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Summary

Anoxic exposure in the anoxia-tolerant freshwater associated with a high systemia-adrenergic tone, the
turtle is attended by substantial decreases in heart rate progressive increase oRsysat 5°C was not mediated byo-
and blood flows, but systemic blood pressureP§y9 only  adrenergic control. A redistribution of blood flow away
decreases marginally due to an increase in systemic from ancillary vascular beds towards more Vvital
peripheral resistance Rsyg. Here, we investigate the role circulations occurred with anoxia at both acclimation
of the a-adrenergic system in modulating Rsys during temperatures. %Qsys and absolute blood flow were
anoxia at 5C and 2I°C in the turtle Trachemys scripta reduced to the digestive and urogenital tissues
and also describe how anoxia affects relative systemic (approximately 2- to 15-fold), while %Qsys and absolute
blood flow distribution (% Qsy9 and absolute tissue blood blood flows to the heart and brain were maintained at
flows. Turtles were instrumented with an arterial cannula  normoxic levels. The importance of liver and muscle
for measurement of Psys and ultrasonic flow probes on glycogen stores in fueling anaerobic metabolism were
major systemic blood vessels for determination of systemic indicated by increases in %systo the muscle at 21C (1.3-
cardiac output (Qsy9. o-Adrenergic tone was assessed fold) and liver at 5°C (1.7-fold). As well, the crucial
from vascular injections of a-adrenergic agonists importance of the turtle shell as a buffer reserve during
and antagonists (phenylephrine and phentolamine, anoxic submergence was indicated by 40-50% dsys
respectively) during normoxia and following either 6h  being directed towards the shell during anoxia at both &
(21°C) or 12 days (8C) of anoxic submergence. Coloured and 21°C. a-Adrenergic stimulation and blockade during
microspheres, injected through a left atrial cannula anoxia caused few changes in @ys and absolute tissue
during normoxia and anoxia, as well as aften-adrenergic  blood flow. However, there was evidence af-adrenergic
stimulation and blockade during anoxia at both vasoactivity contributing to blood flow regulation to the
temperatures, were used to determine relative and liver and shell during anoxic submergence at %&.
absolute tissue blood flows.

Anoxia was associated with an increasedsys and Key words: red-eared slidéfrachemys scriptaanoxia, temperature,
functional a-adrenergic vasoactivity at both acclimation cardiovascular, systemic resistance, cardiac output, blood pressure,
temperatures. However, while anoxia at ZIC was a-adrenergic control, microsphere, blood flow distribution.

Introduction

Freshwater turtles, particularly those of the generdhe ensuing metabolic acidosis and elevated lactate levels
Chrysemysand Trachemys exhibit a remarkable ability to (Jackson and Schmidt-Nielsen, 1966; Jackson, 1968, 2000,
survive prolonged periods of anoxia (Johlin and Moreland2002; Herbert and Jackson, 1985b; Storey, 1996; Lutz and
1933; Jackson and Ultsch, 1982; Ultsch and Jackson, 1983torey, 1997).

Herbert and Jackson, 1985a,b; Hicks and Farrell, 2000a). At The cardiovascular system continues operating during
3°C, these turtles recover physiological functions after 12noxia to transport metabolites between tissues, but because of
weeks of anoxia and survive for up to 5 months of anoxighe body’s low metabolic demand and direct effects of reduced
(Ultsch and Jackson, 1982; Herbert and Jackson, 1985b). Thigygen on the myocardium, both heart rdt§ and systemic

is achieved by metabolic depression, where biochemical ardood flow Qsyg are greatly depressed (Herbert and Jackson,
metabolic adaptations balance anaerobic energy production 1885b; Hicks and Wang, 1998; Hicks and Farrell, 2000a).
the reduced demand, and a large capacity of the shell to bufféthile systemic blood pressur®s(9 also decreases during
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anoxia, the reduction i@sysis considerably larger, indicating Chalmers et al., 1967; Krasney, 1971; Butler and Jones, 1971;
a substantial (three- to fivefold) increase in systemic peripherdbnes et al., 1979; Zapol et al., 1979). Consistent with these
resistanceRsyg (Hicks and Farrell, 2000a). The basis of thisblood flow patterns, blood flow to various visceral organs is
augmentedRsys which maintains the systemic circulation in areduced during short-term anoxia in anaesthetized turtles,
state of hypotension during anoxia, remains unidentifiedvhile brain blood flow is largely maintained (Davies, 1989,
(Hicks and Farrell, 2000b). 1991; Bickler, 1992; Hylland et al., 1994, 1996).

In most vertebrateRsysis predominantly controlled by- The redistribution of blood flow during short-term anoxia in
adrenergic innervation of the resistance vessels, @nd anaesthetized turtles (Davies, 1989) indicates that the different
adrenergic mediated peripheral vasoconstriction occurs duringascular beds respond differently to hypoxia. However, the
hypoxia in many species (Lillo, 1979; Fritsche and Nilssonanaesthetized turtle does not exhibit the otherwise well-
1989; Axelsson and Fritsche, 1991; J. A. W. Stecyk and A. Rlocumented depression of cardiac activity during anoxia,
Farrell, manuscript submitted for publication). Likewise,which may reflect the complex effects of anaesthetics on the
systemica-adrenergic tone mediates the increased peripheraleart and local blood flow regulation (e.g. Smith and Wollman,
vasoconstriction that occurs during diving in mammals and972; Marcus et al., 1976). Therefore, it is uncertain whether
birds (Butler and Jones, 1971; Butler, 1982; Lacombe anthese findings can be applied to unanaesthetized animals and
Jones, 1991; Signore and Jones, 1995). In freshwater turtlés,a prolonged period of anoxia that can occur naturally. Thus,
adrenergic fibres innervate the systemic circulation (Bergesur second objective was to identify which critical tissues
and Burnstock, 1979), ardadrenergic stimulation increases receive a high priority of blood flow during prolonged anoxia
Rsysin normoxic animals (Comeau and Hicks, 1994; Hicks andvhen cardiovascular function is depressed. Relative systemic
Farrell, 2000b; Overgaard et al., 2002). Anoxic exposure dblood flow distribution and absolute tissue blood flows were
turtles is associated with high concentrations of circulatingletermined during normoxia and anoxia by the injection of
catecholamines and it is possible that they increRse  coloured microspheres, while simultaneously measuring
through arteriolar a-adrenergic stimulation (Wasser and absolute blood flows in the major arteries. Microspheres were
Jackson, 1991; Keiver and Hochachka, 1991; Keiver et alalso injected followingx-adrenergic stimulation and blockade
1992). Howeverg-adrenergic regulation of the cardiovascularduring anoxia to determine-adrenergic control of blood flow
system seems depressed during anoxia, as the stimulatoedistribution.
effects of adrenaline dis andPsys are blunted during anoxia
at both cold and warm temperatures, and this is correlated with ,

a reduced density @adrenergic receptors on the heart (Hicks Materials and methods

and Wang, 1998; Hicks and Farrell, 2000b). ©hkadrenergic Experimental animals

control of vasomotor tone during anoxia has not been directly Twenty-six red-eared slidefdachemys script&ray, body
investigated in turtles. Consequently, it remains unknowmass 0.45-1.Rg (1.20+£0.0%g, mean 1s.e.m.) were used in
whether the high levels of circulating catecholamines saturathis study. Turtles were obtained from Lemberger Inc.
thea-adrenergic receptors, so that exogenous application doédSshkosh, WI, USA) and airfreighted to Aarhus University
not affectRsys or whethem-adrenergic control of vasomotor (Denmark), where they were maintained for several months
tone is suppressed during anoxia. Thus, our first objective wéefore experimentation. The turtles studied aC2were held

to test the hypothesis that increaseddrenergic tone accounts in large fibreglass aquaria under ant#0h L:D photoperiod,

