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Abstract

The effects of caudal cannulation on the blood physiology of the Port Jackson shark, Heterodontus portusjacksoni, were
investigated in sharks given between 4 and 72 h to recover from surgery. Neither the PaO2

–PvO2
difference nor the CaO2

–CvO2

difference of cannulated sharks fluctuated throughout the sampling period. The plasma acidosis exhibited 4 h after surgery was
partially compensated after 24 h by a respiratory (hyperventilatory) alkalosis and after 72 h by a marked metabolic alkalosis.
Whilst H. portusjacksoni exhibited some cell swelling after surgery the haematological status of cannulated sharks generally varied
little throughout the recovery period. In contrast, marked changes in plasma and erythrocyte ion concentrations were indicative
of increased branchial and erythrocyte ion permeability. The blood status of H. portusjacksoni given 72 h to recover from surgery
was also compared with sharks sampled by caudal puncture. The respiratory and acid-base status of sharks sampled by caudal
puncture was comparable to that of cannulated sharks. In contrast, the plasma ion concentrations of the cannulated sharks were
markedly elevated and the erythrocyte ion concentrations concomitantly reduced when compared with punctured sharks. The
apparent increase in the water and ion permeability of cannulated sharks was reflected by the reduced [Hb] and mean cell
haemoglobin concentrations (MCHC). Blood sampling by caudal puncture appeared to reduce the haematological and ionic
perturbations that resulted from surgery and thus provided a less invasive and reliable method for obtaining samples from
‘non-disturbed’ elasmobranchs. © 1998 Elsevier Science Inc. All rights reserved.
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1. Introduction

Handling and surgical procedures perturb the blood
chemistry of teleost and elasmobranch fishes
[4,9,12,16,17,21,34]. The reduction in gill ventilation
and the concomitant cessation of breathing during
anaesthesia can result in significant hypoxia and/or
hypercapnia despite constant irrigation of the gills with
aerated seawater [9,21,22,35].

Elevated blood haematocrit (Hct) and mean cell
haemoglobin concentrations (MCHC) occur in marine
elasmobranchs and teleosts following capture [44,52],
cannulation [4,14,20,23,33] and exercise [39,47]. These
increases have been attributed to various mechanisms,
e.g. red blood cell count (RBC) swelling due to elevated
venous PCO2

[47]; plasma fluid loss and/or RBC mobi-
lization from the spleen [39,45]; changes in membrane
permeability resulting in fluid shifts from the plasma to
the erythrocytes [50]; and/or water loss by increased
diuresis [46]. In contrast, the increase in branchial
permeability [11] and blood water volume [32] observed
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in many freshwater teleosts after capture or cannulation
[13,15,31,47,48] results in reduced Hct and RBC count.

Changes in fluid volume resulting from surgery not
only perturb the haematological status but also results
in the concentrations of the major inorganic plasma
ions approaching those in the surrounding water. The
handling and cannulation of marine elasmobranchs and
teleosts can result in elevated plasma osmotic pressure
(O.P.) and [NaCl] [5,7,11,26,39,44,49] as well as in-
creased [K], [Ca] and [Mg] [7,12,34] whilst some fresh-
water teleosts exhibit a reduction in plasma ions
[13,40,42]. Marked elevations in plasma [K] can disrupt
elasmobranch myocardial function [24] whilst altered
plasma [Mg] and [Ca] can impair muscle contraction
and neuromuscular nerve transmission, respectively [7].

The current investigation examined the respiratory,
acid-base, haematological and ionic status of the elas-
mobranch, Heterodontus portusjacksoni, following
surgery. Whilst cannulation procedures can cause
marked perturbations in blood chemistry recovery is
usually complete within 72 h [22]. Thus, a comparison
of sharks sampled 72 h after surgery with sharks sam-
pled by caudal puncture was performed to examine the
nature of the response to surgery and acute sampling
and thus determine if the potentially stressful and
lengthy procedure of surgery and recovery prior to
sampling is necessary to provide ‘resting values’.

