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ABSTRACT

The swimbladder isawell-known adaptati on with which many fish species
create upward hydrodynamic forces to prevent them from sinking.
Development and survival rates are adversely affected by deflated
swimbladders. Based on morphology, an open swimbladder system
(physostomous) and a closed swimbladder system (physoclistous) are
distinguished. In this study two physostomous species, zebrafish (Danio
rerio) and goldfish (Carassius auratus), and two physoclistous species,
tilapia (hybrid of Oreochromis mossambicus and Oreochromisniloticus)
and the cichlid (Haplochromis piceatus) were exposed to severe chronic
hypoxia. The zebrafish showed reduced buoyancy. X-ray picturesand MRI
scans showed that all individual s exposed to severe hypoxia suffered from
deflated swimbladders after three weeks. To maintain their position in the
water column under hypoxic conditions, zebrafish redirect their swimming
movements and swim at an angle of around 45 degrees, which ultimately
leads to the development of lordosis. The other three tested species were
ableto keep their swimbladdersinflated and maintained their buoyancy. As
aresult, none of them changed their swimming movements or developed
lordosis. Our results demonstrate that coping with low oxygen levels is
done in a species specific manner and that severe chronic hypoxia effects
zebrafish on thelong term. © 2011 Trade Sciencelnc. - INDIA
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INTRODUCTION

Sincelivingtissuein general hasahigher density
than water, fish must generate upward hydrodynamic
forcesto maintain their positioninthewater column.
Continuousswimmingor hoveringwith thepectord fins
arestrategiesthat are used by several fish speciesto

prevent themfrom sinking™. Another adaptation, which
isenergeticaly morefavourable, istheincorporation of
buoyancy devices, such asthe storage of extrafatsin
theliver or the swimbladder.

Theswimbladder isan air-filled sac, dividedinto
two compartments, located at the dorsal side of many
teleost fish. Itsvolumeiscompressible, changing the
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buoyancy of thefish accordingto thedepthitislocated
at!?. Gas is secreted from the blood into the
swimbladder against the pressure gradi ent because of
the combined action of therete mirabile, afinemesh-
work of blood vesselslying close to each other and
running underneath the swimbladder’s epithelium, and
gasgland cdlsliningtheswimbladder cavity™™. Gasgland
cellssecrete CO, andlactic acidinto theblood, thereby
inducing adecreasein the oxygen-carrying capacity
(Root effect) and lowering hemoglobin’s affinity for O,
(Bohr effect) which is then taken up by the
swimbladdert¥,

Based on the morphology of the swimbladder in
the adult fish, there are two main types distinguished.
Physostomousfish possessan open swimbladder, which
still hasits embryonic connection to the oesophagus,
the pneumatic duct. Thegenera assumptionisthat this
typeof swimbladder isinflated by gulping air fromthe
water surface®®, Later in devel opment gland cellsse-
crete gasinto the swimbladder, but thereare a so sev-
era speciesknown inwhichtheair-gulping reflex per-
siststhroughout adulthood®.

In physoclistous fish the connection between
swimbladder and oesophagusis not present, resulting
inaclosed swimbladder system. Gasentersand leaves
viathecirculatory system, but themechanismsof initid
inflation of theswimbladder remainlargely unknown*9,
Some physoclistous species have transient
physostomous|arvae, which possessapneumatic duct
in early devel opmental stages™. However, thisdoes
not meanthat air gulpingisusedfor initia swimbladder
inflationinall transient physostomous species. It has
already been shown that in the case of the transient
physostomous larvae of the haddock, Melanogra-
mmusaeglefinus(Linnaeus, 1758), initia swimbladder
inflationistheresult of secretionof CO, andlacticacid
fromthegasgland cdls, leadingto agasinflux intothe
swimbladder, and not from gulping air*2. It thus ap-
pearsthat the systemsfor swimbladder inflation are spe-
ciesspecific.

Swimbladder inflationisnot dwayssuccessful. De-
flated or non-inflated swimbl addersareacommon prob-
lem in aguaculture, but also occur in natural popula-
tiong®®. Non-inflation of the swimbladder can have
serious effects on devel opment and survival . Delayed
growth*4%% increased metabolic rate’®, altered sen-
sory capability and orientation*®!, astrongly reduced

resi stanceto environmental stresslike hypoxia, and a
reduced survival rate™ have been reported.

