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ABSTRACT

Phosphocreatine (PCr) was reduced in carp muscle by exercise or Hypoxia at 15°C
and 25°C in order to assess the influence of pH and temperature in PCr synthesis in
vivo. Intramuscular PCr levels and intracellular pH (pH;) values were determined
by 3'P-NMRS. Exercise resulted in a significantly more acidic pH; than following
hypoxia, differing by 0.38 and 6.44 pH units at 15°C and 25°C, respectively. The
lower pH values in exercised carp slowed the recovery of PCr compared with post-
hypoxic fish, requiring a four-fold increase in the amount of time necessary to
rebuild PCr levels. Throughout the recovery period. PCr levels following hypoxia
were consistently and significantly higher than those following exercise.
Intracellular pH continued to fall for up to over two hours, dropping to less than 6.3
and 6.7 following exercise and hypoxia, respectively. This continuing decline in pH;
was correlated with the rise in PCr levels up to the time when PCr was nearly
recovered. During hypoxia, 25°C acclimatéd carp depleted PCr stores more quickly

than those at 15°C, temperature had no effect on the time for recovery of either PCr

or pH.
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INTRODUCTION

Pho/spha‘te Metabolites and the Enzyme That Drives Theﬁ:
Adenosine-triphosphate (ATP) is the universal energy cur;'ency for sustaining lite,
B rhon‘é specifically, for fueling metabolic or mechanical work. ATP is neCeséary }for
movement, allowing for the contraction and relaxation of skeletal muscle. It is a
catalyst for numerous, necessary reactions in the cell and is a fuel for the a;tive
transport of molecules across the cell membrané. ATP also acts to maintain the
requisite electrical gradient along a nerve axon through the action of various cation-
coupled ATPases. In all these functions, hydrolyzing ATP in the procesé of doing
Work yiélds adenosine-diphosphate (ADP), inor'ganic phosphate (P,) and a proton-

(H*):
ATP <---> ADP + P, + H* (1).

The concentration of ATP maintained within a tissue is limited, only about 5 uM.g"'
tissue_, which can be exhausted in a matter of seconés at high work/metabolic rateé
(Kushrﬁerick 1995). The importance of ATP in cellular function requires the
concentration to be at reasonable levels at all times, so ATP utilization must be
balanced by a parallel, metabolic pathway yiélding ATP (Héchachka 1985). This
altern‘ate pathway must coordinate quick and efficient ATP pfodu;:tiori when muscle
work is at its maximunﬁ and be catalyzed by an enzyme that operates over the entire
physiolégical range of ;:onditions. If the partnership between ATP flux and the ATP
generating reaction fails, due to the under- or over-production of ATP, muscle rigor

sets in or ATPases are downregulated, respectively, and normal functioning of the




cell grinds to a halt. This important support systém in vertebrates is provided by

phosphocreatine (PCr) metabolism.
- PCr <> Cr+ P (2).

An inorganic phosphate, a creatine (Cr) molecule, and a proton are forméd for each
PCr molecule hydrolyzed by creatine kinase.(CK). The integration of the hydrolyses
of ATP (1) and PCr (2) are linked via P;, whi;:h is united with ADP, from the just
broken ATP, to reéynthesiie another ATP. Nearly instantaneously, ATP is hydrolyzed
yielding ADP, PCr is hydrolyzéd by CK, énd ADP is phosphorylated to ATP. This
series of reactions occurs very rapidly due to the high affinity of CK for ADP (Gadian

et al. 1981, Shoubridge et al. 1984).

,The.involv‘ement of CK in maintaining the proper ATP/ADP ratio and PCr poo‘l size in
tissues makes it fhe key enzyme in muscle energetics. The work potential of skeletal
muscle is correlated to the PCr and ADP concentration iﬁ the muscle‘(Chance et al.
1985, Kushmerick and Meyer 1985). Consequently; ATP utilization and
concentration remains constant (Hupley ét al. 1997) aﬁd is inlde‘pendent of a
changing PCr concentration until PCr is.nearly depleted (Kushmerick and Paul
1976, Crow and Kushmerick 1982, van den Thillart et al. 1989). In fact, in the
absence of PCr, ATP is depletéd immediately and requires a mu;ch longer time fof .
complete resynthesis relative to when PCr is present in the,tissue' (Miller et al.
1993). This partnership between ‘ATP usage and PCr hydrolvy-sis is effective beqauée
PCr is depletéd at a faster rate than ATP, thus acting like a “buffer” for maintaining .

constant ATP concentrations in the cell (McGilvery et al. 1974, Meyer et al. 1984).

The coupling of these two reactions is cétalyzed by CK:




PCr + ADP + H* <> Cr+ATP  (3).

Creatine kinase catalyzes nearly all of the phosphate transfer between PCr énd ATP
(adenylate kinase accounts for‘7%) (Dzeja et al. 1996), therefore, newly g_enérated
ATP molecules are processed by the CK-system from the hydrolysis of PCr. Across a
wide range of vphysiologically relevant pH values and temperatures, the equilit;rium
coﬁsfant of the CK reaction is generally high in bo'th directions of the reaction
(Lawson and Vee_ch41979), and‘the determining factor as fo whether PCr is ‘4
hy'drolyzed or synthesized is the local concéntration of other members of the
reaction, ATP, ADIS, P,, and H* (Teague and Ddbéoh'1992). It has been calculated that
80% of CK activity is in the direction of ATP synthesis aﬁd 20% in the direction of

PCr synthesis in a diverse array of vertebrate species (Newsholme et al. 1978).

There al;e fdur isozymes of CK: one specifically associated with muscle (MM-CK),
ohe found in rélative high concentrations in'th'e'l?rain (BB-CK),.one primari}ly
associated with mi{ochondfia (Mi-CK), énd the other is a hybrid of the muscle and
brain isbzymes (MB-CK). Although found in different areés-of the bddy and even in
different,parts of the cell, the four function identically, i.e. phosphate traHsfer from
PCr to ATP and the reverse. As their names suggest, the highest relative
concentrations of CK isozymes are located in specific regions of the body,‘ however,
srﬁall amounts of.other isozymes are found in each area: For inStance, muscle has a
' very large proportion (91%) of the MM-CK isozyme, but the other three isozymes
are“ a.Is'o found in measurable quanﬁties: BB-CK consists of 1% of the total CK, Mi-
CK 5%, and MB-CK 3% (Yamashita and Yoshiyoka 1991). Prgviously, it has been
shdwn that CK has-higher levels of activity in typically glycolytic muscle cdmpared

~with oxidative muscle in'several species (Raggi et al. 1969, Newsholme ét al.

" 1978).




: )ntegration of -PCr ‘with Other Me_iaboli'c Pathways

~Since PCr haé ‘a ‘direc't impact on the amount ahd rﬁaintenance of ATP in the cell, and

'thusthe energy broddction for the cell, its link to other energy producing pathwayé
is crucial. ) 'PCr in r>esting musple is high .‘comparéa with ATP, usually between 20 -
and 30 umol.g™ muscle tissue ‘(Table 1), énd is typically higher in fasf muscle
fibers than"i‘n_slow fibers in fnany ;pecieé (Walesby and Johnston 1980, Johnsfton
1981, Edstr&m et al. 1982, Parkhouse et al. 1988). During the first few seconds of

: ihtensé' r‘naximalb'ex_ercisie 'or‘during' sUstéined “aérobic” swim.mi.ng iﬁ fish,
intramuséular I’?Cr‘ is bnly minimally decreased (Johnstoﬁ and Goldspink 19:'73,
Pérkhouse et al:- 1988). Avnaercﬁbic ATP production must be rapidly activated if |
intense ex'ercise.is sustained for more than a‘few' seconds (Krause and Wegenef -
1996).‘ These bursis of actiVify_ 'ar; poweréd exclusively at.’the expense . of
‘intramuscular PCr. Glycolysis is thé p.rimary‘\ anaerobic energy-producing péthway

.in vertebrates (Bennet_t 1978), although there are numerous other",ahae'l".obid
pathways used by invér’tebrateé' (Hochach'ka 1980, Hochachka énd éomero 1984). If
the duration 'of the work is ‘e_xtend'ed past a few séconds, PCr is déplétedl and

’ glycogeno.lyn‘s’is'willl follow (Dobspn et al. 1987) in order-to maintaih ATP at

operational levels:
glucdse + 2ADP + 2P, <---> . 2lactate + 2H* + 2H,0 + 2ATP  (4).

It has been show'n that following intense anaerobic stress (e.g. exercise resulting in

~an oxygen deficit or from an acute exposure to a hypoxic environment) leading to a

- severely depleted glycdgen level, PCr replenishment is delayed, suggesting a
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relationship between glycogenolysis/glycolysis and the recovery of PCr stores
(Milligan and Wood 1986, Dobson and Hochacka 1987, Mommsen and Hochachka
1988). Furthermore, PCr synthesis and oxidative phosphorylation are linked via
Mi-CK, together being very important in transfering energy (in the form of PCr)
from sites of production to sites of utilization. This coupling of ATP-producing
reactions to the CK system is the basic tenet underlying the “PCr shuttle”

hypothesis first hypothesized by Bessman and Geiger (1981). °

Briefly, the PCr shuttle facilitates the movement of energy, in the form of high -
energy phosphate molecules, through the cell to match with the energy demand of the
muscle cell (reviewed in Meyer et al. 1984, Bessman and Carpenter 1985,
Wallimann et al. 1992). PCr is the first metabolite to b.e hydrolyzed, before glucose .
or glycogen, to maintain ATP at or near resting levels during muscle work. PCr is
able to act as an ATP buffer because it is stored at much greater concentration than
ATP and because CK has a catalytic capécity many times greater than ATP hydrolysis
(Newsholme 1978). Creatine kinase has been found to be an important enzyme in

the regulation of glycolysis (Davuluri et al. 1981). As PCr is depleted, glycolysis is
initiated (Hoult et al. 1974) due to rising concentrations of ADP (Chance et a/..