for the augmente&sys during anoxia in the turtl&rachemys had free access to dry basking platforms under infrared lamps
scripta We examined ther-adrenergic regulation o@sys  to allow behavioural thermoregulation and were fed dead
Psys and Rsys with injections of a-adrenergic agonists and fish several times a week. Food was withheld during the
antagonists in normoxic and anoxic turtles acclimated®@® 5 experimentation period. The turtles studied &€ Svere kept

or 21°C. in a large flow-through polypropylene tank 4C5with access

The increase ifRsys With hypoxia in vertebrate species is to air for 6 weeks prior to instrumentation. AfiGturtles were
usually accompanied by a redistribution of systemic blood flovifasted during this period. Experiments were performed
that reflects differences in metabolic needs among tissues, witletween February and April 2001 and all procedures were in
critical systems, such as the brain and the heart, receivingaacordance with the laws of animal care and experimentation
high priority to prevent damage from anoxia. For example, & Denmark.
high priority to cerebral blood flow has been observed in fish
that are tolerant to oxygen shortage during both anoxia and Surgical procedures
severe hypoxia (Nilsson et al., 1994; Yoshikawa et al., 1995; Turtles were intubated with soft rubber tubing for artificial
Soderstrom et al.,, 1999). Similarly, during hypoxia andventilation with isoflurane (4% in room air prepared by a
underwater diving, endotherms redistribute blood flow towardslalothane vaporizer; Drager, Lubeck, Germany) at a rate of
cerebral, myocardial and adrenal vascular beds, while blodg-15breathanin-1 and a tidal volume of 10-2@l kg1 using
flow to visceral organs is reduced by a selectivea Harvard Apparatus Ventilator (HI 665, Harvard Apparatus
vasoconstriction which, in many cases, is mediatedoby Inc., Holliston, MA, USA). Once a surgical plain of
adrenergic control (Johansen, 1964; Elsner et al., 196@naesthesia was achieved, as determined by the lack of a pedal
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withdrawal reflex, the isoflurane level was reduced to eithgphenylephrine (5Qig kg-23). After injections of phenylephrine,
0.5% or 1% and maintained at this level throughout theardiovascular variables were allowed to return to baseline
operation, which lasted approximately . values before continuing the protocol. Following phentolamine
For placement of catheters and flow probes, the heart amjection, cardiovascular function was allowed to stabilize
central vascular blood vessels were accessed by excision obafore subsequent drug injections. Control normoxic turtles
3cmx4cm piece of the plastron using a bone saw. Anwere only treated with phentolamine rnt@kg™). All
occlusive catheter (PE-50 containing saline with il@dnl-2  chemicals, purchased from Sigma-Aldrich, Denmark, were
heparin) was advanced from the left thyroid artery into thelissolved in physiological turtle saline (in mriot NacCl,
right subclavian artery originating from the right aortic arch.105; KCI, 2.5; CaCl, 1.3; MgSQ, 1; NaHCQ, 15; NabPQy,
For blood flow measurements, 1.0-&rb sections of major 1; pH7.8) and injected as a single 0.5-fh0bolus through
systemic blood vessels were freed from the surroundinthe arterial cannula, which was subsequently flushed with
connective tissue for placement of ultrasonic blood flow probesaline. The total volume injected never exceed#al 2and
(sizes 2—-3nm; Transonic Systems Inc., Ithaca, NY, USA). control saline injections of &l did not cause haemodynamic
Turtles exposed to anoxia were instrumented with flow probeshanges.
around the left aortic arch (LA0), the right aortic arch (RA0), Coloured polystyrene microspheres (#8 in diameter)
and a single probe around both the left subclavian and lefDye Track, Triton Technologies, San Diego, CA, USA)
carotid arteries (Lsubcar). The use of one flow probe fowere used to measure regional blood flow distribution.
monitoring blood flow through two vessels has previously beeMicrospheres, suspended in the manufacturer supplied saline,
validated in turtles (Wang and Hicks, 1996; see also Akagi ethich contained 0.05% Tween 80 to prevent agglomeration
al.,, 1987). In addition, the left atrium of these animals wasnd 0.01% Thimerosal to act as a bacteriostat, to a final
cannulated for the injection of coloured microspheres into theoncentration of 4X1L0° spheresnl~1 were injected into the
systemic circulation. A PE-90 catheter, flared at the end tanoxic exposed group of turtles inml portions through the
prevent withdrawal, was inserted through adBincision of left atrial cannula. This procedure was conducted during
the atrial wall into the lumen and fastened to the atrial wall bpormoxia while the animals were not ventilating their
surgical silk (4-0). The pericardium was subsequently closellings (tangerine microspheres), during anoxia (orange
with two or three sutures (4-0 surgical silk). Control normoxicmicrospheres), during the maximal haemodynamic response
turtles were instrumented with a single flow probe aroundo the first 5Qug kg™ phenylephrine injection (lemon
the LAo, and Qsys was determined from the equation microspheres) and, finally, after subsequent injection of
Qsys=2.8xQLao, as previously verified (Comeau and Hicks, phentolamine (canary microspheres), when cardiovascular
1994; Wang and Hicks, 1996). Acoustic gel was infusedunction stabilized. A minimum of 3Gin was allowed
between the blood vessels and flow probes to enhance thetween microsphere injection and any subsequent
signal and the excised piece of the plastron was resealed in ésperimental manipulation. To minimize conglomeration of
original position using surgical tape and fast-drying epoxythe microspheres in the heart, the microsphere solution was
resin. sonicated for Inin and vortexed for 38 immediately before
After completion of the operation, turtles were ventilatedinjection. After microsphere delivery, which lasted
with room air until they resumed spontaneous ventilationapproximately Imin, the syringe and cannula were flushed
Turtles were then allowed to recover in individual water-filledtwice (0.75ml each time) with physiological turtle saline and
aquaria (4@&mx30cmx30cm), covered with black plastic to rinsed four times with acidified ethanol (0.2% v:v HCI, 37%
minimize visual disturbance, for either A&t 2EC or 72h at  ethanol) and the liquid retained such that the number of spheres
5°C. remaining in the syringe could be determined. A reference
blood sample (0.3-0.51) was taken from the arterial cannula
Experimental protocol 20min after the normoxic and anoxic microsphere injections
All experiments were performed on unrestrained turtles thab assess whether the microspheres had indeed been trapped in
were free to move within the aquaria. Prior to any experimentdhe tissues.
manipulation, arterial blood samples were obtained through the At the completion of the protocol, turtles were euthanized
arterial cannula for the measurement of hematocrit and arteriaith a vascular injection of pentobarbital (40§kg2). All
pH. Turtles studied during anoxia were denied air access whienimals were then dissected to separate organs and tissues,
the aquarium water was continuously bubbled with(\Water  including the integument, red and white muscle, bones,
Po, <0.3kPa) and were exposed to anoxia for eithér &  esophagus, stomach, intestines (including pancreas), spleen,
21°C or 12 days at“&. Normoxic turtles had free access toventricle, atria, brain, liver (including gallbladder), kidneys,
room air throughout the experimentation period. gonads, fat, connective tissue (included major blood vessels,
Injections of a-adrenergic agonists and antagonists werdladder and thyroid gland) and eyes, which were cut into
used to examine the-adrenergic regulation dRsys Anoxic  7-15g pieces and placed in individual polypropylene conical
turtles were treated sequentially with tik@drenergic agonist centrifuge tubes. The shell was subsampled, using seven
phenylephrine (fig kg~tand subsequently 5@ kg-1), thea- representative samples of 1.0-§.9mean 3.8+0.3) and
adrenergic antagonist phentolaminen{@kg2) and, finally, representing 6.9+0.4% of total shell mass. Three samples were
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taken from the plastron, one from each of the anterior, mediabrtexed to extract the dye from the microspheres. The dye was
and posterior sections, and four from the carapace, one froatlowed to extract for 2énin and then centrifuged at 1560
each side of the shell (costal scutes) and two from the vertebfak 5 min. 20Cul of the supernatant was then transferred to a
scutes, one anterior and one posterior. Tissue samples wengroplate and the absorption of each sample was measured
stored at room temperature for up to 8 weeks, allowing foat five wavelengths with a microplate spectrophotometer
unaided tissue degradation to occur, before chemical digestigiolecular Devices Corporation, Sunnyvale, California, USA)

and microsphere recovery from the tissues. referenced to 200l of 2-(2-ethoxyethoxy)ethylacetate. The
_ _ _ _ five wavelengths used were those of maximal absorbance for
Tissue digestion and microsphere recovery each microsphere colour label, namely 88&® (lemon),