Inthisstudy we areinterested in the effects of hy-
poxiaon swimbladder inflation and buoyancy control
in physostomous and physoclistous fish species. We
expect that fish with an open swimbladder systemwill
havemore problemskeeping their swimbladder inflated
under hypoxic conditions. Thelossof buoyancy might
result inadapt swimming behaviour. Four fish species
werestudied: zebrafish (Daniorerio (Hamilton, 1822)),
goldfish (Carassiusauratus (Linnaeus, 1758)) (both
physostomous) and two cichlidae, tilapia (hybrid of
Oreochromis mossambicus (Peters, 1852) and
Oreochromi niloticus (Linnaeus, 1758)) and
Haplochromis piceatus (Greenwood & Gee, 1969)
(both physoclistous). The size of the swimbladder of
individuasfromthedifferent experimenta groupswas
assessed by X-ray pictures and M agnetic Resonance
Imaging (MRI) scans. According to our knowledgethis
isthefirst study which directly compares these two
groupsof morphologicaly fundamentaly different fish
onthisaspect.

MATERIALSAND METHODS

Animal careand handling

Adult wild-typezebrafish (Daniorerio (Hamilton,
1822)) and goldfish (Carassius auratus (Linnaeus,
1758)) were obtained from alocal pet store. Cichlids
(tilapia, hybrid of Oreochromis mossambi cus (Peters,
1852) and Oreochromis niloticus (Linnaeus, 1758),
and Haplochromis piceatus (Greenwood & Gee,
1969)) have been collected inthe MwanzaGulf of Lake
Victoriain 1984 and were bred in our laboratory for
about 20 generations.

All fishwerekept inidentical aguariaof 100L, at
28°C and with day/night light cycles of 12 h dark vs.
12 hlight. All animaswere handledin compliancewith
anima careregulations. Our anima protocolswereap-
proved by the review board of Leiden University in
accordance with the requirements of the Dutch gov-
ernmen.

Experimental design for hypoxiatreatment

For hypoxiatreatment, oxygen levelswere gradu-
ally decreased in four daysfrom 100% air saturated
water to 40% (day 1), 30% (day 2), 20% (day 3) and
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thefinal 10%air saturation (day 4). At 100%air satu-
ration and 28°C the O, concentration is 8 mg/l and
pO2is150 Torr. After day 4, thefish werekept for an
additional 21 daysat 10% air saturation (N =50, in
threeindependent experiments). For the assessment of
the breathing rates one group of fish that were habitu-
ated to 10% hypoxiawere put back under normoxic
conditionson theday of theexperiment (N =25). The
frequency of breathing movements of thisgroup was
compared to breathing rates of zebrafish that weretill
under hypoxiaand acontrol group that had never been
under hypoxic conditions. To test the kinetics of
swimbladder deflation onegroup of zebrafish wasdi-
rectly exposed to 10% hypoxia(N = 25). Swimbladder
deflation was assessed by X-ray photography and fol-
lowed for oneday. Another group was put back under
normoxic conditions to test the re-inflation of the
swimbladder (N = 25). Swimbladder re-inflation was
assessed by X-ray photography and followed for six
hours. Sincetheexperimental set up did not allow the
gulping of air there-inflation of the swimbladder was
dueto gasexchange. Onegroup of zebrafishwasheld
at 10% hypoxiafor sx monthsto study long-terminflu-
enceof low oxygen levels(N =50, in threeindepen-
dent experiments). In paralel, acontrol group was kept
at 100% air saturated water.

For comparison with other teleost species, goldfish
(N =10, inthreeindependent experiments), tilapia(N
=10, inthreeindependent experiments) and H. piceatus
(N =20, inthreeindependent experiments) were sub-
jected to severe chronic hypoxia(10%). Theresults of
theseindividual swere compared withanequally large
control group that were held under normoxic condi-
tions.

The oxygen level at the hypoxiagroup was kept
constant by acontroller (Applikon Biotechnology, The
Netherlands) connected to an O,-€lectrode and sole-
noidvaveinlinewithanair diffuser. Theoxygenlevel
inthetank waskept constant by adding oxygen viathe
diffuser and thereby compensating the oxygen consump-
tion of thefish. In case of immediate hypoxiaexposure,
tankswere pre-equilibrated to the respective pO, con-
centration and fishwerethen directly setintheequili-
brated aquaria.