1985, Brooks and Storey 1988). PCr breakdown also acts to provide a substrate for
glycogen phosphoylase, i.e. P;, a prerequisite for maximal activation of glycolysis
(Meyer et al. 1986). Furthermofe, PCr hydrolysis consumes a H*’, limiting its
release and preventing the inhibition of phosphofructokinase (PFK) at an important
regulatory step in glycolysis (Krause and Wegener 1996). Once anaerobic
“metabolism begins, the ATP generated from glycolysis is not used directly by the
ATPases driving cellular processes, but is immediately transphosphorylated by CK to

PCr in the attempt to maintain PCr at operating levels (Scop.es 1973). Hochachka

and Mommsen (1983) and van Waarde et al. (1990) have reported that at high rates




of ATP usage resulting in a rise in ADP levels and a decrease in PCr concentrations,
the CK reaction and anaerobic glycolysis are effectively coupled by a proton as the
interrﬁediate. During recovery from anaerobic activity, glycolysis halts as oxidative
ph‘osphorylétion takes over. Although the pathways, glycolysis and oxidative
phosphorylation, are different, the purpose is essentiélly the same, i.e. to produce

ATP to drive the synthesis of PCr (Béssman and Geiger 1981).

The distribution of CK in the cell also provides circumstantial, évidénc,:e for the PCr
shuttle hypothesis. Glycolytic enzymes have been shown to be groubed together in a
complex bound on the aétin-myosin éomplex (Bronstein and Knull 1981, Brooks and
S_toreyl‘1 988)'. Furthermore, a very High pfoportion of MM;CK within a muscle ceII‘

is also located here, specific;ally at the I-band of the myofibril (Wallimann et al. \
1989). Kupriyanov et al. (1980) demonstrated that when Cr is added to an in vitro
preparétion of glycolytic enzymes, lactate and PCr are produced. They also showed

that if elevatéd levels of PCr were_ present glycolysis was inhibitéd, presumably by

the build up of ADP. The same also holds true for Mi-CK and oxidative enzymes. In
relatively higher conce’ntrationsy in aerobic muscles, Mi-CK is found primarily at -

'fhe inn‘er membrane of mitochondria, also the site of many oxidative enzyhes
(Wallimann et al. 1992). The MM-CK isozyme is found at its highest levels, . )
relative to the other isozymes, in glycolytic fibers with 91% versus 78% of tota_l CK
located in fast glycolytic fibers and slow oxidative fibers, respectively (Yamashita

and Yoshioka 1991).

However, following the anaerobic stress, i.e. during the normoxic recovery period,

the coupling of the CK reaction and glycol‘ysis is lost as oxidative phosphorylation

commences (van Waarde et al. 1990). The final piece to the puzzle that is the PCr




shuttle is the interaction between oxidative metabolism and PCr (Walliman et al.

1992).‘ One of the major products, probébly the most irhportant, is ATP:

Glucose + 36ADP + 36P; + 36H" + 60, <--> 6CO, + 36ATP + 6H,0  (5)

/

A

Oxidative phosphorylation is, like glycolysis and PCr hydrolysis above,‘ ét least

~ partially controlled by concenirations of ADP (Mahler 1985, Chaﬁce et al. 19886,
Moerland and Kushmerick 1994). Being far more efficient than anaer‘obicj pathways
in terms of ATP production, using oxidative phosphorylatioﬁ when oxygen is
avabilable is a more aldvantageous path to replenish cellular metabolites (Hochachka

1

1985).

Nuclear Magnetic RescA);nance‘ Spectroscopy'

In tﬁe paét few decades, the single most impor’tént tool used in studying c/ellular
metabolism, specifically.the interr;lction between PCr and tota—l energy util‘izatioin,
has been Nuclear Magneiic Resonance, Spectroscopy (NMRS). Althouéh its initial
appliéétions were physical in nature (Bloch et al. 1946, ‘Purc‘ell et al. 19486), }
NMRS has ndw become an essential technolvo\gy in the biological ‘séiences and , o
medicine, as the forllowi‘ng plethora of reviews attest ('G.adian‘ 1982, Meyer et al.
1982, Balaban et al. 1987, Becker and Fisk 1987, Gillies 1992, Radda 1992,
‘Malhoi\'ta and Shapiro 19'93‘, Andrew 1994, Kush'merick 1995, van den THiHart and
van Waarde 1996). Due to the virtually innumerable’Aand' brbad subject base of the
NMRS _litellature, the fo!lowing cbmmentary will be brief and concentrate on the
areas immediately applicable to the currént ihvesﬁgation, i.e. the basic theory of

nuclear magnetic resonance and its application to muscle energetics and physiology.




Every atom has its own magnetic nucleus, called a magnetié moment (m). ' When
confronted with an external magnetic field (B,) powered by a superconducting
magnet, the nucleus will spin around in the axis of the fi'eld. Many atoms are dipoles,
thus within B, these dipoles must spin parallevl with B, and occupy one of two energy
levels (Figure 1a). The‘sum of all the individual magnetic moments rotating around
~ By is known as the magnetization Qector _(M) (Figure 1b). If this spinhihg atom is
irradiated, e.g'., by a radio-frequen.cy pulse, the measure of the frequency required
to flip the dipole from one energy state to the other is known as the resonance
frequency. For instance, the phosphorus atom is a dipole and the required resonance
fréquency of the pulse needed to flib the 3'P dipoles betwéen energy states in va' 1.89
Tesla (T) magnetic field is 32.51 MHz. The application of this pulse forces M away
from B, (Figure 1c),)a 90° pulse drives M to a position‘perbendicular to B, (Figure
1d). M, now in the x-y plane, generates an e_Iectr.omaénetic' frequency; which is
detected by the receiver coil on the probe. The time necessary for M to “relax” and

_ move back to its origin'al orientation parallel with B, is known as'l the spin-lattice

relaxation time (T1). The distance M travels back toward its origin'al station, before

the subsequent pulse, is proportional to the number (or concentration) of the target
nuclei in the sample. -ldeally, the delay between pulses éhould be 4-times T1,
'insuring that all of the nuclei in the sample be detected (Gadian 1982). Typically,
multiple pulse-delay -intervals, known as free-induction dgcays (FIDs), are sent:
through the probe to the Spec{rométer where they are amplified. quuiring
numeroué FIDs allows for greater resolution ar‘1d increased signal-to-noise ratio,

which yields a “cleaner” spectrum. Once the multi-frequency signal is Fourier

transformed, the collection of FIDs takes the appearance of an NMR spectrdrh (Figure

2).
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magnetlzatlon vector (M) within a magnetic field (B o) before and after
stlmulatlon by a hrgh frequency energy pulse See text for explanatron
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FIGURE 2. Typical spectrum taken from a resting carp acclimated to -
15°C. The PCr peak is set at zero, while the chemical shift of all other
peaks (P; and each ATP) are reported. as a distance relative to PCr:
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Although much smaller than the superconductor B, each nucleus also has it own local
magnetic field (Ba). Depending on the adjacent atoms of the target molecule, up to
2-3 bonds away, Ba can vary slightly. By shielding or screening the target atom,
the other atoms alter the electromagnetic microenvironment, and the individual
resonance frequency, of the target atom. _It is this altération that allows NMRS to
differentiate between molecules with similar constituent atoms, i.e. distinguishing
the uniqueness of the ®'P atom in PCr from the *'P atom in P,. The difference between
these frequencies of two differenvt molecules (one is usually referred to as the
standard) is known as the chemicalr shift of the molecule (8). The chemical shift is
generally measured in the dimensionless unit parts pér million (ppm), but
occasionally Hz are also used. In?’P-NMRS, PCr hés been arbitrarily chosen as the ;
intérnal (within the sample) standard in terms of calculating cherﬁical shifts of
other ®'P associated molecules. Specifically, one of the most useful applications of
chemical shifts in *'P-NMR is that between PCr and P, ‘The resonance frequency of P,
is dependent on how many protons are surrounding the phosphate molecule (Moon and
Richards 1973) and the temperature of the sample (Kost 1990), thus, when
corrected for temperature, the chemical shift of P, is an accurate mefhod of

determining the intracellular pH (pH,) of the sample.

Not only will Ba récognize specific atoms in differeht molecules, but will also
identify atoms within a molecule. In 3'P-NMRS, the prime example of this
phenomenon is ATP. Each ATP molecule has three phosphate groups; o, B, and y; and
in the center of each group is a 3'P atom. Because of the different combinations of
adjacent atoms, each of the three ATP phosphates have a different chemical shift, and
thus are seen as three distinct peaks in a 3'P spectrum (Figure 2). Interestingly,
when ATP is hydrolyzed, the y phosphate (the third from the adenosine ring) is

cleaved off, leaving the o and j phosphates on the remaining ADP. In ADP, the 8

12
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phosphate, now at its furthest lb_cation trorrt the adenosine, has a very similar
freqyency to that of the -ATP. o-ADP, being so close to the adenosine, has a
comparable chemi»cal shift to o-ATP. Thus, of the three ATP phosphates, B-ATP is
the only peak that contains only a 3'P signal from ATP, without any “contamination”
from ADP. This is why whenever the quantities of A;I'P are studied in a sample, the

B-ATP peak is generally examined.

Since PCr is in high concentrations and ATP is easily detectable concentrations in

B resting muscle, the role *P-NMR plays in the study of muscle physiology is

undeniable. By being able to make in.vivo measurements of the intracellular ,
concentrations of the three phosphorus compounds most directly related to muscle
energetics, ATP, PCr, and Pi, researchers can more easily study the effects of stress
(exercise, hypoxia, or ischemia) on muscle physiology ‘(reviewed by McCully et al.
1994). Two of the most alluring features of NMRS are that the radio-frequenc;r
pulses used in the measurement of the relaxing rrtagnetization vectors of the target
atoms can be used on in vivo samples and that NMRS ts a non-destructive and non-
invasive method of detection. The need for biopsy sampling and freeze clarhping of
excised tissue has been diminished by the advent’of NMRS. .NMRS eliminate’s the

presence of excision and preparation artefacts due to the rapid breakdown of high

energy phosphates when performing biochemical assays.

Furthermore, studies of muscle metabolism can now concentrate on changes in the
state of individual subjects over the course of an ‘experiment. In .this instance, the
study subject is essentially serving as its own control, thus the need for a separate
“control” group is unnecessary, anct the inherent variability seen in a populatien

should be reduced. Also, at a time when the political activism directed at animal

research is frequently in the headlines, the reduction in the sarnple‘ size in any given
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experiment, by eliminating the control group, is a necessary concession that should
be considered by researchei's (Mann et al. 1,991). In direct relevance to human
research, the non-invasive .nature of NMF{S'has made it the current standard in

human exercise physiology (Sapega et al. 1987, Cozzone and Bendahan 1994).