2. Materials and methods

Male and female Port Jackson sharks (0.7–2.0 kg)
were caught by long-line off Bermaguii, NSW and
transported to Sydney Aquarium, Darling Harbour.
The sharks were transferred to the closed-system
aquaria at the University of Sydney at least 1 week
prior to experimentation and acclimated in full-strength
seawater (33–35 g l−1) maintained at 19.090.5°C. The
PO2

of the aquaria seawater was maintained above 18.5
kPa and the sharks fasted at least 3 days prior to
experimentation.

2.1. Blood sampling procedures

2.1.1. Caudal cannulation
Sharks were anaesthetised in a bath of aerated sea-

water containing a 100 mg l−1 solution of MS222 until
ventilatory activity ceased (�5 min). The sharks were
transferred to an operating table, placed dorsal side up
and covered with a damp cloth during surgery to
prevent desiccation and to protect the eyes from light.
The gills were irrigated with a continuous flow of
aerated seawater containing 50 mg l−1 of MS222.
Cannulation of the caudal artery and vein was based on
a similar procedure outlined by Watters and Smith [41].
The caudal artery was punctured by a 22-gauge needle

into which was then inserted a length of sterilized piano
wire. A 10 cm length of polyethylene (P.E.) tubing (I.D.
0.36 mm, O.D. 0.58 mm) was placed over the piano
wire and inserted into the artery and connected to a 30
cm length of P.E. tubing (I.D. 0.58 mm, O.D. 0.96
mm). The cannulae was flushed with heparinized (100
U ml−1 lithium heparin, Sigma, St. Louis, MO, Cat.
no. H-0878) shark Ringers [30] and sealed by a 3-way
tap. The caudal vein was cannulated using the same
procedure outlined above with the vessel located 2–3
mm ventral to the caudal artery. The time required to
induce anaesthesia and cannulate the arterial and
venous vessels (32–40 min, n=18) did not differ sig-
nificantly between sharks measured 4, 24 or 72 h after
surgery. Unlike teleost fish which tend to swim against
the current, the Port Jackson shark frequently changes
direction and becomes agitated if restrained, or pre-
vented from turning. Thus, after surgery the sharks
were placed in metabolism cages made from PVC pipe
of 1 m length and 300 mm dia. and closed at each end
with 1 cm2 grid plastic mesh. The 3-way taps fixed to
the end of the cannulae lead through a 1-cm channel
cut in the top of the pipes and were attached to
styrofoam blocks which could slide along the channel
as the shark moved within the tube. The metabolism
cages were orientated within the aquarium to allow a
constant inflow of seawater at a PO2

of \18 kPa.

2.1.2. Caudal puncture
The sharks required for caudal puncture were placed

in individual plastic tanks at least 24 h prior to blood
sampling. Each individual tank had 25 l of recirculating
filtered and aerated seawater taken directly from the
acclimation aquaria. At the sampling time the sharks
were quickly removed from their individual tanks and
up to 1 ml of blood was taken by caudal arterial or
venous puncture (20–30 s) using 22-gauge hypodermic
needles attached to the pre-chilled heparinized syringes.
The sharks were maintained quiescent during handling
by placing a damp towel over their heads.

2.1.3. Measurement of respiratory and acid-base status
Blood samples of up to 1 ml were removed using

pre-chilled 1-ml gas-tight glass syringes (Suzuki) pre-
rinsed with heparinized solution. Whole blood PO2

and
PCO2

were measured with a BMS Mk2 blood micro
system (Radiometer) thermostatted to 19°C and con-
nected to a PHM73 analyser/meter. The O2 electrode
was calibrated with an O2 free mixture (CO2/N2) and
air-saturated water. The CO2 electrode was calibrated
with analytical grade humidified gases containing 0.34
and 2.15% CO2. Whole blood oxygen content (CO2

) was
measured using the modified Tucker chamber method
[37]. The electrode was connected to an O2 meter
(Strathkelvin, model 781) and pen recorder. The maxi-
mum O2 carrying capacity of the blood was determined
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by equilibrating the blood with humidified air of known
PO2

(\20 kPa) and measuring the CO2
.