X-ray photography and high-resolution magnetic
resonance spectroscopy (MRI)

For there-inflation experiment zebrafishwereanes-
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thetized with M S-222 tricaine methanesulfonate (Ar-
gent Chemical Laboratories, USA) and put back into
theexperimenta containersafter taking the photo. For
other experimentsthefishwereeuthanized with an over-
dose of anesthetic (M S-222 tricaine methanesulfonate).
X-ray filmsweretaken with aPhilips Optimus M 200
(maximum 150 frames/sec.), using aK odak CFE film.
The X-ray dose was continuously applied, 63kV and
30mA.

For MR imaging, adult zebrafish were euthanized
with an overdose of anesthetic (MS-222 tricaine
methanesulfonate) and immediately embedded in
Fomblin (perfluoropolyether). MR imaging was per-
formed usinga400 MHz (9.4T) vertica bore system,
usinga20 mmvolumecoil andal Tm-1gradient insert
(Bruker Analytic, Germany) asdescribed previoud y™*.
For imaging a 2D gradient-echo sequence was used
withfollowing parameters. in planeresolution=78 um,
fidd of view = 20 mm, dicethickness=0.2mm, TR =
175ms, TE=4.5ms, averages=8withtota scantime
of 6min.

RESULTS

Breathing and swimming behaviour in zebrafish
under normoxicand hypoxic conditions

In previous studieswe established that zebrafish
and cichlidsareableto survivein hypoxic conditionsas
severe as 10% of the normal oxygen content for sev-
era weeksto monthg®®9, For the zebrafish, adefinite
changein swimming behaviour was observed, charac-
terized by adecreasein activitiesand acompletelack
of rapid turnsand movements¥. Here, we describein
detail that whenever swimming movements were
stopped, fish were seen to sink rapidly towards the
bottom of the aguarium. The zebrafish had to compen-
satefor thislossin buoyancy by adapting their swim-
ming behaviour: inorder to maintaintheir positioninthe
water column, thefish had to direct their swimming
movements upward, at an angle of around 45 degrees,
and increasethe frequency of their swimming move-
ments.

Breathing rates were assessed in fish that were
gradually habituated to severe hypoxic conditions, fish
that were put back to normoxic conditionsand agroup
that had never been under hypoxic conditions. Therates
of breathing, displayed by the opening of the mouth,
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Hypoxia

Normoxia

Figurel: Deflation of the swimbladder (s.b.) in zebrafish
held under sever ehypoxic conditions. Shown ar e zebr afish
under normoxic conditions (A and C) and after threeweeks
under 10% hypoxia (B and D).A and B areshowing examples
of X-ray picturesand C and D show representative MRI im-
ages. Similar resultswer eobserved in threeindependent ex-
periments(N =50fish for hypoxiaand N =50for normoxiain
each experiment)

were assessed at three time points, 30 minutes, 1.5
hoursand 2.5 hours after the start of the experiment. It
was observed that zebrafish under normal conditions
had an average breathing frequency of threetimes per
minute. Thefish that lived under hypoxic conditions
showed adramatically increased breathing rate, on av-
erage 180 per minute, increasing even further during
later timepoints. Thelowest bresthing ratewas observed
with thefish that had been adapted to hypoxia. After
they were put back in normoxic conditions, they opened
their mouthson average only once per minute.

L ossof buoyancy in zebr afish exposed to hypoxia
iscaused by swimbladder deflation

The observed loss of buoyancy in zebrafish ex-
posed to severe hypoxiaindicated apossible deflation
of theswimbladder. Gradua reduction of oxygenlevels
to 10%of norma air saturated water infour daysledto
hypoxiawithout any induced | ethaity (sseMaterid and
Methodsfor theexperimentd procedure). Lossof buoy-
ancy was apparent at day four of thetreatment and X-
ray photography revealed the deflation of the
swimbladder (data not shown). The exposureto se-
vere chronic hypoxiafor three weeks|leads to com-

plete deflation of the swimbladder (Figure 1).

