

modifications of the barrier function of the goldfish intestine.

Significant reductions in intestine epithelial TER and increased Na+-

independent intestinal influx of proline in FW-adapted coho salmon

following 2weeks of food deprivation have previously been reported

(Collie, 1985), indicating impairment of barrier function in response

to starvation in a FW fish. In other vertebrates, occludin down-

regulation occurs in association with decreased intestine epithelial

resistance, TJ protein re-distribution and intestinal barrier

dysfunction (Zeissig et al., 2007; Musch et al., 2006). These areas

require further attention.

The FW fish kidney actively reabsorbs salts from glomerular

filtrate producing dilute urine. Solute reabsorption across proximal

and distal tubules of the nephron is driven by an electrochemical
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gradient of Na+ generated by Na+,K+-ATPase (Dantzler, 2003).

Although, in the current study, negative energy balance appeared

to have no overall effect on kidney Na+,K+-ATPase activity

(Fig.10A), it is possible that food deprivation may have resulted in

nephron-specific alterations in Na+,K+-ATPase activity such that

there was no observable alteration in ‘total’ activity. For example,

in humans, dietary restriction and food deprivation are associated

with reduced Na+ reabsorption across the proximal tubule of the

nephron and a concomitant increase in Na+ reabsorption by distal

segments to counterbalance natriuresis, presumably both of which

are associated with opposing alterations in ionomotive enzyme

activity (Satta et al., 1984). Occludin protein expression in the

goldfish kidney, however, exhibited an apparent biphasic pattern in

food-deprived fish, markedly increasing after 1 week and

significantly decreasing after 4weeks (Fig.10B), suggesting that

food deprivation provokes a biphasic effect on renal function in the

goldfish. A starvation-induced biphasic response in renal function

has previously been documented in both humans and rats (Boulter

et al., 1973; Boim et al., 1992; Wilke et al., 2005), where short-

term starvation can result in natriuresis and polyuria that are

eventually corrected and compensated for over longer experimental

periods (Boulter et al., 1973; Wilke et al., 2005). Assuming the

observed biphasic alterations in kidney occludin expression in food-

deprived goldfish lead to adaptive function, one can rationalize that

resulting regional changes in nephron permeability would enhance

ion reabsorption and augment water elimination. In this regard, it

is noteworthy that the highest and lowest renal expression of

occludin in food-deprived goldfish occur in association with reduced

and elevated gill Na+,K+-ATPase activity, respectively, indicating

an interplay of strategies worthy of further investigation.

Conclusion
To summarize, we have immunolocalized occludin in goldfish

ionoregulatory epithelia and demonstrated that occludin protein

expression levels alter in response to hydromineral imbalance. The

changes that occur in occludin protein abundance in response to

starvation-induced hydromineral imbalance are tissue specific and,

based on morphological evidence, are likely to be regionally different

within specific tissues. The current study suggests that occludin

should be expected to play an important role in the regulation of

paracellular solute movement in aquatic vertebrates. While the

response of occludin to hydromineral imbalance in goldfish often

fits with its currently accepted role as an integral transmembrane TJ

protein involved in regulating epithelial permeability, alterations in

gill tissue are less easily explained. This underscores the paucity of

information in the area of TJ physiology and the role these proteins

play in the homeostatic control of hydromineral balance in aquatic

vertebrates. This alone is an impetus for further study.
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