Whole blood CO2 content (CCO2
) was measured with

a 25-m l sample transferred to a gastight syringe (Hamil-
ton) for injection into a CO2 analyser (Ciba-Corning
965) calibrated daily with a 15 mmol l−1 NaHCO3

standard solution. Whole blood and erythrocyte pH
were measured with a capillary electrode (G229a)
mounted within the BMS Mk2 and calibrated with
Radiometer precision buffers. Erythrocyte pH was mea-
sured after the blood was centrifuged for 10 min at
6500 rpm and the plasma decanted. The erythrocytes
were freeze-thawed three times in liquid nitrogen
and the erythrocyte slurry centrifuged and the superna-
tant measured for pH. Bicarbonate concentrations
([HCO3

−]) were calculated from the Henderson-Hassel-
bach equation using values for pK and aCO2 obtained
from Albers and Pleschka [1] and Pleschka and Witten-
brock [30]. Plasma and erythrocyte L-lactate concentra-
tions were measured in duplicate with a test kit
(Boehringer Mannheim, Cat. no. 139084).

Ventilation frequency ( fr) was determined using an
impedance method [3]. Electrodes were implanted un-
der the skin of the first gill flap on each side of the
shark and fixed into place with histoacryl glue. The
remaining length of electrode wire was tied to the front
dorsal fin spine and attached to the styrofoam blocks
securing the blood cannulae. The electrodes were con-
nected to an impedance meter (University of Sydney
Workshop) and pen recorder.

2.1.4. Haematology
Haematocrit (Hct) was determined on 9-m l blood

samples in heparinized capillary tubes centrifuged for
3.5 min at 11000×g. Whole blood haemoglobin con-
centration ([Hb]) was measured spectrophotometrically
by the cyanomethaemoglobin method (Sigma Cat. no.
525-A) and RBC were determined using a haemocy-
tometer on blood samples diluted 1:100 with the shark
Ringers solution. MCHC and mean cell volume (MCV)
were calculated as described by Stoskopf [36].

2.1.5. Osmotic pressure and ion analysis
Whole blood osmotic pressure was measured using a

vapour pressure osmometer (Wescor, 5100C) calibrated
with 290 and 1000 mOsm standards. Plasma and ery-
throcyte [Na], [Ca], [K] and [Mg] were measured on
deproteinised samples using an atomic absorption spec-
trophotometer (GBC, 906A). Plasma and erythrocyte
[Cl] were measured using a CMT 10 Chloride Titrator
(Radiometer) routinely calibrated with a 100 mmol l−1

NaCl standard solution. Plasma and erythrocyte urea
were determined using an assay test kit (Boehringer
Mannheim, Cat. no. 542 946). Trimethylamine oxide
(TMAO) was determined using a modified version of
Bystedt et al. [6] supplied by Barnes and Blackstock [2].

The extent of any plasma inclusion in the erythrocyte
fluid was determined from sharks (n=3) injected with
Cr-EDTA (1 m l g−1 wet weight) (CJ-13P, Amersham).
The sharks were sampled 24 h after injection by caudal
puncture and the plasma and erythrocyte fluids treated
as outlined above. The 51Cr isotope was measured in
duplicate 50 m l plasma and erythrocyte samples using a
gamma counter (1272 Clini Gamma, LKB). The per-
cent of plasma fluid contamination of erythrocyte sam-
ples was 9.491.2 and the measured erythrocyte ion
concentrations corrected accordingly.

2.1.6. Statistical analysis
All values are expressed as means9S.E.M., unless

otherwise stated, with a probability (P) value 050.05
considered significant. For those symbols without error
bars, the S.E.M. was smaller than the size of the
symbol. Homogeneity of variances was determined us-
ing Bartletts x2 test. In cases where variances were
heterogeneous, log or square root transformations were
performed prior to further analysis. Data from the 4, 24
and 72 h cannulated groups were compared using one
factor ANOVA and post-hoc testing was performed
using either contrast analysis or Tukey’s multiple means
comparison analysis. Sharks sampled 72 h after surgery
and those sampled by caudal puncture were compared
using Student’s t-test.