Immediately prior to tissue digestion, 3000 control sphered40nm (canary), 49Bm (orange), 526m (tangerine) and
(blue, 25um diameter), suspended in saline containing 0.059%672nm (blue). Samples with absorbance readings greater than
Tween 80 and 0.01% Thimerosal, were added to each sam@dle8 units were diluted and reanalyzed to ensure linearity
to evaluate the efficiency and quality of the recovery proces®etween absorbance and dye concentration. Correction for
Extraction of microspheres from reference blood samples argpectral overlap among the five colour labels and subsequent
soft tissues was as follows: determination of the number of each colour of microsphere per

(1) ‘Alkaline digesting reagent’ (&hol "1 KOH; 3-5xtissue  sample was resolved through a matrix conversion computer
volume) was added to the polypropylene tubes and the tisspeogram (Triton Technologies Inc., San Diego, CA, USA).
left to digest for 24. During digestion, the tubes were The total number of each colour of microsphere recovered
maintained at 6 and intermittently vortexed and sonicatedper animal was determined as the sum of all microspheres
for 45s. After sonication, the probe-tip was rinsed into therecovered and those estimated to be trapped in the non-digested
sample tube with acidified ethanol. portion of the shell (the number of microspheres recovered

(2) After digestion, tubes were filled to capacity witf®0 from each of the representative shell samples did not differ
distilled water and the contents mixed by repeated inversiostatistically, so the amount of microspheres in the non-digested
Samples were then centrifuged at 150@r 15min and the portion of the shell was assumed to be identical). Recovery of
supernatant aspirated to a level safely above the visible pellétjected microspheres was expressed relative to the number of

(3) The pellet was resuspended by sonication in 15% Tritormicrospheres injected (i.e. 400° minus the number of
X solution (viv Triton-X:distilled water, 0.@1-1 sodium spheres remaining in the syringe after injection). The fraction
azide; 3-% original tissue volume) heated to°60 The tubes of systemic cardiac output Qéy9 directed to each tissue was
were then centrifuged forrin at 1500y and the supernatant calculated as the quotient of the number of microspheres
aspirated without disturbing the pellet. If the pellet was largeecovered per tissue and total microspheres recovered from
after the Triton-X wash, the protocol was repeated from stepystemic tissues. Absolute blood flowgl hinlg?) to
1 until the pellet was no longer visible. systemic tissues were calculated by multiplyinQjsfor each

(4) The non-visible pellet was resuspended by sonication itissue by systemic cardiac outp@sg), as measured by the
2—4x the original tissue volume of acidified ethanol, and agaimltrasonic flow probes (see below).
centrifuged for 5min at 1500y and the supernatant safely
aspirated. Finally, the acidified ethanol wash was repeated, andalculation of haematological and cardiovascular variables
after decanting, the remaining supernatant was left to evaporateHematocrit was determined as the fractional erythrocyte
at room temperature. volume in a capillary tube following ®in of centrifugation at

Microsphere recovery from bone and shell samples followed0000g. Arterial pH was measured using a Radiometer pH
the same protocol as described above, but included twalectrode (PS-1 204, Copenhagen, Denmark) maintained and
additional steps. After step 3, the pellet was resuspended bglibrated at the acclimation temperature of the experimental
sonication in approximatelyx5the original tissue volume of animal in a BMS MKk3 electrode set-up. Electrode output was
‘bone digesting reagent’ (0.12% EDTA, 5.38% HCI, 94%displayed on a Radiometer PHM 73 pH monitor. Systemic
H20). Tubes were then maintained af®Xor at least 1A  blood pressureRsyg was measured by attaching the arterial
with intermittent sonication, centrifuged fomtin at 1500y  cannula to a disposable pressure transducer (Baxter Edward,
and aspirated to a safe level. The procedure was repeatedribdel PX600, Irvine, CA, USA) calibrated daily against a
bone fragments remained following centrifugation. Once thetatic water column. The signal from the pressure transducer
bone or shell was completely dissolved, the remaining pellavas amplified using an in-house built preamplifier. Flow
was resuspended by sonication in 15% Triton-X solution androbes were connected to two, dual-channel blood flow meters
the protocol described above was followed (i.e. alkalindT201, Transonic Systems Inc., Ithaca, NY, USA). All signals
digestion if a large pellet remained, or two acidified ethanolvere continuously recorded with a Biopac MP100 computer
washes if the pellet was not visible). assisted data acquisition system (Biopac Systems Inc., Goleta,

CA, USA) at 50Hz and data recordings were analysed offline

Measurement of microsphere distribution and terminology using Acqknowledge data analysis software (version 3.5.7;