Due to the usefulness of NMRS in human biomedicine, most of the' non-human-
research has bee'n conducted on mammals. Some pioneer NMR biolog'ical experiments
- used excised frog muscles (Burt et al. 1976, Hoult et al. 1 974), others have used l
turtles to study the effects of hypoxié Qn.ph'osphate metabolites (Jackson et al.

1995), but not ur)til reqently has NMR technology bgen used to sfudy the in vivo
muscle physiology of whole fishes (reviewed by van den Thillart and van Waarde

1996).

Ecological_ Significénce

In a natural setting, the inability to move rapidly can be disastrous, especially if ab
predator is nearby. Endurance capacity ana maximal speed are important .
determinants of the “ecological char_acteristiés” of an orgaﬁism (Weber 1992), as
the probability of survival will increase as swimfning performance increases
(Taylor and McPhail 1985, Webb 1986, Jayne and Bennett 1990). An increased
ability to convert ATP to work is key in muscle and locomotory performance (Hubley
et él. 1997). The ALF-P demand of' or its production by an organism depends on the
locomotory mode of the organism (Schmidt-Nielsen 1972). The escape response of a-
_ fish is genérally a rapid, bursting, anaerobic activity, therefore using PCr as the
primary rﬁeans to drive musc}le fun¢tion. Predator avoida\nce is the rﬁost impo‘rtént

factor in survival in adult fish (Pitcher and Hart 1982). Development of anaerobic

capacities can play a major and cumulative role in predator-prey relationships
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(Beckoff 1987). Since PCr is depleted in a short time when fish are maximally
exercised (Dobson and Hoc.ha‘chka 1587, Dobson et al. 1987), it wo_uld;be; in thAeir
best interests to be able to replenish their PCr stores to allow for another flight if
the need occurs. Individuals with a high anaerobic threshold, such as specialized
organisms or trained athletes, will tend to recover from anaérobic stresses quite
quickly (Sharkey 1984). If activity continues and PCr drops too low or recovery is |
too prolonged, maintenance of ATP levels will falter and the muscle will fail,

jeopardizing an organism’s survival.

Not only do PCr levels affect muécl’e function by directly affecting ATP levels, but
“low PCr and high P; concentrations in muscles can directly contribute to a decrease in-
maxirhal force of a working muséle (Allen et é/; 1995). "In rats, depletion of the

total creatine pool, PCr and Cr, resulted .in a 50% decrease in force ge‘neration when
compared with control subjects (Levine et al. 1996). Furthermore, reduced pH,
typically séen in intensely worked muscle, also causes.dec'reases in the maximal

force a muscle can aﬁain (Fitts 1994). Reduction in maximal force of a swimming

muscle will lead to a reduced ability to escape predétors.

Weibel et al. (1991) have recently introduced the terh symmorphosis, which
contends that parts of a living system must be co-adapted for a biologically economic
role. This explanation fits nicely to the idea that basic muscle phyéiology and
biochemistry directly affect a fish’s locomotory. ability and thus its surVivab.iIity.
For instance; burst swimming is a beneficiai attribute Whén' the need for predator
avoidance by a prey species or'prey capture by a predatory species arises. 'i'he. |
down-side is that this intense activity caﬁ severely deplete PCr stores within the
muscle, endangering ATP levels, producing P;, and thus hindering muscle function.

" Also, intense exercise is generally an anaerobic event, utilizing glycolysis for
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energy repletion, but also yielding protoné and an acidic bHi. A reduced pH; alters
enzyme activvities and offsets the rate at which muscles can be “re-energized”. The
circle completes because PCr levels must be inéreased to functional levels as quickly
as possible in order to fuel burst swimming to avoid a subsequent attack by
predators. A balance must be achieved between performance, energy economy, and
the ecological significance 6f both to permit an organism to successfully function and
survive in its habitat. Therefore, metabolic energy pathways and their various
regulatory steps and specific molecular events can be directly linked to impbrtant

dimensions of an organism’s ecology (We‘ber 1992).

~ Statement of Purp.ose ’
Fish white muscle represents the bulk of the total myotome of a fish (Johnston and
Maitiand 1980), and thus the majority of whole body metabolism. White muscle is
‘made up of fast glycolytic fibers, is used to power strenuous swimming where burst
speeds are necessary (Nag 1972), and is mostly an anaerobic tissue (Bone 1966).
Compared wvith rgd muscle, white muscle has only 40% of the number of
“fnitochondria, has smaller mitochondria, and has less actomyosin, yet it has three-
times the ATPase activity of red muscle (NagA 1972). Anaerobic capacity of a tissue
is generally thought of in terms of vthe potential production of anaerobic end-
products. In glycolysis, these are lactate and prdténs from muscle glycogen
" (equation 4). As long as ATP levels remain constant, there is no net release of
protons from ATP hydrolysis (equation 1). and the breakdown éf PCr actually
consumes protons (equabtion 2). Therefore, the accumulation of .protons during

intense muscle work is due primarily to glycolysis. -
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Stoichiometrically, the reverse CK reaction (equation 3), the building of PCr, is pH
dependent (Lawson and Veech 1979) in vitro. When there are more protons, thus a
lbwer pH, production of PCr will be less favored than at a relatively less acidic pH.
Fish exercised to the point of exhaustion typically produce more lactate and more
protons than during hypoxia (Table 2). In exercised carp, white muscle lactate
concentrations are 260% to 340% of those at rest (Driedzic and Hochachka 1976,
West et al. 1994), whereas in white muscle following .hypoxia there is only a 25%
increase in lactate levels relative to resting concentrations (Driédzic and Hochachka
1975). Therefore, because of a lower pH, from glycolytic end-products, an
exerc»ise-induced depletion in PCr should be rebuilt more slowly in vivo than a
quantitatively similar. PCr depletion following hypoxia. The current series of

experiments was designed to test this hypothesis.

~ Temperature effectively changes the reaction rates of enzymes involved in energy
metabolism (Hazel and Prosser 1974). Additionally, it has been shown that
temperature can affect the high energy phosphate content, depletion and rebuilding
rates in excised muscle (Binzoni' etal. 1990). Many investigations have observed
pH variations in different fish tissues when subjected to a varied temperature
regime (reviewed by Cameron 1984). Cooler temperatures relate to better burst
swimming and also better sustained swimming performance in fish (Rome et al.
1985). Mitochondrial density increases at cooler temperatures (Johnston and
Maitland 1980) and may bring about a lower demand for ATP than at higher
temperatures. ‘With lower temperatures, as the distance between mitochondria
decreases there is a corresponding decrease in ATP and PCr concentration (Walesby
and Johnston 1980, Hubley ef al. 1997). In c;,yprinids, acclimation to cold
temperatures also increases myosin-ATPase activity (Johnston et al. 1975, Heap et

al. 1986) thus improving contraction kinetics (Johnston et al. 1985). An increased
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ATPase activity would also subsequently require .increased CK activitv, i.e.

primarily PCr breakdown, to maintain the elevated level of ATP usage. In support of
this point, Kleckner and Sidell'(t985)-have shovvn that 5°C-acc|imated“pickerel
have a 45% increase in CK activity over 25°C-acclimated fish. When combining the
results from the pair of previously mentioneci studies it is reasonable to infer that
PCr will be rebuilt more rapidly at warmer temperature With decreasing
temperatures the mitochondria density in muscle increases; aIIowmg for a lesser
decrease in PCr and a delayed onset of fatlgue (Hubley et al. 1997) There does not
seem to be definitive proof, in the form of published data, that temperature plays a
major role in PCr replenishment in vivo, thus the current set of experiments were
designed to test this hypothesis. The rate and level of-PCr reburldlng seems to be a
good model to determine how quickly a fiSh has ‘recovered”, as |t is directly related
to its ability to flee a predatory threat or to make another str|i<e. Not only is
adequate PCr necessary to supply'ATP,'but the recovery of power output, and thus
'swimming speed, is linked to PCr availability (Hitchcock 1989, Gaitanos et al.
1993) and is.initially parallel withithe,recovery of PCr levels (Bogdanis et al.

1995).

The common carp (Cyprinus carpio) seem to be ideally suited to serve as a model to
test these hypotheses; Since carp are v“‘cold-blooded", :it is generally understood that
their muscle physiology will vary with changing temperatures. Carp are moderately
hypoxia-tolerant, being able to survive at least 45 minutes of anoxia, compared with
rainbow trout whioh only survive about 10 minutes (Smith and Heath 1980). This
time was too short to consider trout as a potential study s"ubject since attaining
proper resolution of changes of phosphate metabolites using NMRS requires more
than 10 minutes with the available equipment. Carp use ginoIvsis as a means of

dealing with anaerobic metabolism during hypoxia (reviewed by van den Thillart and
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van Waarde 1985) and refy heavily on anaerobic metabolism to pdwer intense
swimming; more so thah other fishes (‘Jones{,1982).‘ Carb are active over a wide
range of temperatures (Johnston et .a/. 1975). .Lastly, the typical temperament of
carp make them easy to work with. They tend to be calm when handled before (while

resting) and during the experimental procedures.

The rebuilding of PCr has been éhown to be a rapid process. In human and other
rﬁammalian muscle, a severely depleted PCr cqntent can be restored within a few
minutes, while in teleosts it could take as little as 30 minutes (Table 3). To develop
an accurate model of this process it is necessary to take numerous samples.
throughout the recovery period, especially in the first pértion of the recovery
period. The only other viable alternative would have been taking tissue biopsies, but -
“this was unacceptable for two reasons; 1) there have been recent ahalyses

questioning the accuracy of this technique (van den Thillart et al. 1990), and 2)
numerous samplings would have resulted in either extreme distress to an individual
fiéh or in the sacrifice of a large number of fish (Mann et al. 1991). The inherent
advaﬁtages of *'P-NMR satisfied both of these concerns. As mentioned ébove, NMRS

.i's non-destructive, allowing a single fish to be sampléd, while intact, throughout the ]
recovery period. The signal the spectrometer receives and displays‘frorﬁ the fish is
proportional to the in vivo concentration of the metabolite: -To obtain a comparable
amount of data, sampling by ‘biopsy would have multiplied the number of fish used
considerably. Furthermore, the number of exercise and hypoxia bouts would have
also increased by the same multiple resulting in_ unnecéssary time spent on
experiments. For ethical concerns and simple efficiency, this would not have been

acceptable.
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Consequently, a recent review (van den Thillart and van Waarde 1996), indicated
that the current study is the first utilizing NMRS to study the muscle metabolism of
exercised fish and is part of a short list of investigations directed at the rebuilding of

PCr following exercise in teleosts (Milligan and Wood 1986, Mommsen and

.Hochachka 1988, Arthur et al. 1992, Schulte et al. 1992, Wang et al. 1994).