3. Results

3.1. Respiratory, acid-base and haematological response
to caudal cannulation

Neither the PaO2
nor the CaO2

differed between
sharks allowed to recover for 4, 24 or 72 h after
surgery. With the exception of a marked elevation in
PvO2

exhibited 72 h after surgery, neither the PvO2
,

CvO2
nor the maximal O2 content (saturated CO2

)
changed between 4 and 72 h (Table 1). Similarly,
neither [Hb-O2]a, [Hb-O2]v nor the maximal [Hb-O2]
(saturated [Hb-O2]) differed between 4, 24 or 72 h
sampled sharks (Table 1). The ventilation rates exhib-
ited by sharks recovered for 24 and 72 h after cannula-
tion were �40% lower than those of sharks sampled
only 4 h after surgery (Table 1). Whole blood Hct and
[Hb] remained constant between 4 and 72 h. The
MCHC was lowest 24 h after surgery despite the RBC
and MCV remaining constant throughout the sampling
period (Table 1).

The PaCO2
and PvO2

of sharks sampled either 24 or
72 h after surgery were approximately 50 and 30%
lower, respectively, than those of sharks allowed only 4
h to recover. The CaCO2

was also reduced in sharks
sampled either 24 or 72 h after surgery when compared
with sharks allowed to recover for only 4 h whilst the
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Table 1
The respiratory status of H. portusjacksoni sampled 4, 24 or 72 h after surgery or by caudal puncture

24 h 72 h Caudal puncture4 h

13.9 (0.28)PaO2
(kPa) 13.2 (1.2)11.6 (2.1) 13.0 (0.59)

4.53 (0.09)c 5.73 (0.33)d4.95 (0.38) 3.31 (0.75)PvO2
(kPa)

1.39 (0.06) 1.16 (0.11)CaO2
(mmol l−1) 1.37 (0.26)1.28 (0.05)

1.32 (0.04) 0.94 (0.13)1.10 (0.21) 0.77 (0.14)CvO2
(mmol l−1)

Saturated CO2
(mmol l−1) 1.57 (0.07) 1.62 (0.10) 1.48 (0.14) 1.58 (0.25)

1.16 (0.30) 0.86 (0.21)0.97 (0.22) 1.25 (0.26)[Hb-O2]a (mmol l−1)
0.73 (0.19) 0.74 (0.20)[Hb-O2]v (mmol l−1) 0.74 (0.14)0.60 (0.17)
1.46 (0.14) 1.27 (0.13)1.36 (0.07) 1.29 (0.25)Saturated [Hb-O2] (mmol l−1)

19.0 (0.57)Hct (%) 20.7 (1.01) 19.0 (0.63) 20.0 (0.94)
2.66 (0.24) 2.71 (0.09)d2.88 (0.31) 3.69 (0.19)Hb (g dl−1)

152 (14)aMCHC (g l−1) 127 (5)c 144 (4)d 187 (4)
0.23 (0.04) 0.23 (0.01) 0.23 (0.02)RBC (10−6 m l) 0.26 (0.02)

867 (38) 804 (35)780 (35) 853 (102)MCV ( fL)
56 (8)abfr (beat min−1) 39 (3) 42 (3) —

Standard errors in brackets (n=6).
a 4 h differs significantly from 24 h.
b 4 h differs significantly from 72 h.
c 24 h differs significantly from 72 h
d 72 h differs significantly from caudal puncture.

CvCO2
did not vary (Table 2). The plasma pHa and pHv

of sharks sampled either 24 or 72 h after surgery were
both elevated by �0.1 pH units when compared to
sharks sampled 4 h after surgery. In contrast, neither
the erythrocyte pHa nor pHv varied between 4 and 72 h
(Table 2). Plasma and erythrocyte L-lactate concentra-
tions remained low and constant (Table 2).