Following  tissue  digestion, 250 of 2-(2- Biopac Systems Inc., Goleta, CA, USA).
ethoxyethoxy)ethylacetate was added to each tube andSystemic cardiac output Q§9 was calculated as
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QLAo+QrACH2QLsubcarfor the anoxic exposed turtles, whereasmicrospheres during normoxia and anoxia was confirmed by
Qsys was estimated as X@.ao for the control normoxic the lack of microspheres in arterial blood samples withdrawn
turtles. Heart ratefq) was derived from the beat-to-beat 20 min after injections.
interval of thePsystrace. Systemic stroke voluméstyg was Secondly, injected microspheres must be adequately mixed
calculated afsydfH and systemic resistandgs{g asPsydQsys ~ with blood at the injection site to provide a homogenous
with the assumption that right atrial pressure is negligiblesolution such that the same concentration of microspheres
Systemic power outpuPQsyg was calculated 83sys<PsydMy, prevails at all arterial sites. We injected the microspheres into
wherePsysis measured in kPa amdy is ventricular mass (g). the left atrium, and while atrial and ventricular contraction are
likely to have ensured good mixing, the undivided ventricle of
Data analysis and statistics turtles allows for some of the injected microspheres to be
Normoxic control values for all experimental groups wereshunted into the pulmonary circulations (White et al., 1989).
recorded for a 30-6@in period immediately before drug During normoxia, we therefore injected the microspheres
injections or anoxic exposure. At 1, haemodynamic during breath-hold, when pulmonary blood flow and Left-to-
variables were recorded continuously throughout the 6 Right shunting is low (e.g. White et al., 1989; Hicks, 1994;
anoxic period; reported haemodynamic values from this timgVang and Hicks, 1996). During anoxia, at least at warm
period were averaged fromniin periods at each hour of temperatures, pulmonary blood flow is greatly reduced due to
anoxic exposure. At °&, haemodynamic variables were hypoxic pulmonary vasoconstriction (Hicks and Wang, 1998;
recorded for 38nin on days 3, 8 and 12 of the anoxic exposureCrossley et al., 1998). These precautions seemed effective as
and continuously throughout the period of drug andhe relative number of spheres recovered from the lungs was
microsphere injections on day 12. At both temperatures, wew (5.2+1.1%;N=44) and did not change with either injection
report the maximal response following injections of the time or acclimation temperature.
adrenergic agonist phenylephrine, which normally occurred The coloured microsphere technique also relies on an
within 5min and 15min after injection at ZIC and 8C, efficient microsphere isolation and purification protocol such
respectively, while new steady state values were attaindd 0.3hat measured absorbance intensities correlate directly with the
and 1h after injection of thea-adrenergic antagonist number of microspheres. Indeed, analysis of reference
phentolamine at 2C and BC, respectively. microsphere samples in the present study revealed linear
Values presented for all haematological and cardiovasculaelationships P<0.001 in all cases) between microsphere
variables, %sysand absolute tissue blood flows at each samplaumber and measured absorbance for each of the five colour
time are means #sEM. Within-group comparisons of labels (blue, y=0.000%, r2=0.93; tangerine,y=0.002%,
cardiovascular variables were determined using a one-way=0.98; orange,y=0.0004, r2=0.96; canary,y=0.0006,
repeated measures (RM) analysis of variance (ANOVA), ant?=0.98; lemon, y=0.0003 r2=0.87). Furthermore, there was
comparisons of cardiovascular variables between acclimaticalinear relationshipgR<0.001 in all cases) between the number
temperatures were performed using tdest. Similarly, of microspheres determined through matrix conversion and the
comparisons of @sysand absolute tissue blood flow betweennumber of microspheres in each experimental sample for
acclimation temperatures were performed usiitests. all five colour labels (bluey=0.971%, r2=0.93; tangerine,
Changes in %sys between routine normoxic and routine y=0.987%, r2=0.98; orange,y=1.667%, r2=0.96; canary,
anoxic conditions, as well as followingr-adrenergic y=1.2674, r2=0.98; lemon,y=1.319%, r2=0.93). Further,
stimulation and blockade, were determined using a two-wafissue type did not influence the efficiency of microsphere
RM-ANOVA on arcsine-transformed @ys data, with tissue recovery. The relative recovery of blue control spheres
%Qsys and condition as the two factors. Changes in absolut€Z3+2%;N=1215), used to assess microsphere loss during the
blood flow to different tissues during normoxic control, anoxicextraction procedure, did not differ between tissue types.
control, and following thei-adrenergic agonist and antagonist Relative recovery of injected microspheres differed among the
drug injections, were assessed with a one-way RM-ANOVAlifferent microsphere colour labels. Tangerine coloured
unless the data were not normally distributed, in which casgpheres (injected at normoxic control) had a recovery of
a Friedman RM-ANOVA on ranks was used. Where29+5%, whereas the lemon coloured spheres (injected after
appropriate, multiple comparisons were performed usinghenylephrine during anoxia) had a recovery of 140+2%.
Student—Newman—Keuls tests and in all instances significan@@+13% of the canary (injected after phentolamine during
was accepted wheap<0.05. anoxia) and 103+10% of the orange (routine anoxic injection)
microspheres were recovered.
The accuracy of the microsphere technique for
Results determination of %syscan be quantified in the present study
Accuracy of microsphere technique becauseQsys was measured simultaneously with blood flow
Accurate use of microspheres requires that several criterfobes (Figl). %Qsysto tissues perfused by the left subclavian
be satisfied. Foremost, it must be assumed that all thgeft foreleg integument, bone and muscle) and carotid arteries
microspheres are trapped in the capillary beds during thefhead and neck bones, integument, muscle, esophagus, trachea,
first passage through the circulation. Complete trapping dahyroid, brain and eyes) compared to the relative blood flow in
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]
o

exception of the right carotid and right subclavian arteries,
were successfully measured in 9 of the 14 turtles exposed to
anoxia and instrumented with three ultrasonic flow probes.
15 | Assuming that these vessels receive the same flows as the left
carotid and left subclavian arteries, we estimate @iab,

° Qrao and Qsubcaraccount for 36.3+0.01%, 35.9+0.01% and
13.9+0.01%, respectivel\NE9 in all cases), 0Bsysin turtles.

This proportional distribution was not affected by acclimation
temperature, oxygen availability (Talle or injections of
phenylephrine and phentolamine during anoxia (data not

&)
|

y=0.686x

%sts measured with microspheres
H
o

o O o 12=0.3 shown).
P<0.001 . . .
0 ‘ ‘ Effect of acclimation temperature on normoxic
0 5 10 15 20 haematological variables ang-adrenergic control of
%Qsys Measured withraultrasanic flow praoe cardiovascular function

Fig. 1. Regression plot of percent of total systemic cardiac output Normoxic _hematocrit did not vary significantly between

(%Qsy9 directed to tissues perfused by the left subclavian and carotiﬁccnm""t.ion temperatl,!res, but arterial pH was 'Significantly
arteries, as measured with ultrasonic flow probeaxis) and the greater in 3C normoxic turtles than 2€ normoxic turtles

microsphere recovery techniquedxis). Values presented are from (Table2). Cold-acclimation resulted in large reductiondHn
5°C and 21C acclimated turtlesN=7) during normoxic control, ~andQsys While Rsysincreased significantly (Tak8). Qsys fH
routine anoxia and following-adrenergic stimulation and blockade and POsys were 5-1% lower at 5C than at 2iC, with
during anoxia. respective @ values of 2.6, 2.8 and 4.7. In contrd&yswas
twofold greater at € than at 21C. As a resultPsys was
reduced by only 46% af6 despite a 4.7-fold decreaseQdyys
these vessels were linearly related, but the microsphere a-Adrenergic regulation of cardiovascular function differed
technique underestimatedQ4gs by approximately 30%. between acclimation temperatures in normoxic turtles
(Table3). At 21°C, injection of thea-adrenergic antagonist
Blood flow ratios among the major systemic blood vessels phentolamine did not affect any of the measured

Blood flows in all major systemic arteries, with the haemodynamic variables, whereas injection afC 5

Tablel. Blood flows through select major systemic arches of 5°C- and 21°C-acclimated turtles during normoxic and
anoxic exposure

Acclimation Blood flow
temperature Condition Variable (ml mirkg) %Qsys Factor*
5°C Normoxia Qsys 11.3+1.4
Qa0 3.9+0.4 34.8+0.9 2.88+0.07
Qrao 4.0+£0.7 36.3+4.2
QLsubcar 1.7+0.4 14.5+2.2
Anoxia Qsys 2.68+0.35
Qo 0.95+0.06 36.9+3.6 2.79+0.27
Qrio 0.90+0.14 33.3%1.3
QLsubcar 0.41+0.09 14.9+1.5
21°C Normoxia Qsys 46.3+2.8
Q ro 18.1+2.7 38.6+3.5 2.67+0.16
Qrio 17.2+1.2 37.1+1.5
Q_subcar 5.5+0.7 12.1+1.7
Anoxia Qsys 15.4+2.6
Qo 5.5+1.1 34.6+1.9 2.92+0.16
Qrao 5.3x0.5 36.4+3.7
Q.subcar 2.3x0.5 14.5+1.1

*Multiple of Qao needed to equéys
Values are meansse.M. (N=4 at 5°C and 5 at 21°C).

Qsys systemic blood flow) ao, left aortic arch blood flowgrao, right aortic arch blood flowe) suncas left subcalvian and left common
carotid blood flow.




Table2. Hematocrit and arterial pH of normoxic turtles
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Acclimation

temperature Hematocrit (%) Arterial pH
5°C 30+3 7.82+0.05
21°C 21+3 7.53+0.08*

Values are mean £e.M., N=4.

temperatures.

in Psysand augmente@systhrough an increase Mssys Thus,

Cardiovascular function during anoxia

Qsys fH and Psys were significantly reduced with anoxia at temperature under normoxic conditions (Hg,C; Table5),
with cold turtles having a significantly higher(s to the

both acclimation temperatures (F@sand 3; Tabld). At

4.0

21°C, 2.1-fold and 2.6-fold reductions ifi and Qsys
respectively, occurred byt6of anoxia and the accompanying
fall in Psys led to an almost fourfold reduction iROsys
Correspondingly,Rsys increased 2.3-fold by B of anoxic
exposure. At &C, the proportional changes in cardiovascular
status during anoxia were larger than those observed@t 21
fH, Qsys and POsys were reduced by 1.3- to 3.4-fold by day 3
An asterisk indicates significant difference between acclimatio®f @noxia, and these initial reductions were then followed by a
slower, gradual decline such that by day 12 of andj®sys

and POsys were maximally reduced by 4.7-fold, 4.3-fold and
6.7-fold, respectively. Similar to the response &tQlthere
significantly reducetsys which was manifested as a decreasevas a corresponding increaseReys (2.9-fold by day 12 of
anoxic exposure) atE&. However, absolutBsyswas 2.3 times
systemic a-adrenergic tone was inversely related withgreater during 8C anoxia than ZC anoxia (Table}).
acclimation temperature in normoxic turtles.