METHODS

Animals

Carp were caught in Lake Okanagan, BC and transported to the University of British
Columbia in June of 1995 and 1996. After their arrival at U.B.C. they were
quarantined and treated for Pseudomonas spp. and Aeromonas spp. bacterial
infections with an antibacterial solution of chloramphenical and acriflavin. They
were held outdoors in a 2000 | fiberglass tank with normoxic, non-recirculating,
dechlorinated water at outdoor seasonal temperatures (6° to 15°C). Fish were fed to

satiation once per week with Mazuri® koi pellets (PMI Feeds Inc., St. Louis, MO).

Healthy fish were moved indoors and kept in pairs in 50 | fiberglass tanks on a
seasonal light cycle. Normoxic, non-recirculated, dechlorinated Vancouver tap
water was flowed thrdugh the tanks at a constant rate of 1 I'min™'. Over a one to two
week period, the fish were acclimated to eifher 15°C or 25°C from the indoor
seasonal water temperature {about 10°-15°C) by raising the temperature of the
water 1°C per day until the acclimation temperature was achieved. Fresh water
flowed through a stainless steel coil warmed in a water bath prior to being emptied
into each tank. The fish were then held at 15°C or 25°C for one week before and
during the experiments. The animals ranged from 590 to 1270 g body mass and
31.5 to 42.5 cm total length. These fish were also fed to satiation once per week

with koi pellets, but fasted two days prior to an experiment.

All experiments and holding of live animals were performed in accordance with the

University of British Columbia Animal Care Committee Guidelines and the British

Columbia Ministry of Environment.




Experimental Protocols:

The fish were placed in a Brett-style respirometer at U.B.C. at a water temperature
of 15°C or 25°C for at least 3 hours before being exercised. The exercise protocdl
started with 60 minutes of slow (less than 0.5 Body Length's™') sustained swimming
to accustom the fish to the current. The fish were then exercised by maintaining the
velocity at the maximum speed the fish could swim in a burst-and-glide pattern.
The fish were considered exhausted when they could not swim against 1 BL's™* current
when stimulated by an electrified grid located at the rear of the swim tube. When the
exercise protocol was completed, the fish were transported to the NMR facility,
secured inside a clear plastic box, and placed on their side over the NMR 3'P caoil.
Moving the fish from the respirometer to the NMR took about 10 minutes. PCr and
ATP, and P; were monitored through the recovery period. The experiment continued
until the integral of the PCr peak leveled off (remaining constant for at least 30
minutes) and just before P; could no longér be confidently differentiated from:

background noise.

After a rest period of at least one week, the fish were placed on their side in the clear
plastic box for at least 8 hours to eliminate handling stress (lowered. PCr, elevated
P,, and/or lowered pH) a.nd then sited in the NMR over the NMR coil for another
hour. The fish were then subjected to a period of extreme hypoxia (less than 3%
P0O2) which lasted until PCr depletion approxirhated that seen following exercise in

the same fish. Levels of PCr, ATP, and P, in the carp were followed at rest, while

hypoxic, and throughout the recovery period.




All experiments were performed in a water tight bex, constructed of 3 mm plastic,‘
which measured 50 x 12 x 16 cm (I'wh), with an inflow tube through which non-
recirculating, dech_lorinatedffreshiwater at 15°C or 25°C with a constant wat‘er flow
of 0.5 I'min’ flushed the gills. The effluent water was directed down the drain. A 5
mm neoprene gasket separated the box ahd the lid (6 mrﬁ plastic), which was secured
to the box by 6 non-magnetic screws. Each fish, while in the. box, was centered by
foam sponges and slighting restrained by a thih plastic plate held in place byla
balloon, which allowed some freedomvof movement (a few mm), but not enough to
obscure the NMR spectra. During rest and recovery periods the water was
maintained normoxic by bubbling air thfough a series of three 11.4 | gas exchange
cylinders. The water was delivered from the third gas exchanger to the box by an
Eheim A1O48 water pump. Hypoxic weiter was a»dministered by bubbling N, thfough

the same system.

Not all experiments were successfully Completed. In a case where a fish Was not
restrained properly, subsequently moving\too much (in a sense, exercising) or
causing the area of muscle to become ischemic, fhe experiment was stopped and:

, ,excluded from the pool. After a one week “rest pefiod” these fish Were reused in a
repeated experiment. There were two cases, both at 25°C, where the fish died as a
resullt of tHe hypoxia treatment and thus were excluded from the hypoXia data poo‘i;
while these. individuals’ data from the previoue exercise experiment-Was still

- applied to the data pool. There were also two fish acclimated to 25°C that escaped ,‘
from their tank prior to the hyp‘oxia experiments. Conseq“uently, sample sizes were

n=7 for both experiments at 15°C, but n=10 and n=6 for the exercise and hypoxia

groups at 25°C, respectively. ’




3P NMR Spectra

Phosphate metabolites were measured in vivo by 3'P VNMR spectra using a 1.89 T,
large bore horizontal superconducting magnet (Oxford Instruments, Oxford, UK)
connected to-a Nicolet 1280 spectrometer. The coil was placed along the midline of
the body above the anal fin. The signal was detected by a 2.2 cm diameter double
looped coil of 1.0 mm thick silver wire protected by polyethylene tubing and tuned
for 3'P (32.5 MHz). Homogeneify of the magnetic field was optimfzed by shimming
on the 'H signal of the intraceilular water of the carp. The same fish was used for
shimming and hypoxia, whereas a similarly sized fish was used to shim in place of

the exercised fish.

Spectra (1024 data points) consisted of 256 individual scans accumulated over 5.07
minutes at a nominal 90° pulse (width of 42 us) and a delay between pulses of 1
second in a spectral window of £1500 Hz. These parameters (number of scans,
pulse width, delay, and window width) were édjusted on fish prior to the start of the
experiments (and remained unchanged for all experiments) to achieve an adequate
signal-to-noise ratio and resolution of metabolite peaks while minimizing the time
necessary for a single spectrum. A low signal-to-noise ratio would lead to
inaccurate data, while a lengthy time spectrum duration might not resolve changes in
metabolite levels. A saturation curve (Figure 3) showed that with a 1 second delay it
was possible to detect 55.4% and 64.5% of the unsaturated values of the PCr and ATP
signals, respectively. Prior to analysis, concurrent raw signals were added together

to improve on the signal-to-noise ratio, which allows more accurate analyses to be
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FIGURE 3. Saturatron curve for PCr The total number of nuclei
detected by. the' NMR spectrometer measuring 370" units, is mdependent
of the length of the delay after 20 seconds. Ata delay of 1 second, 55. 4%
of the PCr nuclei are. detected Values are 'means of three dlfferent
analyses + one standard devratlon
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made. The baseline corrected paired signals were smoothed by a Gaussian |
' multiplication factor of 20, zero-filled to 4096 points, Fourier transformed and
phase shifted before deconvoluting the PCr, P, and 3-ATP peaks to obtain the
. metabblite areas. Experiments were terminéte_d when the amplitude of the PCr peak
seemed to rémain constant and when the P;.peak could no longer be resolved. Forvdata
analysis, recovery was assumed to be completed when PCr was at least 95% of the

mean resting value of each group of subjects.

pH, Measlurements‘

Intracellular pH of the sample was estimated by the chemical shift (§) of the
inorganic phosphéte peak relative to the PCr peak, which was the internal sténdard
and was s.e't to zero. The pH, measurements were calibrated using one of the following

equations:

@15°C  pH = 0.3725° - 4.8905% + 22.1608 - 27.798  (6)

@25°C  pH = 0.3535° - 4.7128% + 21.6738 - 27.549 (7).

The abové equationsAwere derived from data obtained from a carp musclé homogénate
(Figure '4). The recipe used was modif_ied from van den Thillart et al. (1989) and
included: 300 mM sucroée, 20 mM EDTA, 10 mM NaF, 50 mM PCr, and ground carp‘
muscle (33% of the final fnass of the solution). All ingredients weré homogenized
and placed' into 20 mi viais. The homogenate solution was made fresh each day. pH
was alterea by tifrating 20-60 pl of 1»M,HCI or 1M NaOH to the homogenate and waé
) measured using a Corning Chek-Mite© pH30 pH meter ouffitted with a Fisher

" Calomel Microprobe Combination electfode. The pH meter was calibrated at either

15°C or 25°C with pH 4.00 potassium hydrogen pthalate and pH 7.00 potassium
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FIGURE 4. Muscle homogenate PCr-P, chemical shift/pH measurements
at 15°C (A, r°=0.990) and 25°C (B, r*=0.995).
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| phosphate buffers (VWR Scientific, West Chester, PA) and checked with pH 6.00
potassium hydrogen pthalate and pH 8.00 sodium phbsphate buffers to insure proper
calibration before measuring the homogenate pH. The range of pH meas_Ured was
restricted td 6.0 to 8.0, representing the general physiological range of skelet'al
‘muscle. At lower pH Qalues (<6.4), the homogenate PCr was depleted ‘qgite rapidly,
and therefore, the homogenate was supplemented with 15 mg aliq‘uots of PCr |

periodically to maintain a visible PCr peak in the NMR Spectra.

Following a pH measurement, the 20 ml homogenate sample was placed into a water
jacket (3 mm plastic, 2.9 cmvi.d., 7.4 cm o.d., 5.3 cm high) on the NMR coil and a
spectrum was acquired. Each spectrum (1024 data points) consisted of 128
individual scans at a 90° pulse with a 1 seébnd delay in a spectral Window of £500
Hz. These parameters yielded a total time of 3.32 minutes per spectrum. Following
each spectrum a second pH measurement was taken. The baséline cdrrected raw
signals were smoothed by a Gaussian-multiplication factor of 20, zero-fil‘led to 8192
points, Fourier-transformed and phase-shifted. PCr was zeroed and the chemical
shift of P, was recorded. Due to the subjectivity of manua_l phase shifting, each
spectrum was analyzed 3-times, thus: producing a mean that was plotted against the
~mean of the 2 pH measurements. All samples were maintained at either 15°Q or
25°C by using a water bath (pH measurements) and the plastic water jacket (NMR |

measurements).