The plasma [Cl] of sharks measured 4 h after surgery
was elevated when compared with sharks allowed either
24 or 72 h to recover from surgery but the whole blood
osmotic pressure and plasma [Na], [Ca], [K] and [Mg]
varied little throughout the sampling period (Table 3).
The erythrocyte [Na] of sharks measured 72 h after
cannulation was �20% lower than that observed in
sharks sampled at 4 and 24 h (Table 3). Erythrocyte
[Cl] was 18% higher and [K] was 30% lower in sharks
recovered for 24 h when compared with sharks
measured either 4 or 72 h after surgery. In contrast,
erythrocyte [Ca] and [Mg] were both maximal 4 h after
surgery (Table 3). The plasma strong ion difference
(S.I.D.) as defined and determined by Maxime et al.
[25] remained constant throughout the recovery from
surgery with a mean cationic excess of −70 mmol l−1.
In contrast, the erythrocyte S.I.D. of sharks 4 h after
surgery, despite being similar to that observed in the
plasma, was markedly elevated when compared with
sharks sampled 24 h (due to increased [Cl]) or 72 h (due
to reduced [Na]) after surgery (Fig. 1). The plasma and
erythrocyte urea concentrations of sharks recovered for
24 and 72 h after surgery were �30% higher than that
of sharks measured 4 h after surgery. In contrast,
TMAO remained constant throughout the recovery pe-
riod (Table 3).

3.2. The differences in the blood status of sharks
sampled by caudal puncture as opposed to sharks
sampled 72 h after surgery

With the exception of the PvO2
, which was 40% lower

in punctured sharks, the respiratory status of sharks
sampled by caudal puncture did not differ from that of
sharks allowed 72 h to recover from cannulation (Table
1). The Hct of cannulated and punctured sharks did not
differ but the MCHC, and as a consequence the [Hb],
were markedly lower in cannulated sharks. While the
23% reduction in MCHC was indicative of cell swelling
neither the RBC nor MCV differed between cannulated
and punctured sharks (Table 1). The pHa of punctured
sharks was �0.6 units lower than that of cannulated
sharks despite plasma and erythrocyte L-lactate concen-
trations being �68% lower in punctured sharks (Table
2).

Similar to the respiratory status, however, the acid-
base status of sharks sampled by either caudal cannula-
tion or puncture did not differ markedly. In contrast,
the plasma and erythrocyte ionic status of cannulated
and punctured sharks differed quite markedly due
mainly to alterations in the concentrations of the major
osmolytes Na, Cl and urea. The plasma [Na] of cannu-
lated sharks was �18% higher, and the erythrocyte
[Na] �30% lower, when compared with punctured
sharks. The erythrocyte [Cl] of the cannulated sharks
was also �25% lower than that observed in punctured
sharks (Table 3). The increased cationic strength (ele-
vated [Na]) of the cannulated sharks when compared
with punctured sharks resulted in a �70 mmol l−1
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Table 2
The blood acid–base status of H. portusjacksoni sampled 4, 24 or 72 h after cannulation or by caudal puncture

24 h 72 h Caudal puncture4 h

0.28 (0.01)PaCO2
(kPa) 0.28 (0.03)0.42 (0.03)ab 0.32 (0.04)

0.31 (0.02) 0.31 (0.02)0.41 (0.04)ab 0.25 (0.03)PvCO2
(kPa)

7.82 (0.01) 7.88 (0.02)dPlasma pHa 7.82 (0.01)7.77 (0.04)b

7.06 (0.01) 7.12 (0.04)7.07 (0.03) 7.10 (0.02)Erythrocytic pHa

Plasma pHv 7.70 (0.03)b 7.76 (0.01) 7.83 (0.01) 7.82 (0.03)
7.10 (0.03) 7.09 (0.04)7.06 (0.02) 7.12 (0.02)Erythrocytic pHv

6.27 (0.31) 6.48 (0.50)CaCO2
(mmol l−1) 7.18 (0.21)8.20 (0.73)ab

6.27 (0.15) 6.76 (0.43)6.70 (0.37) 6.90 (0.22)CvCO2
(mmol l−1)

19.3 (1.8)a[HCO3
−]a (mmol l−1) 14.1 (0.6) 16.0 (2.0) 15.1 (1.3)

13.7 (1.0) 14.8 (0.8)15.7 (1.0) 12.7 (2.1)[HCO3
−]v (mmol l−1)