Systemic blood flow distribution during normoxia and anoxia
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differed with acclimation

integument, but a lower @ys to the
intestines. Absolute tissue flows were
greater to muscle (4.8-fold), bone (2.6-
fold), intestines (10.4-fold), liver (2.5-
fold), gonads (2.4-fold) and fat (2.5-
fold) in warm turtles.

Systemic blood flow distribution
was altered with anoxic submergence.
After 6h of anoxia at 2IC, %Qsys
decreased significantly in the stomach
(6.2-fold) and intestines (3.8-fold),
and increased significantly in the
muscle (1.3-fold) and shell (1.7-fold)
(Fig. 4C,D; Table5). Absolute tissue
blood flow decreased significantly to
the intestines (14.4-fold), stomach
(11.8-fold), kidneys (10.7-fold) and
muscle (1.9-fold) (Tablg). After a
12-day anoxic exposure at®, %Qsys
decreased significantly in the kidneys
(2.7-fold) and gonads (2.2-fold) and
increased significantly in the liver
(1.7-fold) and shell (1.2-fold)
(Fig. 4A,B; Table5). Absolute blood
flow decreased to all systemic tissues
during anoxic submergence af(h
(Table5), with the largest decreases

Fig.2.  Chronological
cardiovascular  function in  2C-
acclimated turtles during & of
anoxic submergence. Asterisks indicate
significant differencesR<0.05) of each
final anoxic measurement from normoxic
control (time zero). Values are means +
s.E.M.; N=8 unless otherwise indicated
above the error bar.

changes  of



Table3. Cardiovascular status of 5°C- and 21°C-acclimated normoxic turtles before and after intra-arterial injectiomedidhenergic antagonist phentolamine E

Systemic stroke Systemic cardiac Systemic blood Systemic power Systemic o

Acclimation Heart raté volumeVssys outputQsys pressurésys outputPOsys resistancdRsys o

temperature Drug injected (beatin-1) (ml kg™ (ml min-1kgY (kPa) (mwg™) (kPaml=1 min kg) >

5°C Routine normoxic 4.1+0.4* 2.31+0.37 9.2+1.3* 1.52+0.11* 0.126+0.025* 0.18+0.03* E
Phentolamine (81gkg™?) 4.3+0.5 3.21+0.57 12.8+1.8 0.98+0.06 0.108+0.015 0.08+0.01 :

21°C Routine normoxic 21.3£2.0 1.95+0.29 (5) 42.9+8.0 (5) 2.83+£0.53 1.508+0.323 (5) 0.09+0.02 (%

Phentolamine (g kg% 22.6+3.4 2.84+0.90 (4) 63.5+18.6 (4) 2.08+0.33 1.777+0.591 (4) 0.060.02 (412

=

Values are meansse.M. (N=6, unless otherwise indicated in parentheses). %

*Significant differencesR<0.05) between acclimation temperature for routine normoxic cardiovascular status. o

TSignificant differencesR<0.05) between routine normoxic and phentolamine for each variable at each acclimation temperature. ]

=

@

-

n

Table4. Cardiovascular status of 5°C- and 21°C-acclimated anoxic turtles before and after intra-arterial injectionsr@dtenergic agonist phenylephrine and
antagonist phentolamine during anoxic exposure

Systemic stroke Systemic cardiac Systemic blood Systemic power Systemic
Acclimation Heart raté+ volumeVssys outputQsys pressurésys outputPOsys resistancdRsys
temperature Drug injected (beatsn1) (ml kg™ (ml min~t kg (kPa) (mwgh (kPaml~1 min kg)
5°C Routine normoxic 4.96+0.38 2.79+0.51 13.62+2.34 1.81+0.16 0.228+0.052 0.14+0.01
Routine anoxic 1.06+0.71 3.10+0.40 3.18+0.33 1.22+0.14 0.034+0.006 0.41+0.08
Phenylephrine (pig kg™t 1.13+0.08 2.42+0.33 2.71+0.36 1.75+0.18 0.041+0.007 0.74+0.76
Phenylephrine (50g kg% 1.330.07 2.03+0.42 2.64+0.62 2.11+0.18 0.045+0.009 1.02+0.19
Phentolamine (8hgkg) 1.25+0.08:b 3.58+0.69 4.70+1.12 1.36+0.13 0.055+0.015 0.46+0.20
Phenylephrine (50g kg% 1.20+0.07P 3.84+0.75 4.67+1.07 1.37+0.10 0.056+0.014 0.40+0.13
21°C Routine normoxic 21.1+1.1 (8) 2.02+0.22 (8) 39.2+3.6 (8) 3.05+0.45 (7) 1.053+0.195 (7) 0.08+0.01 (7)
Routine anoxic 10.1+0.6 (8) 1.49+0.19 (8) 14.8+1.8 (8) 2.19+0.12 (7) 0.272+0.048 (7) 0.18+0.03 (7)
Phenylephrine (fig kg1 10.4+0.5 (8) 1.39+0.23 (8) 14.3+2.4 (8) 2.71+0.18(7)  0.313+0.056 (7) 0.27+0.07 (7)
Phenylephrine (50g kg% 10.5+0.4 (8) 1.45+0.25 (8) 15.0+2.3 (8) 2.41+0.1%4¢7)  0.300+0.060 (7) 0.21+0.04 (7)
Phentolamine (81g kg 11.9+0.5 (83 2.07+0.20 (8 24.4+2.5 (83 1.24+0.13 (7) 0.252+0.037 (7) 0.06+0.01%7)
Phenylephrine (50g kg% 12.4+0.7 (83 1.96+0.20 (8 23.9+2.3 (8} 1.41+0.16 (7) 0.288+0.056 (7) 0.07+0.0147)

Values are meansst.M. (N=6 at 5°C and are indicated in parentheses at 21°C).
Significant differencesR<0.05) between routine anoxic and drug injections for each variable at each acclimation temperature are indicated byettissmilar
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6 Fig.3. Chronological changes  of
2.0 A B cardiovascular ~ function in °E&-
%‘ acclimated turtles during 12 days of
7 anoxic submergence. Asterisks indicate
GEJ_ 15/ % 4 significant differencesR<0.05) of each
o gL final anoxic measurement from normoxic
8 & = £ control (time zero). Values are means *
o< 1.0 S8 SEM. N=6
o £ LEM.; :
; 27 <
2 05 *
A : Rsys at 2I°C was a result of an
elevatedo-adrenergic tone.
0 e e 0 In anoxic turtles at &, there was
C D a clear dose-dependent increase in
. 4 © Psys and Rsys following injection of
8 15 g phenylephrine, but phentolamine did
S 9'; I not significantly affect routine anoxic
£ % T Rsys (Table4). Thus, althougha-
g & 104 5= adrenergic  receptors  remained
o E 2 g E functional, as attested by the
§§, . § eliminated effects of phenylephrine
o) | * @ following phentolamine (Tab!é), the
increase irRsysduring anoxia was not
o\ R a result of an increaseawadrenergic
E F tone. Consequently, the anoxia-
* L0.25 induced a-adrenergic  mediated
o = 3 systemic ~ vasoconstriction was
é Z 0.41 10.20 3 blunted at 8C despite being central to
?E o} @ the systemic vascular tone during
o T 015 E; normoxia at this temperature.
& S L E Due to large individual variation
%@ 0.2 10.10 é there were no significant changes in
. A either relative or absolute tissue
0.05 blood flows following a-adrenergic
0 0 manipulation in anoxic turtles at 22
0 2 4 6 8 10 12 0 2 4 6 8 10 12 (Table5). At 5°C, phenylephrine
Anoxic exposure (days) injection  significantly  increased