In order to test the kinetics of swimbladder defla-
tionweexposed adult zebrafish directly to severe hy-
poxia (10% of normal air saturated water). After 13
hours of exposure no significant decrease of
swimbladder inflation was observed and thefish died
overnight.

In experiments testing the re-inflation of the
swimbladder, we were able to show that loss of
swimbladder inflationisreversibleand after six hours
of exposureto air saturated (normoxic) water, zebrafish
areabletofully inflatetheir swimbladder again (Fig-
ure2).

Exposureto chronic constant hypoxialeadsto cur-
vatureof thevertebral column

L ong term experimentsshow that chronic constant
hypoxiaalso haslong term effects on zebrafish. Be-
causethefish haveto compensatefor theloss of buoy-
ancy, they direct their svimming movementsinanangle
of gpproximately 45 degreestowardsthesurface. This
puts mechanica stresson thevertebral columnandthe
dorsal muscles. After onemonth aninward curvature
of thespine, al'so know aslordos's, becomes apparent
inmost of thefish. After sx months, al fishintheex-
periment suffered from heavy lordosis (Figure 3).
Zebrafishfromthecontrol group showed norma swim-
ming behaviour, maintained their buoyancy, and none
of theindividualsdevel opedlordosis.

Effects of severe hypoxia on swimbladder func-
tion in threedifferent teleost species

Previous studies have shown that coping with hy-
poxiaand swimbladder inflationisdonein an highly
speci es specific manner®821, Thishighly species spe-
cificreaction might be explained by swimbladder mor-
phology. To extend our data, experiments were per-
formed with three other teleost species: goldfish
(physostomous) and two cichlidae, tilapia and
Hapl ochromis pi ceatus (both physoclistous).

Although goldfish are physostomous, like the
zebrafish, they did not |oosethei r buoyancy whenthey
were adapted to 10% hypoxia. All individuals showed
extendve breathing movements, opening their mouths
wider andwith asignificantly higher frequency thanthe
gol dfish under normoxic conditions. Goldfishheld un-
der hypoxic conditions showed on average 105 breath-
ing movements per minute, whereas goldfish held at
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Normoxia

Figure 2 : Re-inflation of the swimbladder in zebrafish.
Zebr afish under sever ehypoxic conditionssuffered from com-
pletely deflated swimbladder s, but wereabletogradually re-
inflate the swimbladder within six hours. The state of re-
inflation isshown after 1 hour (A), 2hours(B), 3hours(C),5
hours(D), 6 hours(E) and also shown isanor moxic contr ol
group (F). Similar resultswer e obtained in two independent
experiments(N = 25fish for hypoxiaand N =25for normoxia
in each experiment)

norma oxygenleve sopened thar mouthsonly 21 times
per minute. The fish under hypoxic conditions also
seemed to reducethelr energy expenditureby reducing
their swimming movements. Lordosiswas observedin
noneof thegol dfish.

Tilapia, a physoclistous fish species, showed
behaviour similar to the gol dfish. Individua sunder hy-
poxiawerefrequently opening their mouths, whilein
tilapiafrom the control group breathing movements
werenot that strong. Tilapiaat 10% hypoxiaopened
their mouths on average 99 times per minute, while
tilapiaheld under normoxic conditions had a breath-
ing rate of 13 times per minute. Therewasno sign of
adapted swimming behaviour. The second cichlid spe-
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Figure3: Long-term effectsof severehypoxiain zebr afish.
Zebrafish held under normoxic conditions (A and C) and
zebrafish held under 10% hypoxiafor six months(B and D).
Thelatter show a skeletal malfor mation, known aslordosis.
Threeindependent experimentsshowed compar ableresults
(N =50 fish for hypoxia and N = 50 for normoxia in each
experiment)

cies, H. piceatus, seemed to betheleast influenced
by low oxygen levels. Thefish under 10% hypoxia
showed the same swimming and breathing behaviour
astheindividua sunder normoxic conditions. Again,
buoyancy seemed to be unaffected by theselow oxy-
genlevels.