0.47 (0.11)Plasma L-lactate (mmol l−1) 0.38 (0.08) 0.28 (0.04)d 0.17 (0.02)
1.12 (0.27)Erythrocyte L-lactate (mmol l−1) 1.47 (0.26) 1.47 (0.26)d 0.48 (0.12)

Standard errors in brackets (n=6).
a 4 h differs significantly from 24 h.
b 4 h differs significantly from 72 h.
c 24 h differs significantly from 72 h.
d 72 h differs significantly from caudal puncture.

difference in plasma S.I.D. (Fig. 1). In contrast, the
�15 mmol l−1 elevation in the erythrocyte S.I.D. of
the cannulated sharks when compared with punctured
sharks (Fig. 1) was due primarily to the reduction in the
[Cl] of the cannulated sharks (Table 3). The concentra-
tions of plasma and erythrocyte urea and plasma
TMAO in cannulated sharks were markedly lower than
those of punctured sharks whilst erythrocyte TMAO
concentrations did not differ between cannulated or
punctured sharks (Table 3).

4. Discussion

4.1. The effects of cannulation on blood chemistry

Despite the fluctuations in PvO2
exhibited by H.

portusjacksoni after surgery the PaO2
–PvO2

difference
did not alter. The small differences in blood PO2

had no
significant effect on the CaO2

–CvO2
difference, which

did not change, and thus any changes in O2 extraction
following surgery would be due to altered blood perfu-
sion. In contrast, cannulation of the dogfish, Scyliorhi-
nus canicula, caused a severe internal hypoxia, which
despite the recovery of the PaO2

and CaO2
within 24 h

of surgery, still exhibited plasma (L-lactate) exceeding 5
mmol l−1 [9]. Clearly, any surgery induced hypoxia in
H. portusjacksoni was thus relatively slight since at no
time did plasma (L-lactate) exceed 0.5 mmol l−1. A
different investigation of S. canicula by Butler et al. [4]
found that the PvO2

and CvO2
of sharks sampled 24 and

72 h after cannulation remained constant and that
L-lactate did not exceed 0.3 mmol l−1. The plasma
(L-lactate) observed in the present study and by Butler
et al. [4] are an order of magnitude lower than those
observed for S. canicula [9] and S. stellaris [29] ‘recov-

ered’ from surgery. Differences in surgery and post-
surgery methodology can thus result in ‘resting’ fish,
even of the same species, being in a markedly different
physiological state.

Unlike the plasma pH, the erythrocyte pHa and pHv

of H. portusjacksoni did not vary after surgery. The
acute plasma acidosis exhibited by H. portusjacksoni 4 h
after surgery, when compared with sharks sampled
after 24 or 72 h (Fig. 2A), was a similar response to
that observed in the trout, Salmo gairdneri [21,35] and
S. canicula [9] following cannulation. The respiratory
component of the acidosis was relieved within 24 h by
the respiratory (hyperventilation) alkalosis. Hyperventi-
lation appears to be the general response by elasmo-
branchs [9,29] and teleosts [39] to post-surgery acidosis.
The metabolic component of the acidosis was removed
by the marked metabolic alkalosis observed between 24
and 72 h (Fig. 2A). The metabolic acidosis is generally
more prolonged than the respiratory component and
may persist for up to 72 h after surgery [29,39].

The general maintenance of blood haematology by
H. portusjacksoni throughout the 72 h post-cannulation
period was indicative of the general absence of any
major respiratory or acid-base changes. H. portusjack-
soni exhibited a transient cell swelling 24 h after surgery
due most likely a delayed response in erythrocyte water
influx resulting from surgery induced changes in mem-
brane permeability [8,26]. Whilst cell swelling in teleosts
is usually associated with elevated plasma cate-
cholamines elamsobranchs apparently lack the neces-
sary red blood cell b-adrenergic Na+/H+exchangers
[38,51]. Consequently, elevated catecholamine levels
have been found to have no effect on elasmobranch
RBC water volume [38].