%Qsys in muscle and liver, while
%Qsys to the shell decreased.
occurring in the digestive and urogenital tissues and th8imilarly, absolute blood flow to the liver increased following
smallest decreases occurring in the brain, heart and liver-adrenergic stimulation. However, only the increased liver
(Table6). %Qsys Which occurred witha-stimulation, was restored to
routine anoxic levels with phentolamine injection. She(6
a-Adrenergic control of cardiovascular function and systemicincreased significantly followingi-adrenergic blockade, but
blood flow distribution during anoxia did not fully return to the pre-adrenergic stimulation value.
Systemica-adrenergic tone in anoxic turtles differed with
acclimation temperature, but in contrast to normoxic turtles, ) )
systemic a-adrenergic tone increased with acclimation Discussion
temperature_ With the exception of a Signiﬁcant, but minor Normoxic cardiovascular function and systemic blood flow
increase irPsysafter a low dose of phenylephrine|(§ kg=1), distribution: effects of temperature
there were no significant effects @fadrenergic stimulation Turtles were allowed to recover for 48-fTafter surgery to
at 2I°C, althoughRsys did tend to increase (Tabfg. In  reduce the effects of surgical stress. Control normoxic
contrast to these small effects @fadrenergic stimulation, hematocrit and arterial pH, recorded prior to anoxic exposure,
injection of the a-adrenergic antagonist phentolamine are within previously reported ranges (Jackson and Ultsch,
elicited a threefold decrease Ryysat 2I°C and completely 1982; Ultsch and Jackson, 1982; Hicks and Farrell, 2000b) and
abolished the effects of subsequent injection ofndicate a successful post-operative recovery. Additionally,
phenylephrine. Thus, the large anoxia-induced increase mormoxicQsys, Psys POsysandRsysat 2°C are similar to those
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Fig.4. Percent of systemic cardiac output(Q%e) distributed between tissues from turtles acclimated at 5°C (A,B) and 21°C (C,D).
(A) Routine normoxic control at°®, (B) after 12 days of anoxic submergence°&t, §C) routine normoxic control at 20 and (D) after %

of anoxic submergence atZL Asterisks indicate significanP€0.05) tissue specific differences in®s between acclimation temperatures

in routine normoxic control. Exploded slices signify significant differenBe®05) in tissue %sys between routine normoxia and anoxia
within each acclimation temperatuid=6 at 5C and 5 at 2C.

reported in previous studies on turtles at 20€2shelton and metabolic rate (Jackson and Schmidt-Nielsen, 1966; Jackson,
Burggren, 1976; Herbert and Jackson, 1985b; Hicks, 1994:968; Herbert and Jackson, 1985b). AlthouRs was also
Wang and Hicks, 1996; Hicks and Wang, 1998; Hicks andeduced with decreased temperatiRgswas greatly elevated
Farrell, 2000a,b). At &, our values fofH and Psys during  at 5°C. a-Adrenergic regulation of systemic vasomotor tone
normoxia are also similar to previously reported valueseems important in this response sioeadrenergic blockade
(Herbert and Jackson, 1985b; Hicks and Farrell, 2000a,b), butith phentolamine injection at’€ reducedRsys to the 22C
our Qsysat 5C (9-14ml min-1 kg1 is greater than the value normoxic level, but was without effect oRsys at 21°C
of 4.0mI min~1kg- reported by Hicks and Farrell (2000a,b). (Tables3, 4). The increasedi-adrenergic vasomotor tone
Consequently, normoxicVssys and POsys at 5C are in 5°C normoxic turtles supplements the suppression of
approximately fourfold higher anBsys twofold lower than cholinergic inhibition of the heart at low temperature, which
reported by Hicks and Farrell (2000a,b). These quantitativprobably offsets the negative effects of temperature on cardiac
differences may reflect the different°G acclimation activity (Hicks and Farrell, 2000b), and may represent an
procedures used in the two studies, or seasonal variabilitynportant mechanism for regulating blood flow distribution
in the response to anoxia; our study was performed ibetween priority and less-essential tissues. In fact, differences
winter/spring, while the study by Hicks and Farrell (2000a,b)n absolute blood flow and @ysexisted between warm- and
was performed in the fall/winter. cold-acclimated turtles. Absolute blood flow was decreased
The reduction inQsys with reduced temperature during to muscle, bone, intestines, liver, gonads and fat %@ 5
normoxia is consistent with other measurements fronacclimated turtles relative to 20 acclimated turtles.
ectothermic vertebrates, including freshwater turtles (Farredditionally, %Qsys was increased to the integument €5
and Jones, 1992; Hicks and Farrell, 2000a,b; Stecyk anghich may reflect the increased reliance on cutaneous gas
Farrell, 2002; J. A. W. Stecyk and A. P. Farrell, manuscripexchange at this temperature (Herbert and Jackson, 1985b;
submitted for publication), and mirrors the reduction inUltsch and Jackson, 1982). The decrease @%t0 the



Table5. Percent systemic cardiac output@/pg and absolute blood flowu( mimr1 kg-1) to the various tissues of 5°C- and 21°C-acclimated turtles during routine
normoxic and anoxic conditions and following anoxic injections of phenylephrine and phentolamine