. By placing the midline of the fish over the *'P coil, the P, peak from both the red and
white muscle was detected and therefore, pH; values for each muscle type. Late in the -
recovery periods, usually after the area of the PCr had stabilized, the amplitude of

the P, peak was too small to accurately distinguish it from background noise with a




)

reasonable level of confidence. Thus the profile of pH, could not be followed past this

point.

Statistical Ahalysis
PCr levels were standardized by feporting them as a proportién of‘PCr"PCr+Pi)‘:‘.
All data points on graphs are plottéd at11(') minute intervals,.at the time represented
by the end of the first and t.he beginning of the second in the pair of 'consecutive
spectra that were added together.’ FolloWing the exercise bout, the fish wére,put into-
" the spéctrometer'as quickly as-possible. This resulted in l.;nmatched“‘startf’ times
for the first NMR spectra (4-9 minutes) ofv the post-exercise recovery period.
Whereas during the hypoxia experiments, thé recovefy period‘ startec(j‘ consisteﬁtly
when the nitrogen bubbling through the gas exch‘anger.;/vas discontinued and was
replaced by air. This point was designated time-0 of recovery and all suécessive data
points, representing paired spectra, continued at 10 minute intervals following time
0. Therefore, data for posf—exercise PCr and pH; were interpolated between points
by simple regression (CricketGraph Ili; Computer Associates International, Inc.),
~resulting in PCr Ieve‘Is and a pH, repreéentative of the same time intervals amor;g
exercised fish and the hypoxic recévery experiments that followed. These data were
then analyzed for significant differences of PCr, pH;, or time to recover between
exercise and hypoxia, 15°C and 25°C, and over the recovery time using a twd-factor
ANOVA (SuperANOVA version 1.11, Abacus Concepts, Inc.). Comparisons of one

variable between two groups were analyzed with a two tailed-t-Test (Microsoft Excel

5.0, Microsoft Corporation), unless otherwise noted. All values are reported as

means t 1 standard deviation. All tests used a statistical significance of p < 0.05.




RESULTS

E\xpel"iments

Positioning the fish in the NMR and its orientation during recovery was i’nitially a
concern during preliminary experiments. In the present study .it was necessary for
the fish to be placed on its side (dorsal-ventral axis being ho'rizlontal); the sizes of
the fish used, the concern of water leakage in the NMR, and availébility of
appropriately arranged' probes were all considerations.. Laterally oriented carp
“rebuilt PCr following hypoxia in times comparable with carp used by van de~n

. Thﬂlart et al. (1989b) and van Ginneken et al.‘(1995), both using a probe
requiring the fish to recover vertically (van den Thillart ef al. 1989a). Phyéicél
restraint was necessary to immobilize the animals during the course of the |
experiment. Special care was taken to ensure thaf the fish was not compressed,
causing ischemia of the muscle. In all experiments there was approximately 5 mm~
of clearance between the fish and the box and plate on either side of it. This allowed
for enough immobilization to obtain repeatable and clear spectra, but also prevented
ischemia of the muscle from excessive pressdre. Furthermoré, the times to rebuild
PCr following exercise in this study do not seem to be different from times necessary
for other species (Milligan and Wood 1986, Mommsen and Hochachka 1998, Arthur
et al..199‘2, Schulte et al. 1992) where orientation ering recovery was not a
faéior. lenus, it is unlikely that/being positioned laterally affects ;the time re}quired

to rebuild PCr following hypoxia or exercise.

NMRS allows repeated sampling over time in an individual subject. In this

investigation our interests centered on the changes in PCr concentrations and the

displécement of the P; signal relative to that of PCr, a determinant in calculating pH;.




To accurately follpw the bchanges in PCr levels and the deviation of pH; from its norm,
several spectra had to be analyzed in succession for each experiment. Figures 5 and
6 illustrate the raw data from a typical completed exercise and hypoxia experiment,
respectively. In these examples, and all other experiments, ATP levels remained

unchanged through all stages of each ekperiment.

Comparison of biochémically analyzed muscle samples (measured in pmol-g™) with
deconvolution of PCr peaks (measured fn dimensién!ess_unifs) resulted in a weak
relatioﬁship. Problemé have been re'ported with sampling» of muscle (Tang and
Boutilier 1991), bioqhemical analysis (van den fhillart et al. 1990), or storage |
techniques (Madapallimattam et al. 1994) of muscle samples. ‘It is possible that. |
similar problems were experienced in this study. Thérefore, tHe PCr data were
reported as the ratio of PCr to the sum of PCr and P, rather than as a umol'g™' value.
This method of reporting data has been used or is similar to recent NMR studies’
involving similar p}rocedures and subjects (Chiba et al. 1990ab, Jackson et al.
1991, van den Thillart et al. 1989, van Waarde et al. 1990, van Ginn.eken et al. .

1995).

Resting PCr and. pH,

Resting PCr Iévels between acclimation temperatures, 0.95+0.02 at .1 5°C and

© - 0.96+0.02 at 25°C, were not significantly different from'one a'nother'(p=0.225,
two-tailed t-test). ;Ifhe cut-off point of recovery was assumed to be when PCr was at-
least 95% of the resting value of .the carp in each temperature group. Thus, in

te‘rms of PCr levels, a fish was considered “recovered” when its PCr level reached

0.90 at 15°C and 0.91 at 25°C. This threshold was arbitrarily chosen because the

- PCr level of 3 of the 30 fish did not return to the mean resting value of the group,




FIGURE 5. Typical series of spectra taken from carp acclimated to 15°C
‘illustrating the progression of PCr rebuilding throughout the recovery
period following exercise. As the recovery period begins there is a
concurrent drop in P; as PCr increases over time. Each plotted spectrum
represent the summation of a consecutive pair of spectra and 10 minutes
separate each plotted spectrum. Note that late in the recovery period the
- P; peak shifts to the left, representing an increase in white muscle pH.,.
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- FIGURE 6. Typital series of spectra taken from carp acclimated to 15°C
illustrating the progression of PCr depletion and rebuilding during and
following hypoxia. The first spectra represents the metabolite
concentrations at rest. The hypoxia period includes spectra 2 through
15, during which PCr drops and P, rises. As the recovery period begins,
at .spectrum 16, there is a concurrent drop in P, as PCr increases over
time. Each plotted spectrum represent the summation of a consecutive
pair of spectra and 10 minutes separate each plotted spectrum. Note that
late in the recovery period the P; peak shifts to the left, representing an
increase in white muscle pH,. ATP remained unchanged during hypoxia
and during the recovery period. ‘




but in all three cases PCr was rebuilt to at least 95% of the resting value.
Furthermore, the “recovered” PCr values were not significantly different between

either treatment (p=0.083) or temperature (p=0.103, two-factor ANOVA).

Intracellular pH values were calculated with the chemical shift of the P, peak and
equations 6 and 7. The resting pH; values of white muscle of carp acclimated to 15°C
and 25°C were 7.3310.14 and 7.2510.15, respectively, and were not significantly
different from one another (p=0.077, two-tailed t-test). The experiments were
typicaII_y allowed to continue for a considerable length of time after PCr levels had
returned to normal, up to a total vtime of more than 6.5 hours, to allow the
“recovery” of pH, to be followed. This is a much slower process than PCr recovery,
so the P, peak of the specfra decreased to a point where it could no longer be
accurately resolved. Therefore, analysis of pH; ended with the spectrum just

previous to this point.

Effects of Temperature on PCr Depletion and Rebuilding

Carp acclimated to 25°C required 44% less time (O.96i0.3i h.) than 15°C
acclimated fish (171+0.70 h.) for their PCr stores to be significantly depleted by
hypoxia (p=0.017, two-tailed t-test). Despite needing nearly twice the time to

- deplete PCr-levels during the hypoxic periods, the decrease in PCr over time in carp
during the hypoxic period at 15°C was not different from that in 25°C acclimated
fish (Figure 7; p=0.384, two-factor ANOVA). PCr measurements at the initiation of
the recovery period for exercise and hypoxia experiments using 15°C and 25°C
acclimated fish were 0.32+0.07, 0.45+0.09, 0.38+0.11, and 0.35+0.12,

respectively (Table 3, Figure' 8). There were no significant differences between

15°C and 25°C (p=0.670) or between exercise and hypoxia at either temperature
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FIGURE 7. PCr levels in 15°C- (circles) and 25°C- (squares) -
acclimated carp during hypoxic exposure (20 Torr).
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FIGURE 8. PCr levels at the initiation of the recovery period

following either exercise or hypoxia in 15° and 25° acclimated fish.
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(p=0.143, two-factor ANOVA). Temperature had no significant effect on the time
necessary for PCr levels to return to 50% or 75% of recovered values following
exercise or hypoxia, nor, in fact, for full recovery at either 15°C or 25°C (Figure

9; p>0.246, two-factor ANOVA).

Thrdughout the entire recovery period, the pattern of PCr rebuilding increésed
logarithmically. Temperature did ndt have a significant impact on thél progression of
PCr levels during recovery.from either exercised (Figu;e 10a; p=0.285) or
hypoxic fish (Figure 10b; p=0.613, two-factor ANOVA). Regréssion analyéié of the

data resulted in the following equations for exercised carp at 15°C and 25°C:

PCr = 0.437 log TIME + 0.592  r? =0.991  (8)

PCr = 0.338 log TIME + 0.628 12 =0983  (9)

and post-hypoxic carp at 15°C and 25°C, respectively:

PCr = 0.302 log TIME + 0.818 r? = 0.912 (10)

PCr = 0.332 log TIME + 0.859 r’ = 0.892 (11).