The use of anaesthetics such as MS222 during cannu-
lation can perturb ionic status [21]. MS222 is cleared
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Table 3
The plasma and erythrocyte ionic status of H. portusjacksoni sampled 4, 24 or 72 h after cannulation or by caudal puncture

24 h 72 h Caudal puncture4 h

963 (2) 986 (4)Whole blood osmotic pressure (mOsm) 960 (2)987 (13)

Plasma (mmol l−1)
337 (10)c[Na] 350 (9)d359 (4)ab 286 (3)
276 (7) 281 (4)310 (3)ab 286 (3)[Cl]

[Ca] 5.1 (0.1) 4.9 (0.2) 5.3 (0.1) 4.7 (0.2)
5.5 (0.6) 4.6 (01.)4.4 (0.1)a 4.4 (0.3)[K]
1.3 (0.2) 1.3 (0.2)[Mg] 1.4 (0.1)1.2 (0.1)

388 (6)c 356 (10)d269 (16)ab 419 (6)Urea
57 (12)TMAO 46 (10) 78 (15)d 121 (7)

Erythrocytic (mmol l−1)
[Na] 5 (5) 13 (7)c 8 (1)d 33 (10)

68 (4)c 46 (5)d 81 (14)[Cl] 43 (6)a

0.15 (0.01) 0.20 (0.01)d0.09 (0.01)ab 0.09 (0.05)[Ca]
52 (2)c 76 (4)d[K] 61 (2)81 (4)a

10 (2) 6 (2)d13 (2)b 11 (1)[Mg]
Urea 208 (15)ab 299 (8) 312 (6)d 367 (16)

73 (9) 77 (14)70 (18) 76 (10)TMAO

Standard errors in brackets (n=6).
a 4 h differs significantly from 24 h.
b 4 h differs significantly from 72 h.
c 24 h differs significantly from 72 h.
d 72 h differs significantly from caudal puncture.

from the blood of teleosts within 8 h and from the urine
within 24 h of surgery [18,19] and it thus appears that
changes in ion levels are more likely the result of
handling stress [35]. The plasma cations of rainbow
trout were only elevated if anaesthesia was preceded by
removal from the water for 20 s when compared with
fish in which the anaesthetic was added directly to their
water bath [35]. Elasmobranchs also exhibit elevated
plasma osmotic pressure and inorganic ions following

handling and capture stress [9,11,24,44]. The changes in
ionic strength observed in cannulated H. portusjacksoni
are thus more likely due to the effects of handling and
surgery than to MS222. The increase in plasma [Na]
following handling and cannulation procedures is due
to increased Na permeability [10,26,28]. An increase in
Na influx and reduction in efflux (due to reduced
urinary loss) were observed in handled S. canicula [26]
and may explain the similar elevation in plasma [Na]
observed in cannulated H. portusjacksoni 4 h after
surgery. Interestingly, the plasma [NaCl] of H. portus-
jacksoni changed inversely with that of erythrocyte
[NaCl] which also suggests changes in erythrocyte
membrane ion permeability. The marked reduction in
urea observed 4 h after cannulation cannot be ex-
plained by simple dilution and must therefore be due to
a decrease in reabsorption and/or increased branchial
permeability. Urea is readily diffusible through the
erythrocyte membrane which would account for the
comparable reduction in both plasma and erythrocyte
concentrations. In contrast, TMAO was strongly con-
served, a response similar to that observed in H. portus-
jacksoni transferred into diluted seawater (Cooper and
Morris, in preparation).

4.2. Does caudal puncture cause greater stress than
cannulation?

There was little difference in the respiratory status of
punctured H. portusjacksoni when compared with