%Qsys Tissue flow gl min-1gY)
Acclimation Relative Routine Routine Phenylephrine  Phentolamine Routine Routine Phenylephrine  Phentolamine
temperature Tissue mass (%) normoxia anoxia uGRg1 (3mgkg™® normoxia anoxia (59g kg™ (3mgkg™
5°C Integument 4.4+0.2 6.3+%3 6.1+1.1 3.4+0.4 5.3+0.8 20.9+49 5.0+1.0 2.6x0.5 6.6+1.9
Muscle 19.7+0.9 11.1+1.5 12.3tR4 17.0+2.9 19.1+1.8 8.7+1.7a 2.4+0.4 2.940.6 5.5+1.4
Bone 6.6+0.6 8.2+0.9 7.2+1.0 5.5+1.1 9.1+0.7 23.0#5.1 4.7+1.0 3.3+0.8 8.8+2.0
Stomach 2.3+0.4 2.6+1.3 1.2+0.3 0.8+0.2 1.0+0.4 31.8418.1 2.4+0.5 1.6+0.4 2.2+0.7
Intestines 4.840.8 4.2+08 3.6x1.5 3.0£1.0 4.1+1.6 17.8+438 3.3+1.3 2.5+0.8 4.9+1.7
Spleen 0.3+0.1 1.6+0.9 0.5+0.1 0.6x£0.4 0.5+0.2 100.0+£50.78 9.8+£3.2 8.0+3.9 13.945.9
Ventricle 0.2+0.02 0.7+0.3 0.8+0.3 0.6+0.2 0.8+0.4 38.4+35.5 11.1+4.1 8.2+3.2 13.3+5.9
Atria 0.07+0.02 0.2+0.05 0.4+0.1 0.5+0.08 0.5+0.1 40.129.1 17.4+4.2 19.7+5.2 22.8+4.2
Brain 0.3+0.2 0.7+0.3 0.9+0.4 0.3+0.09 0.3+0.2 121.4+33.3 38.1+16.8 13.2+4.6 15.2+11.3
Liver 9.4+0.6 4.8+1.1 8.3+2. B 27.3+6.F 9.1+1.4 9.3+2.%a 3.7+0.9 12.8+5.%8 5.8+1.3wp
Kidneys 0.9+0.3 6.0+£3.2 2.7+1.%* 3.2+2.1 1.0+£0.2 223.7+160:2 15.8+8.4 16.84+9.9 9.3+3.5
Gonads 8.7£2.6 6.9+2.5 2.6+0.4* 3.4+1.6 3.2+0.7 16.5%.9 3.2+1.6 2.5+1.2 6.3+3.5
Fat 2.9+0.6 1.840.4 1.9+0.7 1.9+0.8 2.3+x0.7 7.3 5 1.8+0.4 2.0+0.9 3.5+1.3
Connective tissue 1.940.2 1.7+£0.4 0.7+0.2 0.8+0.2 1.3+0.3 21.9+4.1 2.6+0.7 2.5+0.5 5.9+1.5
Shell 35.2+2.1 41.8+7.5 50.2+4®* 31.3+5.% 42 5+3.0 19.6+6.% 5.2+0.9 3.0+0.9 6.4+1.7 Q
Eyes 0.07+0.02 1.4+0.5 0.6+0.3 0.2+0.1 0.1+0.02 347.8+P18.041.4+17.8 13.5+6.4 12.6+3.0 j>
21°C Integument 4.5+0.1 2.5+0.4 4.5+1.0 5.4+0.8 4.3+0.6 32.1+7.2 20.447.1 20.4+3.7 26.615.&
Muscle 20.2+0.5 16.0+3.8 20.9+7.0* 16.6+3.3 22.5+6.0 41.0441.6 21.7+48.P 16.0+4.9 33.5+12.3P g
Bone 6.0+0.2 7.2+1.0 10.7+1.6 8.0+1.8 12.9+4.8 58.9+11.3 28.8+5.3b 19.3+3.P 45.4+12. 3P Q
Stomach 1.7+0.2 6.2+4.2 1.0+0.3* 3.3x1.4 0.8+0.3 84.9481.3 7.2+1.8 21.0+6.% 9.4+3.4 (‘%
Intestines 4.0+0.4 15.6+£3.5 4.1+1.4* 10.4+7.4 3.5+1.1 185.2#59.9 12.9+2.9 31.4+19.3 17.0+2.5 o
Spleen 0.2+0.02 0.7+0.3 0.2+0.1 0.6%+0.3 0.3+0.1 217.5+116.5 8.5+4.0 41.3+30.7 240115
\entricle 0.2+0.01 8.845.4 6.1+3.1 1.6+0.7 3.912.6 2354.4+1653.6 326.2+125.0 89.7+27.9 294.311581
Atria 0.1+0.07 1.0+0.6 0.8+0.5 0.3+0.09 0.4+0.1 2250.5+1798.2 491.4+438.4 110.4+48.7 270.9+1945
Brain 0.08+0.01 0.4+0.2 3.8+1.9 0.6+0.7 0.5+0.5 145.3+71.5 480.1+305.5 95.8+81.2 3.6+21 ¢
Liver 8.4+1.0 4.3+0.8 2.7+0.9 9.5+5.1 4.9+1.8 23.7+4.3 5.3+2.1 22.0+15.4 14.94+6.8 =
Kidneys 0.6+0.05 4.3+2.5 1.2+0.5 0.4+0.2 0.8+0.2 317.9+1%6.729.8+14.3 10.1+4.7 28.7+9.6 @
Gonads 8.5+2.3 5.0+1.9 1.9+0.8 4.6x1.9 2.8+0.9 39.5+9.6 42.6+£39.3 48.5+38.8 59.645.
Fat 3.7+0.8 1.1+0.3 1.2+0.3 1.9+0.7 1.9+0.4 18.4+4.3 8.3+2.8 11.1+4.0 17.9+4.0 §
Connective tissue 1.2+0.2 3.0+1.9 0.7+0.1 1.0+0.1 1.4+0.2 77.9+48.3 7.2+1.9 10.7+£3.1 23.3x7.&
Shell 38.0+1.2 23.7+6.7 39.2+5.2* 35.9+7.9 39.2+7.3 35.5+11.4 19.9+4.2 17.5+4.0 29.7ir6.52_
Eyes 0.06+0.01 0.3+0.1 1.1+0.6 0.1+0.06 0.06+0.04 497.0+236.8 1450.5+1296.2 80.4+52.1 39.1+274

Values are meanssEe.M. (N=6 at 5°C;N=5 at 21°C).

*Significant difference¢P<0.05) in %Xysfor each tissue between routine normoxia and routine anoxia.
*Significant difference@<0.05) in normoxic %ysand absolute blood flow between acclimation temperature.

Significant differencesR<0.05) in %%ysfor each tissue between routine anoxia, phenylephrine and phentolamine injections are indicated with dissimilar letters.

Significant differencesR<0.05) in absolute blood flow for each tissue between the four conditions are indicated by dissimilar letters.

6/,%3]1iN] oIXoue
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Table6. Reductions in tissue absolute flow after 12 days of submergence (Hicks and Wang, 1998; Hicks and Farrell,
anoxic submergence at 5°C 2000b).

The present study reveals that theadrenergic system
remains functional during anoxia at both warm and cold
Kidneys 14.2 acclimation temperatures, but that the-adrenergic
Stomach 13.3 contribution to the increaseBsys varies with temperature.

Tissue Fold change

Spleen L 10.2 Specifically, a largea-adrenergic tone accounting for the
Connective tissue 8.4 . . .

Eyes 8.4 mcreased%ysdurlng anoxia at ZC was re\{ealed_ by the lack
Intestines 5.4 of haemodynamic responses following injection of
Gonads 5.2 phenylephrine and the large (threefold) reductionRigs
Bone 4.9 following a-adrenergic blockade with phentolamine. In fact,
Integument 4.2 phentolamine reducedrsys to the 22C normoxic level
Fat 4.1 (Tables3, 4). The small effect of phenylephrine injection on
Shell 3.8 cardiovascular function may possibly reflect the high levels of
Muscle 3.6 circulating catecholamines (>%Bnol norepinephrine; Wasser
Ventricle 3.5 and Jackson, 1991) fully saturating the systemadrenergic
Ei(z? gs receptors during anoxia. | '

Atria 2:3 In contrast to the higlu-adrenergic tone oifRsys during

anoxia at 21°C, the large progressive increaseRigs
accompanying anoxia atG does not seem to be mediated by
intestines at 8C compared to 2C may reflect the fact that o-adrenergic vasoactivity. While inhibition of theadrenergic
these animals had fasted during the 1.5-month acclimatioceptors with phentolamine eliminated the effects of the
period. However, verification of amadrenergic involvement precedinga-adrenergic stimulation with phenylephrine;
in these phenomena is still needed. adrenergic blockade did not affect routine andg at 5C.
This finding is peculiar because it demonstrates that

Control of systemic peripheral resistance during anoxia  adrenergic vasoactivity remains operational during anoxia, but