Effects. of Temperature on pH,

There was a 10 minute delay into the hypoxic period at both temperatures until pH,
vélues began td decrease ('Figure 11). Once this progression began, the pH, of carp -
white muscle at 25°C dropped at a more rapid rate, being consistently and
significantly lower than pH; in 15°C accliméted fish thrpughout the hypoxic period

(p<0.001, two-factor ANOVA). At the onset of the recovery period the pH; values of

carp muscle at 15°C following exercise and hypoxié were 6.57+0.07 and 6.95+0.10
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15° HYPOXIA (n=7)
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25° HYPOXIA (n=6)
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FIGURE 9. Comparison of the time necessary to recover PCr levels to
50%, 75% and 95+% of rest in 15° C and 25° C acclimated carp
following exercise or hypoxia.
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FIGURE 10. Time-course of PCr rebuilding in exercised (A) and post-
‘hypoxic (B) fish acclimated to 15°C (circles) and 25°C (squares). Note
that this.figure contains the sameé data as Figure 15 but here temperates
~ are paired within exercised and hypoxic groups to illustrate a lack of

. influence of temperature on the recovery of PCr levels.
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‘and in carp acclirﬁated to 25°C the pH, values were 6.42+0.16 and 6.86i0.10 in
exereised and hypoxic fish respectively. All values were significently different from
resting pH; values (p<0.001, two-factor ANOVA). Temperature had no effect on the |
severit'y of the decrease. in"pH; 'in either exercised (p=0.053) of Hypoxic fish |
(0.126, two-factor ANOVA), a‘s the Iqwest pH; values between temperature groups
were not. significantly different.
The pH; continued to drop in each group, for '2.31i0..95 hours to 6.32+£0.17 and for
1.03+£0.27 hours to 6.7110.15 in exercised vand post-hypoxic carp. at 15°C and for
1.35i0/.50 hours to 6.23+0.17 and for 0_.76i0.30 hours to 6.55+0.20 in'exercised
and post-hypoxic carb at 25°C (Figure 12). \ Ih all groeps, the mean lowest pH; value
recorded was significantly lower than pH; at the beginning of the recovery period
(p<0.021, two-factor A:NOVA). In both exercised and post-hypoxic carp,
temperature had no significant effect on lowest pH, (p>0.120, two-factor ANOVA),
nor on the time needed to reach that p_Hi valqe (p>0.103, two-factor ANOVA). Once

' pH, eegan to rise,v 15°C and 25°C exercised groups‘ increase together as did 15°C and
25°C.posf-hypoxia groups, i.e. teﬁperature did not have a sighificant influence on
the recovery of pH; following either treatment (15°C; p=0.401;4 25°C; p=0.127,
two-factor ANOVA). At both 15°C (p=0.071) and 25°C (p=0.054, two-factor
ANOVA), PH; returned te normal in post-hypoxic fish, -While the P; could still be

E resolved, 7.21+£0.30 and 7.15%0.16, respectively. When the exerciyse. experiments
were finally terminated, the final pH, values of exercised fish at 15°C and 25°C,
6.68+0.18 and 6.77+0.19 respectively, were still- significantly different from

resting values (p<0.001, two-factor ANOVA).
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: ,FIGURE 12. Tlme course of mtracellular pH changes in white muscle of.

15°C (cwcles) and 25°C (squares) acclimated carp following intense
exercise (A) and hypoxia (B). Note that this figure includes the same
data as presented in Figure 13, but temperatures are paired within-
exercise or hypOX|a groups to illustrate the lack of influence of

temperature on the recovery of whlte muscle pH|
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" Effects- of Treatment on pH,

When subjected to exhaustive exercise, the pH; values of carp acclimated to 15°C and
25°C were significantly different from that ‘followi'ng extreme hypoxia (Figure 13).
White muscle pH; values immed'iately following the hypoxia period were higher than

‘ the initial pH, values at the beginning of thve post-exerciée recovery rates at both
15°C and 25°C (p<0.001, two-factor ANOVA). The time to the eﬁd of the initial stage
of the recovery periods, during which pH, continued toldrop, was significantly
different between exercised and post-hypoxic carp at 15°C (p=0.005) and 25°C
(p=0.020, two-factor ANOVA). Furthermore, the severity of the decrease in pH,
betweeﬁ .exercised and post;hypoxic fish at either i5°C (p<0.001) or 25°C
acclimated fish (p=0.004, two-factor ANOVA) were significantly different from one
another. The rate and the level of pH; recovery following hypoxia was consistently
and significantly higher than that follovyin'g exercise at both temperatures (p<0.001,

two-factor ANOVA).

Interaction Between pH;, and PCr Rebuilding

The éffect of the exercise or hypoxia treatments, manifested és a significantly lower
pH; in exercised fish relative to hypoxic fish, has direct ramifications on the
rebuilding of PCr. Post-hypoxic fish required significéntly less time, aboﬁt one-
quarter of the time, to rebuild PCr to 50%, 75%, and full recovery compared with-
exerciseq fish (Figure 9; p<0.001, two-factor ANOVA). Carp recovering from
hypoxia consistently had a higher PCr level than fish recovering from exercise at

" both temperatures (Figure 14; p<0.00i, two factor ANOVA). In fact, PCr had
leveled off for well over one hdur after the hypoxia experiments in both temperature
groups, and the hypoxiba experiments were actually terminated before exercised fish

rebuilt their PCr to comparable levels. Regardless, the final PCr values at the end of
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FIGURE 13. Time course of intracellular pH changes in white muscle of
15° C (A) and 25°C (B) acclimated carp following bouts of exercise
(circles) or hypoxia (squares). Note that even after the recovery period
began (at 0 hours) the pHi continued to fall. When shown with the PCr
recovery profile of the. same groups of fish it is evident that white muscle
pHi does not begin to recover/increase until PCr levels have reached at
least 81% of recovered values (see Figure 15).
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FIGURE 14. Time-course of PCr rebuilding in 15°C (A) and 25°C (B)
acclimated carp following exercise (circles) and hypoxia (squares).
There is a 10 minute time lag between the first reported points in the
data from hypoxic and exercised fish, but the difference in PCr levels are
real. Although there is no TO data in exercised fish, since about 10
minutes were required to prepare the fish for the NMR procedure, the
fish was still recovering during that time, thus the post-hypoxic and
post-exercise values are comparable at any given time.
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the experiments between exercised and post-hypoxic fish were not sign\ificahtly

different at either 15°C (p=0.083) or 25°C (p=0.631, two-factor ANOVA).

"Figure 15 combineé data from Figures 10, 12, 13, and 14 in order to more clearly
' illuétrate thé relationship between PCr level and the onset of pH; recovery. |
Intracellular pH in 15°C acclimated carp.(Figure 15(a)"did not consistently increase
until PCr had attained 8(5.9% and 85.4% of full recovery in exercised and post-
hypoxic carp,l respec{ively. Similar values were also noted in 25°C acclimated fish
(Figure 15b), requiring'PCr to be 81.8% or 91.2% of full recovery in exércised |
and post-hygoxic fish before pH; started to rise. There is a strong correlation
_ between the descending ‘pHi continuing into the first portibn of the recovery period

and the rebui'Iding of PCr during that time (f;igure 16) in exercised and post-.

hypoxic carp at 15°C (r*=0.938 and r?=0.989, respectively) and at 25°C

(r?=0.823 and r’=0.631, respectively).

Red Muscle pH,

The pH; of red muscle can be calculated from a second P, peak (Figure 17). This peak
was typically smaller than the white muscle P; peak and was often difficult to resolve
accurately. The range where the red muscle peak can usually be found overlaps with

‘ the range where sugar phosphates, like products of glycolysis, are also found. Thus,

the changes in red muscle pH; could be confidently followed in only a few exberiments
and even theh variability was high. Due to the questionab!é nature of the analysis and
a lack of confidence in these data no results concerning red muscle pH; will be

reported. S \
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FIGURE 15. Time course of PCr (solid line) and white muScIe pHi
(dotted line) recovery in 15°C (A) and 25°C (B) acclimated carp
“following exercise and hypoxia. There is not a sustainable and
* continuous recovery/increase in pHi in any group until PCr stores have
been rebuilt to at least 81% of recovered levels. This increase is not .-
time dependent as this point ranges from 1 to 3.5 hours depending on the
condition. . : o ‘
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FIGURE 17. ‘Typical spectrum taken from a carp acclimated to 15°C
toward the end-of its recovery period. Note the split P, peak representing
the two pools of P; in white muscle and red muscle. The chemical shift of

- these peaks correspond to pH; values of 6.49 and 7.14 in white and red
muscle respectively.
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DISCUSSION

Relationship Between PCr and pH,

When animals are presented with a relatively low oxygen level they unfailingly shift
their energy producing pathways to those that produce protons, i.e. glycolysis. Carp
white muscle develops a severe acidosis following intense exercise and hypoxia
(Figure 13), more so during exercise, in spite of the consumption of a proton from
the hydrolysis of a PCr molecule which, at Iéast initially, causes an alkalization ’of
the muscle (Meyer et al. 1986, 1991). This alkalization may be seen in these data
(Figure 11). During the first 10 minutes of hypoxia, the pH;, remained stable in
25°C acclimated cafp, whereas the pH; increased by 0.08 units in 15°C acclimated
fish. The end of this stage represents the initiation of glycolysis in a supporting rolé
to PCr hydrolysis for ATP generation. Glycolysis does not start until after PCr
levels have iniﬁally been perturbed (Dobson et al. 1987). A drop in PCr and
subsequent risé in P, are required to activate glycolysis, as the P, is necessary as a
substrate for glycogen phosphorylase and as an activator for phosphofructokinase
(Radda 1996). This delay of glycolytic initiation is evident in Figure 11;

illustrating a stabilization of pH; for the first 10 minutes into the hypoxic period.