X-ray pictures confirmed that only zebrafish and
none of the other tested species suffered from ade-
flated swimbladder after 3 weeks under 10% hypoxia
(Figure 4). We further measured the area of the
swimbladder in X-ray photographs of three species
using IMAGEJ Software. Tenindividua sfor normoxic
andtenindividua sfor hypoxic conditionswereinvesti-
gated per species. For zebrafish the average area of
the swimbl adder under normoxic conditionswas 20.9
mm2 (s.d. = 2.7) versus 0 mm2 (s.d. = 0) under hy-
poxic conditions. For gol dfish theareaunder normoxic
conditions was 738.2 mm2 (s.d. = 149) versus 792
mm2 (s.d. = 139) under hypoxic conditions and for
tilapia1010.3 mm2 (s.d. = 82) versus 912 mm2 (s.d.
= 167) under hypoxic conditions.

DISCUSSION

Our study has shown that adult zebrafish
(physostomous) are unableto keep their swimbladder
inflated under severe hypoxic conditions. X-ray pic-
tures and MRI scans show full deflation of the
swimbladder after threeweeksunder severe hypoxia.
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H. piceatus
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Figure4: Threeother teleost speciesthat wereheld under
sever ehypoxicand nor moxic conditions Shown areexamples
for goldfish (C. auratus) (A and B), tilapia (hybrid of O.
mossambicusand O. niloticus) (C and D) and H. piceatus (E
and F). For all threespeciesno significant lossof swimbladder
inflation was observed. Three independent experiments
showed compar ableresults(for goldfish and tilapiaN =10
and for H. piceatusN =20in each experiment)

Thisdeflationisreversible and zebrafish was capable
tofully re-inflatetheir swimbladderswithinsix hours
after they were put under normoxic conditions.
Zebrafish under hypoxiashowed abnorma swim-
ming behaviour and appeared to compensatefor the
lossin buoyancy by increased swimming movements.
Inorder to maintaintheir positioninthewater column,
thefish had to direct their swimming movements up-
ward, at an angle of around 45 degrees, and increased
thefregquency of their swimming movements. Our hy-
pothesisisthat thisunusua angleleadsto reorientation
of muscletissueand ultimately tothe observed skeleta
malformationsassociated withlordosis. It already has
been reported that skeletal malformationssuch aslor-
dosis can occur in sea bass (Dicentrarchus labrax

(Linnaeus, 1758)) and sea bream (Sparus auratus
(Linnaeus, 1758)) that wereforced to swim against a
water current?l, The occurrence of lordosishasalso
been reported in Japanese sea bream (Chrysophrys
major)?>24, sea bream (Sauratus)® and sea bass
(D. labrax)? cultures. Further, it islikely that this
changein behaviour and theincreased movementsin
zebrafishlead to higher energy expenditure.

Reasonsfor theabsenceof afunctiona swimbladder
can bevery diverse, ranging from deflation to conges-
tion of the air space because of extreme proliferation
and hypertrophy of the cuboida epithelia cellsof the
gasgland and proliferation of theretemirabile®.. Inall
casesbuoyancy isinfluenced and thefish haveto adopt
an aberrant svimming behaviour, likethebehaviour that
waswitnessedin our sudy. Lordosisisultimately caused
by mechanical stress. To the best of our knowledge,
weshow herefor thefirst timethat exposureto chronic
constant hypoxiainduces|ordosisinan adult fish spe-
cies, thezebrafish.

Theother threefish species examined showed less
severeeffectsunder hypoxic conditions. Goldfishand
tilgpiaexposed to hypoxic conditionsboth showed more
frequent bresthing motionsand, inthecase of goldfish,
a so reduced swimming movements. Theother cichlid
species, H. piceatus, seemed to be less affected by
severehypoxia All threespeciesmaintained their buoy-
ancy and X-ray pictures showed no significant change
inthesizeof theswimbladder.

CONCLUSION

In this study we compared the effects of chronic
constant hypoxia on two physostomous and two
physoclistous species. Zebrafish, aphysostomous spe-
cies, wereunableto keep their swimbladder inflated
under chronic severe hypoxia. After four days under
10% hypoxia they showed abnormal swimming
behaviour caused by the decreasein buoyancy, which
ultimately lead tothe skeletal malformationsassociated
withlordosis.

None of the other tested fish species showed
equaly severeeffectsunder hypoix conditions. All other
specieswereableto keep their swimbladder inflated
and maintained their buoyancy. We concludethat fish
display ahighly species specific responseto hypoxic
conditions,
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