As previously reported, anoxia was accompanied by larg#hat the systemia-adrenergic tonus is low. Thus, the increased
depressions ifH, QsysandPsysat both 8C and 22C (Figs2,  concentration of plasma catecholamines present in cold, anoxic
3; Tabled). These cardiovascular changes closely resemblartles (approximately 2Bmol norepinephrine; Wasser and
those previously described at warm and cold temperaturéackson, 1991) seemingly does not -elicitadrenergic
(Herbert and Jackson, 1985b; Hicks and Wang, 1998; Hicksiediated systemic vasoconstriction, perhaps because of
and Farrell, 2000a), although oQgys value was higher than increased receptor density, decreased receptor affinity, or
that reported by Hicks and Farrell (2000a,b) due to an elevatedduced signal transduction efficacy. Nevertheless, thexlow
Vssys The marked increase RRsys accompanying anoxia at adrenergic tone during anoxia atCsis consistent with an
both temperatures is also consistent with earlier studies (Hickserall blunting of the autonomic regulation of the
and Wang, 1998; Hicks and Farrell, 2000a,b), but contrastardiovascular system during cold anoxic submergence, when
with the normal vasodilatory effects of oxygen lack, decreasednly small cholinergic ang-adrenergic tones exist on the
pH and increased levels of vasoactive metabolites that acardiovascular system (Hicks and Farrell, 2000b).
present during anoxia. Thus, the increaRgdmay be due to Given the lowa-adrenergic tone on the systemic circulation
activation of vasculao-adrenergic receptors by the elevatedduring anoxia at &, other regulatory mechanisms must be
levels of circulating catecholamines (Wasser and Jacksorgsponsible for the increas&dys Hicks and Farrell (2000a)
1991; Keiver and Hochachka, 1991; Keiver et al., 1992) and/@uggested that the hypotension associated with anoxfCat 5
increased sympathetic nerve activity. Indeedadrenergic could directly affectRsys if Psys failed to surpass the critical
peripheral vasoconstriction during oxygen limitation is wellclosing pressure of certain vessels. However, our results from
documented in different vertebrates (Butler and Jones, 197hprmoxic turtles at 8C argue against such a mechanism
Lillo, 1979; Butler, 1982; Fritsche and Nilsson, 1989;because injection of phentolamine caused a very severe
Axelsson and Fritsche, 1991; Lacombe and Jones, 199hypotension (<1.@Pa) while Rsys remained low (Tabl8).
Signore and Jones, 1995; J. A. W. Stecyk and A. P. FarrelNonetheless, vessel diameters may be reduced at low blood
manuscript submitted for publication), amthchemys scripta flows and pressures, leading to a higher resistance (Lipowsky
certainly haso-adrenergic receptor mediated controlRafs et al., 1978). Similarly, blood vessel tension is increased with
(e.g. Overgaard et al., 2002). However, autonomic regulatiocold temperature, and thus may also contribute to the increased
of cardiac activity during anoxia in turtles is dependent upoiRsys (Friedman et al., 1968; Dinnar, 1981), which would be
acclimation temperature. Autonomic control is moreexacerbated by the increased blood viscosity as temperature
pronounced at warm acclimation temperatures, while the direaind flow decrease (Langille and Crisp, 1980). Finally, the low
effects of oxygen lack and acidosis seem to account for moatadrenergic vasomotor tone during anoxia may represent
of the decreased cardiac performance during cold, anoxincreased non-adrenergic, non-cholinergic regulatioRs@f
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Changes in systemic blood flow distribution with anoxic by Jackson, 2000, 2002). The increased demand of blood flow
exposure to the shell observed in the present study is consistent with the
A redistribution of blood flow towards oxygen-sensitive increased demand on the shell as a buffer reserve during
tissues such as the brain and heart is critical to survival arahoxia. In fact, %@sys directed to the shell increased
is a commonly used survival strategy among vertebratesignificantly during anoxia at both temperatures, such that after
when exposed to hypoxia (Johansen, 1964; Elsner et atardiac depression, 40-50% @fys was directed towards the
1966; Chalmers et al., 1967; Krasney, 1971; Butler and Joneshell. Furthermore, the homogenous distribution of
1971; Jones et al., 1979; Zapol et al., 1979; Boutilier et almicrospheres in the shell is consistent with the uniform lactate
1986; Davies, 1989, 1991; Bickler, 1992; Hylland et al.,accumulation of the entire shell during anoxia (Jackson et al.,
1994, 1996; Nilsson et al., 1994; Yoshikawa et al., 19951996; Jackson, 1997).
Soderstrom et al., 1999). Here, we provide a quantitative Turtles in the present study did not display the increased
description of systemic blood flow distribution during the%Qsys or absolute blood flow to the brain or myocardial
large depression in cardiac status occurring with anoxicirculations documented during short-term hypoxic exposure
submergence in the anoxia-tolerant freshwater turtle. Wi other vertebrates (Johansen, 1964; Elsner et al., 1966;
clearly show that perfusion is sacrificed in subsidiary tissue€halmers et al., 1967; Krasney, 1971; Butler and Jones, 1971;
while the cerebral and myocardial circulations, as well adones et al., 1979; Zapol et al., 1979; Nilsson et al., 1994,
other critical organs, receive a priority of blood flow. Yoshikawa et al., 1995; Soderstréom et al., 1999), including
Specifically, anoxia led to substantial depressions @k% anaesthetized freshwater turtles (Davies, 1989, 1991; Bickler,
and absolute tissue flow to digestive and urogenital organs 4892; Hylland et al., 1994, 1996). Nevertheless, the importance
both temperatures, while @syswas increased or maintained of the brain and heart for anoxic survival and their
to the shell (3C and 21C), muscle (2iC) and liver (83C)  corresponding demand for blood flow is clearly signified in the
(Fig. 4, Table5). These findings are in agreement with thepresent study. At 2C, brain and myocardial @ys and
redistribution of blood flow away from the renal andabsolute blood flow were maintained at control normoxic
splanchnic circulatory beds observed aftern88 of N  levels following the 61 exposure period despite a 2.6-fold
ventilation in anaesthetized turtles (Davies, 1989) and ardecrease ifQsys (Fig. 2, Tablest, 5). Likewise, 5C cerebral
consistent with the greatly reduced renal function inand myocardial %sys were maintained at control normoxic
conscious anoxic turtles (Warburton and Jackson, 1991evels after 12 days of anoxia, while absolute blood flows were
Jackson et al., 1996). Furthermore, the small number otduced less than the overall reduction Qgys (4.3-fold;
microspheres directed towards the lungs during anoxi&at 5 Table 4), as well as the reductions in absolute blood flows to
implies the presence of a similar pulmonary vasoconstrictiothe bulk of the systemic tissues (Tab)e These differences in
and reduced Left-to-Right shunt with anoxic exposure€@t 5 cerebral and myocardial blood supply during anoxia may
to that exhibited during anoxic submergence at warnsimply reflect the long duration of anoxia in our study, which
temperatures (Hicks and Wang, 1998; Crossley et al., 199&esulted in a complete transition from aerobic to anaerobic
The importance of tissues containing large glycogen storemetabolism. Typically, normal cellular functions are
specifically the liver and skeletal muscle, in fostering anoxienaintained at the onset of anoxia and organ ATP levels
survival is highlighted in the present study. During anoxiapreserved through activation of glycolysis. Consequently,
turtles must meet their energy demands through anaerohitcreased tissue blood flow may be required for increased
metabolism, with glucose as the primary substrate. Glucose ggucose delivery and waste removal. However, once
derived from catecholamine-mediated breakdown of hepatibiochemical reorganization has occurred, and glycolytic
and skeletal muscle glycogen stores (Daw et al., 1967; Penrighibition (reviewed by Storey, 1996) and metabolic
1974; Keiver and Hochachka, 1991; Wasser and Jacksodepression are established, an increase in blood flow is no
1991; Keiver et al., 1992), thus, maintained blood flow to théonger required. In fact, at 20, brain blood flow of
liver and muscle during anoxia may facilitate glucose exporanaesthetized anoxic turtles returns to normoxic levels within
to other organs. Indeed,h6of anoxia at 2IC resulted in an 1-2h of anoxia (Hylland et al., 1994, 1996).
increased %sys to muscle and the maintenance of liver
absolute blood flow at control normoxic levels. Similarly, a-Adrenergic control of systemic blood flow distribution
%Qsysto the liver was increased during anoxia %t 5and the during anoxia
reduction in absolute flows to the liver and muscle were It is well established thati-adrenergic control mediates
minimal compared with the overall reductionQeys(4.3-fold,  peripheral vasoconstriction and subsequent redistribution of
Table4) and the reductions in absolute blood flow to the bullblood flow among tissues during hypoxia or diving in many
of systemic tissues (Tab). groups of vertebrates (Butler and Jones, 1971; Butler, 1982;
Anaerobic energy metabolism potentially threatens anoxicacombe and Jones, 1991; Signore and Jones, 1995). In the
survival because of the accumulation of lactate and the ensuipgesent study, the use of microspheres was unable to resolve
acidosis (Herbert and Jackson, 1985b). However, the shell ofany major changes in blood flow distribution between tissues
the turtle acts as a powerful buffer reserve and diminishes ttHiellowing injection of a-adrenergic agonists and antagonists,
acidosis and accumulation of lactate in body fluids (reviewednd this, to some extent, may reflect a limitation of the
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