Carp acclimated to 15°C and 25°C showed a substantial white muscle acidosis
following exercise and extreme hypoxia (Figures 12 and 13) compared with white
muscle resting Ievéls (Figure 11). In fact, exercised fish underwent a significantly
larger drop in pH; than did hypoxic fish at both 1‘5°C and 25°C by the end of each
anaerobic stress. The acidosis evident at the beginning of these recovery periods is
primarily due to the protons accumulated as a result of glycolysis. The fish were

exercised rigorously so that they would be forced to burst-and-glide, a method of

52




swimming powered anaerobically by white muscle (Bainbridge 1960, Black et al.
1962). Regardless of swimming technique, carp generally rely heavily on anaerobic
metabolism to power swimming, more so than other fishes (Jones 1982).
Furthermore, carp use glycolysis as a means of dealing with anaerobic metabolism
during hypoxia (reviewed by van den Thillart and van Waarde 1985). During
anaerobic glycolysis two end-products accumulate, lactate and protons. From Table
2, it is clear that there is less lactate produced, and thus, less glycolysis occurring,
during hypoxia or anoxia compared with exercise. Since there is a 1:1

stoichiometric relationship between lactate and H* (Mommsen and Hochachka 1983),
the concentration of lactate produced as a result of an anaerobic stress can serve as
an estimate of the extent of the glycolytic activity that has occurred and a measure of
the pH of the tissue. Thereforé, one can infer that muscle pH; following exercise will
be more acidic than following hypoxia, a statement supported by the data in the

current study (Figures 12 and 13).

Upon reoxygenation, the coupling of CK and glycolysis disappears as mitochondrial
respiration commences (van Waarde 1990). In spite of the cessation of glycolysis
as the fish begins to recover, pH; continued to fall for up to 2.5 hours in exercised
fish at 15°C and declined another 0.31 pH units in 25°C carp recovering from
hypoxia. A plausible explanation for this decrease is the rebuilding of PCr (equation
3 in reverse). It has been suggested that the break-down.of PCr causes an increase
in pH, (Amoreno et al. 1990), but the reverse seems to also be true, i.e. the
rebuilding of PCr causing a decrease in pH,. The formation of one moledule of PCr
from creatine and P, yields a proton, therefore it is reasonable that as PCr is being
rebuilt, a further acidification of the muscle will occur (Meyer et al. 1986, van den
Thillart et al. 1989, van Waarde et al. 1990, Curtin et al. 1997). This apparent

dependence of PCr rebuilding on pH, is best illustrated in Figures 15 and 16. The
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time into the recovery period when pH; begins to rise sharply corresponds closely to
the time necessary for PCr to be rebuilt to near resting levels. It is not until PCr
levels are replenished to 81-91% of recovered I.evcla;ls tHat pH; begins to cohsistently
increase. During this stage of recovery, the drop in'.pHi is strongly correlated with
the rise.in PCr. Th‘e same trénd,‘a delay in the recovery df pH; until PCr has

~ recovered to about 80%, has been seen breviously in carp and tilapia‘sgbjectéd to
graded levels of hypoxia (van den Thillart 1989, van Waarde. et al. 1990). At this.
point, the réte of PCr rebuilding has nearly leveled to a plateau, thus the .production
of protons from PCr resynf[hesis is diminished, leading to an increase in pHi as '

protons are siphoned from the pool by other reactions.

ATP is generated prima.rily.by two pathways, glycolysis and oxidative
phosphorylation. At rest, under normal environmental and physiologic conditiohs,in
ATP is synthesized effectively by oxidative phosphorylation. In times of anaerobic
stress, i.e. during intense exercise or hypoxia, glycolysis takes over as the primary -
ATP generator. When an organism recovers from this stress ATP generation shifts
back to oxidative phosphorylation as the organism rests and/or oxygen tensions of
the tissue become r;ormoxic. ’Therefore, the method of ATP generation, and thps ‘
supporf of tHe CK reaction, deper;dé on the state of the organism, whether it is
resting and aerobic or stressed and anaerobic ‘(Bessman and Geiger 1981). Fiéh
white. muscle is used fypically to power intense swimming, an event fueled by the.
coupling of MM-CK .(highest in fast twitch muscle) and glycolysis, and thus, to
support PCr-driven ATP maintenance during this time. Although, ét rest or dﬁring

‘reqovéry following anaerobiosis, oxidative phosphorylation coupled with Mi-CK

(highest in mitochondria) maintains ATP levels within the cell.

.54




At the beginning of the recovery pefiod the mean differences in pH, between'ex.ercisé
and’hypoxia wére 0.38 and 0.44 pH units at 15°C and 25°C, respectively. As each
recovery pefiod progressed, the difference in pH; between exercised and post-
hypoxic carp at each temperature .ranged from 0.15 to 0.09 pH units (Figure 13). .
These differences in pH, were the primaryv factors in the.decreased rates of recévery
and had direct influence on the ﬁmes necessary to rebuild PCr between treatments,
i.e. that post-exercise fish require more timé, 300% more time, to rebuild PCf
than post-hypoxia fish (Figure 9). Wéllimann and co-workers (‘1984) have
determined that the pH optimum for the CK reaction is about 6.7, with the activity -
dropping off quite dramatically‘as the pH increases or decreases. Figure 13 offers-
convincing evidence that because white muscle pH values hover around 6.7 following -
hypoxia, compared with pH; values less than 6.4 during reco\/ery from exeréise,

there is a more rapid rate of PCr rebuilding foilowing hypoxia than exercise.

If it"is assumed that.resting white muscle haslintramuscular PCr concentratioﬁs of
approximately 30 umolg” white muscle (Hochachka 1985), and exercise depletes
[PCr] by 70% at 15°C (current study); then 2K1 umol.g™ of H* would be expected to
be produce'd as PCr is rebuilt. Resting white muscle pHi.of 7.33. in 15°C-acc|imafed :
carp translates to a "background" [H*] of apprdximately 65 nM. Immediately
‘following exercise the pH; is 6.57, thus the [H*] is 257 nM. I[f all the H* from PCr
synthesis directly contfibutes to the drop in pH.during the first 1-3 hours of the
recovery period, until PCr has been fully replenished, the pH, Would decl.ine far
below physiolog'ic levels. Falling only to a minimum of 6.32, the net H* production
‘from PCr replenishme.nttis 63 nM not 21 mM. The buffering capacity of the muscle
is mostly responsible for preventing the drastic decrease in pH; that would result if
all the H* from PCr replenishment were ‘unbuffered. Castellini and Somero (1981)

- have reported that the buffering capacities of “resting” rainbow trout and bass to be

55




60 and 62 respgctively. Assuming that carp have a s.imilar buffering capacity (60
B3), the musclérc_an buffer 60 mM worth of protons over the range of one pH unit,
well above what is necessary to neutralize the [H*] produced by PCr resynthesis.v
However, as the pH, drops lower and lower, the bufferiﬁg of the muscle becomes Iess
and Iess[effective. Since the pH, has, by this _boint, alread.y debilitatéd the state of the
muscle and r,eduéing the buffering capacity Qf the muscle, the 60 mM H* that wquld
be potentially buffered is a gross overestimate of the actual buffering capacti‘ty‘ of the
muscle, thus not all, but some of the protons produced by PCr resynthesis are not

buffered and contribute to the further decrease of pH; 'during PCr fecovery.

Influence of Temperature on pH, and PCr

Temperature affécts_'pHi during hypoxia, triggering a more rapid decrease in PCr
-(#ig'ure 7) and pH; (Figuré 1A1). Hubley and co-workers (1997) report that ih
goldfishlthere isn'a six-fold increése in the V,,,, of CK at 25°C compared with those
acclimated and tesfed at 5°C. Thus, one would expect to find that warmer fish deplete
and rebuild PCr faster than cooler fish.{ This seems to be the case only in the
depletion of PCr. During ‘hypoxia PCr levels and pH; decrease with time, dropping
.more ra.pi’dlyr in carp at 25°C thah those at 155(5. This reduction in .pHi and PCr
during hypoxia between 15°C and 25°C acclimated carp is the -extent of the -inﬂuence
of temperature in this investigation. As the pH; continues to fall, as a result of PCr
rebui4|ding, followi.ng. both exercisé and hypoxia, neither the recovery of PCr levels,
the time required tb rebuild PCr, nor the changes in p'Hi were affeé:ted by
tempefature. The iﬁfluence of tefnperature on tHese' reactions effectively becomes
mésked. The Q,, values are 0.77 and 1.10 between 15°C and 25°C in exercised and
post-hypoxic groups, respectively, further elucidating that during the recovery

- periods of PCr and pH; tempefature is ineffectual. Hypoxic fish can recover at a
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more rapid rate because their pH; is higher than that of exercised fish (Figure 13),
never falling far below the pH optimum for thé CK reaction. The drastic decreases in

pH; evident in both temperature and treatment groups plays the primary role in

. dictating the reaction rates in exercised-or post-hypoxic muscle.

Anocther likely, but secondary, contributing factor is to change the morphology of_thé
carp musculature. -White muscle of cold-acclimated cyprinids has a larger
population of mitochondria compared with those fish accustomed to warm water
(Johnston 1982). An elevated mitochondrial count means there ar.e‘ more metabolic
eniymes 'present in the muscle. Furthermdre, ATP is maintained at a higher level in
cold acclimated fish (thnston 1982'), aéting to drive the CK reaction in the |
direction of PCr resynthesis. This héightened vconcentratio.n may act tb compensate
for a lessened activity due to the cooler temperature (Johnston and Maitlénd 19810).
FUﬁhermore, the more tightly packed the mitochondria are in the muscle cells, the
less distance metabolites have to diffuse through the cytqsol from one compartmént to
the next. The reduction in diffusion distance may compensate for‘ Iowe.f‘di.ffusions

coefficients in cold versus warm acclimated fish (Eggington and Sidell 1989). As

15°C and 25°C carp rebuild PCr at the same rate, the sum of these factors must play

at least a limited role in compensating for a low body temperature.

PCr Rebuilding Across Class Lines

. The present data exhibit a reasonable similarity to other teleost species at

comparable temperatures with respect to PCr replénishment times (Table 3). The
15°C and 25°C acclimated carp subjected to hypoxia needed less time to rebuild PCr
stores than other hypoxia-tolerant.épecies,. goldfish and tilapia. In exercised

rainbow trout, a species considered more aerobic than carp, even less time is
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required for white muscle PCr levels to reach resting values. A substanial disparity
is evident in the rates of PCr replenishment when teleosts are compared with
mémmals. Fish, as a class, need far more time to rebuild PCr following depletion
than do mammals. Generally, mammals rebuild PCr levels following anaerobic
activity in the order of minutes (Table 3), while in most cases teleosts require well
over an hour,- if not many hours to rebuild PCr stores. Poténtial reasons for this

tremendous dissimilarity of recovery rates are explained below.