Fig. 1. Changes in the plasma (
) and erythrocyte () strong ion
difference of H. portusjacksoni sampled by either cannulation or
caudal puncture (C.P.). S.I.D.= ([Na]+ [Ca]+ [K]+ [Mg])-([Cl]+ [L-
lactate]) as determined by Maxime et al. [25]. (a) 4 h differs signifi-
cantly from 24 h; (b) 4 h differs significantly from 72 h; (c) 24 h
differs significantly from 72 h; (d) 72 h differs significantly from
caudal puncture.
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Fig. 2. (A) The pH-bicarbonate diagram illustrating changes in the
acid-base status of H. portusjacksoni recovering from surgery (
) and
after caudal puncture (). The non-bicarbonate buffer line was
constructed using tonometered 80 m l whole blood samples equili-
brated to various PCO2

values for 20 min using gas mixtures for-
warded from Wosthoff pumps and measured for CCO2

and pH. (b)
Changes in the Hct of H. portusjacksoni sampled by either cannula-
tion (solid symbols; 100% seawater (
) and 75% seawater (�)) or by
caudal puncture (open symbols; 100% seawater () and 75% seawa-
ter (�)). (a) Cannulated sharks transferred to 75% seawater differ
significantly from cannulated control sharks in 100% seawater (data
from Cooper and Morris, in preparation).

borchgre6inki, sampled by caudal puncture or 24 h after
surgery did not differ, the Hct and [Hb] was elevated
and the MCHC reduced when compared with fish
sampled 72 h after surgery [43]. In teleost fish, the
elevation in circulating catecholamines following caudal
puncture leads to a relative increase in MCHC when
compared with fish cannulated for 24–48 h. Recent
studies by Perry and Gilmour [27] have shown that
plasma catecholamine concentrations in S. acanthias do
not alter during severe hypoxia and hypercapnia. Fur-
thermore, injection of catecholamine into S. acanthias
did not alter Hct, [Hb] or MCHC. Interestingly, cannu-
lated H. portusjacksoni transferred to diluted seawater
(75% SW) exhibit a marked reduction in Hct which was
not recovered after 1 week (Fig. 2B). In contrast, the
Hct of sharks transferred to 75% SW and sampled by
caudal puncture returned to control values within 12 h
(Fig. 2B). The haematological perturbations observed
in H. portusjacksoni after cannulation thus appears to
be a direct response to surgery induced changes in
water permeability. Without a large number of studies
it is difficult to conclude whether the variety of han-
dling and surgical techniques can account for the vari-
ability of response or if it is truly a species dependent
phenomenon.

There were marked differences in the [NaCl], urea
and TMAO concentrations of cannulated and punc-
tured H. portusjacksoni. The relative disequilibrium be-
tween the intra- and extracellular inorganic ion levels
were observed in the changes in S.I.D. (Fig. 1). The
elevated plasma [Na] of cannulated sharks was most
likely via increased Na permeability. An increase in
branchial Na+/H+exchange would also explain the
elevated plasma pH of sharks allowed 72 h to recover
from surgery since the changes in [HCO3

−] were
negligible.

There was no appreciable difference between the
respiratory and acid-base status of cannulated and
punctured H. portusjacksoni. Clearly, for H. portusjack-
soni, it is possible to sample by caudal puncture with
reasonable assurance of obtaining ‘non-disturbed’ res-
piratory and acid-base values. Blood sampling by cau-
dal puncture appeared to reduce haematological and
ionic perturbations associated with surgery. Thus if
serial sampling is not required, for elasmobranchs at
least, blood sampling by caudal puncture could provide
‘resting’ values for the majority of blood parameters.
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sharks having ‘recovered’ for 72 h from surgery. There
was evidence that the blood PO2

in punctured sharks
was lower than in sharks 72 h post-cannulation (Table
1). Nonetheless, both the PaO2

–PvO2
and the CaO2

–
CvO2

differences were of similar magnitude in the two
groups suggesting that if both groups had similar blood
perfusion then O2 extraction from the blood was also
constant. The pHa of cannulated sharks was slightly
alkalotic when compared with punctured sharks due to
a relative metabolic alkalosis most likely in response to
the marked changes in strong ion difference (S.I.D.)
(Figs. 1 and 2A).

The Hct, RBC and MCV of cannulated H. portus-
jacksoni were comparable to those of punctured sharks
but the [Hb] and MCHC were significantly lower. A
similar reduction in [Hb] and MCHC of cannulated S.
canicula was the result of cell swelling [9]. In contrast,
whilst the haematology of the ice-fish, Pagothenia
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