Fish muscle, in terms of fiber types, is very homogenous, e.g., the white muscle
region of fish is about 98% fast-twitch muscle, possessing very little mixing of
fiber types (Randall and Daxboek 1982). This is not the case in mammals, where
there is a great deal of heterogeneity of fiber types within a given muscle (Saltin
1988? Simoneau and Bouchard 1989). In mixed mammalian muscle, there can be a
two- to five-fold increase in the amount of perfusion between fast- and slow-twitch
fibers within a heterogenous muscle (Armstrong et al. 19é9). Mejsnar and co-
workers (1992) showed that by increasing the perfusion rate of a muscle, PCr
concentration increases by 39%. With a' greater capillary-muscle interface more
metabolites (lactate, protons) could be moved away from the muscle. This diffusion
of protons would allow for a quicker return of pH; to resting values, and as pH,; rises
closer to "normal”, PCr will be rebuilt more quickly. This seems to be what is seen
in in the mammalian system. Lactate can be transported from fast glycolytic to slow
oxidativé m‘uscle fibers via the blood stream (Hochachka 1985). Although in fish,
the lack of sufficient capillarization means that lactate and H* cannot be moved
rapidly from white to red muscle in fish. This low amount of perfusion is a likely
reason why metabolites produced in fish white muscle remains within white muscle,
specifically, lactate and protons produced by anaerobic glycolysis are metabolized in

situ (Milligan and Wood 1986, Moyes et al. 1992, Schulte et al. 1992, Milligan and



Girard 1992) and are not transported out of the cell. Moreover, lactate is actually
sequestered by white muscle from the plasma in teleosts (Milligan and Girard |
1992), presumably to provide a carbohydrate source for rebuilding muscle
glycogen, the main source of muscular anaerobic energy in teleosts (Milligén and
Wood 1986). At {his final destination, lactate is oxidized, yielding ATP rather than
spending it, as in anaerobic gluconeogenesis. The greater amount of available ATP

during the recovery period, the quicker PCr should be replenished.

What seems to be the key factor in determining how quickly PCr can be reétored in
muscle is the amount of blood flow the muscle receives. Carp (Johnston 1982), and
other teleosts (Mosse 1978) have a very low amount of capillarization in white
muscle compared wifh red muscle. Crucian carp fast glycolytic muscle at 37°C has
0.87 capillaries supplying each fast-glycolytic fiber (calculated from Johnston
82). Since white muscle is poorly vascularized it does not rely on blood flow to
deliver reaction substrates on derﬁand, e.g. white muscle supports ATP turnover by
glycolysis and endogénous glycogen (Krause and Wegener 1996). However, in
humans, where the blood flow depends not only on the vascularization of the muscle,
but also on the anatomy (fast- versus slow-twitch fibers) of the muscle .(Fujita et
al. 1977), the number of capillary contacts per fast glycolytic fiber ranges from
2.59 to 5.11 depending on gender and training (Plyley 1990). There are
contradiicting opinions as to whether perfusion of white muscle in fish ié increaéed
or decreased with exercise. Exhaustive exercise produces vast increa-ses in
perfusion of trout white muscle (Wardle 1978, Neumann et al. 1983), while during
sustained swimming there'is a ten-fold decrease in the perfusion of trout white
muécle (Randall and Daxboeck 1982), whereas cod show no increase at all (Axelsson

and Nilsson 1986). An increased perfusion would increase the amount of blood, and
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thus oxygen, entering the tissue allowing oxidative metabolism to progréss, thus

(

permitting PCr levels to be replenished more efficiently.

Teleosts have 4.5- to 15-fold (flounder and trout, respectively) higher CK activity
than humans (Newsholrﬁe et al. 1978, Simoneau and Bouchard 1989). Based on the
shuttle hypothesis, having CK is nqt enough, therelneeds to be a source of ATP,
without sacrificing the substrate for ATPases, for the synthesis of PCr by CK |
(Wallimann et al. 1992). Since this ATP directed toward PCr resynthesis comes
from either glycolysis or oxidation, the amount and activity of metabolic (glycoly'tic_:
and oxidative) enzymes in mamfnalian and‘ﬁsh musc_le should contribute to the
rebuilding of PCr. In general, across class lines (in the phylogenetic sense of the
word), egcolytlc enzymes are higher in white/fast-twitch muscle flbers than in
red/slow-twitch fibers and regarding oxidative enzymes, the reverse is true
(Hamoir et al. 1972, Johnston 1977, Johnston and Moon 1980, 1981, Bylund- -
Felblenius 1984, Tesch et al. 1987, Moyés et al. 1989). Comparisons of. specific
activities of representative glycolytic (HK, PFK; and LDH) and oxidative enzymes
(CS and CO) show that concentrations of "aerobiq" enzym.és in mammals are 5- to
20-times that of fish (Jc;hnéton and Moon 1981, Bylund-Fellenius ‘et él.l1984,

Tesch et al. 1987, Moyes et al. 1989), whereas the "anaerobic" enzymes are no

more than twice that in mammals compared with fish. (Avelar 1978).

It appears that the close linkage of perfusion énd oxidative  phosphorylation seems to
be the answer ‘to why so much time is necessary for PCr to be rebuilt in white
muscle. Perfusion delivers oxygen to the tissue and oxidative phosphorylatlon
requires oxygen as a-substrate. Less perfusion means less oxygen delivery and,
subsequently, less oxidative phosphorylatlon At identical perfusion rates, PCr-

depleted ex0|sed mammahan slow tWItch muscle had a 6-times faster rate of PCr
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rebuilding than a primarily faét twitch muscle, requiring ohly 10 miﬁutes for a full
recovefy (Meyer et al. 1991).. In this same investigatio}ﬁ, pH; also refurns to
resting values much quicker in slow-twitch muscle‘ fibers relative to fast-twitch .
fibers, in- fact, by the time thé trials ended, fast-tw_itch muscle pH; étill had not
ret.urned' to baseliﬂné values. Since in this case (Meyer et al, 1991) \the rate ‘and
volume of perfuéioﬁ Was the same, perfusion alone cannot account for rafe
differences of PCr rebuilding between muscle groups. Based on these, and other data
. (Blej et al. 1993), oxidgtive phosphorylation is an ir'nportant‘influence on h;‘w

quickly a muscle can rebuild its depleted PCr store. ‘

'Red Musclé pH;

Through the 1980s, with the iﬁcreased popularity of NM‘RS‘ as a tool for studying
muscle metabOIiém, tlwo theqrie§ were su.ggeste‘d atjempting to ex{:lain why the?e'
seems to be‘ multiplé P, peaks in exercised muscle. ‘InitiaI<Iy, it was propsed that the
double peak was dependent on the activity of the muscle, the mon;e acidicright-mos‘t
peak representing tAhe iactive fiber and the less acidic peak representi.ng the inactive,
"resting” muscle .(Ta‘ylo'r et al. 1983). Park et al. (198;/') presented an alternative
hypothesis; 'i.e., that the splitting of the P; peaks is dué to the NMR spéctrometer |
defecting a signal from twb different types of muscle, specifically, slow and fas;t-
‘_twitchr, .which was soon supported by other investigations (Mizund et al. 1990). An
extensive Iiteratﬁre search haé uncovéred only one study where multiple P, peaks
‘were seen ih fish (van Waarde etyal. 1990), and in this case three P, peaks were
actually seen. Since the NMR coil wéé placed over the'gills, these péaks were-
suggested to represent‘ the P, in plasma, muscle, and gill epithelium coin'ciding‘ w}ith

p/Hi values of 7.78, 7.27, and 6.98, ’respectively. In the present investigation the

NMR coil was placed over the midline of the carp. The intention of this was to try to




decipher the P, peaks of the three different muscle .groups in fish, i.e., white,. pihk,
and red muscle. AItHough complete success was nbt achieved, there were definitely
two distinct peaks seen in recovery (Figure 17). Based on literature values of r.ed
and white muscle of other freshwater teleosts (Dobson et al. 1987, Par_khouse et al.
1988, van den Thillart et al. 1989,4van Ginnekén et a/._1995, Schulté et al. 1992),
it seems very likely that the second P, peak seen in this déta does in fact represent
the concentration of P, in red muscle of these carp as tHe chemical shifts of the peaks
coincide with the reported pH; of the red muscle. This investigation appears to be the

first to report the detection of fish red muscle pH, using NMRS.

Conclusions

Carp, and fish in general, require a prolonged recovéry to fully rebuild PCr
following .anaerobic activity induced by exhaustive exercise or,'hypoxié. The
timecourse of PCr replenishment in the4'prese'nt data showla strong cdrreiatibn
petwe.en treatments and the recovery of PCr levels over time (equations 8-11,
r?>0.892), thus p»roviding a model for PCr recovery in carp following- e'xeréise and
hypoxia. Although recovery from hypoxia is far more rapid ‘fhan that following
exercise, about one hour is still required until .PCr reached levels sfmilar‘ to those at
rest. Ih terms of rebuildihg PCr, fish White muscle just cannot compete with
mammalian muscle. Although divisions between muscle fiber typés are cléarly
present, mammélian muséle is more highly peffulsed than fish white muscle,
promoting the efficient removal df metabolic by-products, most importantly protons
and lactate from glycolysis. These protons are responsible for the huge decreases in’
carp white muscle pH; induced by exercise or 'hypoxia. Intracellular pH continued to

drop as PCr recovery progressed, mostly as a result of continued glycolysis,

providing the fuel for PCr resynthesis. The décline_in pHi was so severe, nearly 1 pH




unit, that the influence of temperature on the reaction rates was effectively and
completely masked. It was only in the first part of the hypoxia period, when pH, was

still close to normal, that the effect of temperature was 'noticed.

This slow rate of PCr recovery and low post-stress pH; have serious rarhif.ications on
the survival strategy of the fish. Following a rigorous bout 01; exeréise, whether it is
an example of predator“ avoidance or capturing p‘re-y, a fish must “rebover” s0 as to.
be successful in the next chase. Low PCr, high P; and an acidic. pH, have been all been
previously shown to reduce maximalloutput of muscle, effectively hindering burst
swimming. These data suggest that a fish may only have one éttempt at escape or
capture before a long rest is needed to replenish PCr and allowing pH, to return to
n0|:mal. If intense 'activity persists PCr and pH, rﬁay reach a level, as in this study,
that requires a lengthy recovery period, which is not compatible with 'surVivaI when

‘there is a predatory fish nipping at your tail.
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