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Squid (Lolliguncula brevis) were exercised at increasing
swimming speeds to allow us to analyze the correlated
changes in intracellular metabolic, acid-base, and energy
status of the mantle musculature. Beyond a critical swim-
ming velocity of 1.5 mantle lengths/s, an intracellular acido-
sis developed that was caused by an initial base loss from the
cells, the onset of respiratory acidification, and, predomi-
nantly, octopine formation. The acidosis was correlated with
decreasing levels of phospho-L-arginine and, thus, supported
ATP buffering at the expense of the phosphagen. Monohydro-
genphosphate, the actual substrate of glycogen phosphory-
lase, accumulated, enabling glycogen degradation, despite
progressive acidosis. In addition to octopine, succinate, and
a-glycerophosphate accumulation, the onset of acidosis char-
acterizes the critical velocity and indicates the transition to a
non-steady-state time-limited situation. Accordingly, swim-
ming above the critical velocity caused cellular energy levels
(in vivo Gibbs free energy change of ATP hydrolysis) to fall. A
minimal value was reached at about —45 kJ/mol. Model
calculations demonstrate that changes in free Mg?* levels
only minimally affect ATP free energy, but mimumum levels
are relevant in maintaining functional concentrations of
Mg?*-complexed adenylates. Model calculations also reveal
that phosphagen breakdown enabled L. brevis to reach swim-
ming speeds about three times higher than the critical
velocity. Comparison of two offshore squid species (Loligo
pealei and Illex illecebrosus) with the estuarine squid L.brevis
indicates that the latter uses a strategy to delay the exploita-
tion of high-energy phosphates and protect energy levels at
higher than the minimum levels (—42 kJ/mol) characterizing
fatigue in the other species. A more economical use of
anaerobic resources and an early reduction in performance
may enable L. brevis to tolerate more extreme environmental
conditions in shallow estuarine waters and even hypoxic
environments and to prevent a fatal depletion of energy
stores.
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AS A SPECIES ADAPTED to waters of variable salinity, the
brief squid Lolliguncula brevis is able to enter shallow
waters of inshore and estuarine environments. It has
also been reported to enter hypoxic bottom waters
formed when low-salinity water masses lie on top of
high-salinity water layers, preventing convective gas
exchange between the bottom layer and the air (37). As
a coastal and inshore species, L. brevis will usually not
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swim long distances. It is characterized by a smaller
body size, a feature possibly also related to its life in
shallow waters, than the larger squid living farther
offshore and on the shelf (e.g., Loligo pealei and Illex
illecebrosus). The fins are well developed, but less
than in other loliginids, e.g., L. pealei or Loligo forbesi
(11, 39).

In comparison to most other squid species, the brief
squid appears rather tolerant of fluctuations in environ-
mental parameters. Nonetheless, it has to cope with
the evolutionary constraints of all cephalopods, i.e., jet
propulsion as an energetically inefficient mode of loco-
motion, a low oxygen capacity of the blood, and an
extracellular blood pigment, hemocyanin. In a study of
basic metabolic changes during increased swimming
speeds, we demonstrated that a critical swimming
speed exists that is determined by oxygen availability
to the mantle tissue (11). Insufficient oxygen supply to
mantle mitochondria elicits the onset of anaerobic
energy production in the cytosol and the mitochondria.
This finding is quite opposite to the situation in many
other vertebrate and invertebrate species, where en-
ergy requirements in excess of aerobic energy produc-
tion are covered by anaerobic metabolism in the cyto-
sol, with mitochondria remaining aerobic. Mitochondrial
hypoxia causes the critical speed of L. brevis to be
relatively low compared with that of pelagic fish of
similar size. This finding is attributed to the life of
these squid in shallow coastal and bay waters, limiting
the necessity to maintain high swimming speeds. Al-
though net use of anaerobic resources is observed, the
mode of metabolism maintained during fast swimming
is also described by an oscillation between periods of
high-anaerobic and low-aerobic muscular activity, ex-
tending the time period during which anaerobic re-
sources can be exploited (11).

Previously, we reported the activity levels and the
associated rate and mode of metabolism in freely
swimming unrestrained L. brevis at different swim-
ming speeds (11). The present study was designed 1) to
extend our insight into the progressive development of
non-steady-state changes in metabolism and energy
status above the critical swimming velocity, 2) to
quantify which biochemical mechanisms are used to
coordinate the net use of different anaerobic resources,
and 3) to identify the mechanisms that extend the
period of anaerobic exercise. Finally, we propose a
quantitative model of phosphagen utilization that also
considers the coordination between the developing aci-
dosis and the exploitation of high-energy phosphates.
These processes are crucial in maintaining the energy
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content of the ATP system until a limiting level may be
reached.

MATERIALS AND METHODS

Animals. Common brief squid (L. brevis, Blainville, 1823,
6.6-34.2 g) were caught in April and May 1993 in the
Galveston Ship Channel and Galveston Harbor by the fisher-
men of the Marine Biomedical Institute of the University of
Texas (Galveston, TX) and kept in recirculating aquaria with
natural seawater under conditions similar to those in the
natural habitat (24—26%. salinity, 20—22°C). The squid were
allowed to adjust to the aquarium for =24 h. The animals
were fed small fish and mysid shrimp, but not during the last
24 h before experimentation.

Experimental procedure. For the collection of control
samples, each individual squid was placed into a darkened
aquarium containing 4 liters of continuously aerated seawa-
ter (25 % 1%o salinity, 20 =+ 1°C). After 60—100 min of recovery
from handling, ethanol (120 ml) was added to the aquarium
through tubing placed close to the aeration stone to ensure
rapid and full mixing with the seawater. The final maximum
concentration of the anesthetic was 3 ml/100 ml. Anesthesia
was complete after 2—4 min, as indicated by the cessation of
ventilatory activity.

Squid were exercised in a Brett-type respirometer (4), as
described by Finke et al. (11). The respirometer contained
17.76 liters of normoxic seawater at 20 = 1°C, with a
removable animal chamber (10.2-cm tube diameter) placed in
a bath of fresh aerated seawater of the same temperature.
The animals were exercised in the open respirometer, such
that the water remained fully saturated with air at all times.
After 30 min of acclimatization at a water velocity of 3.0 cm/s,
a stepwise increase in water velocity by 3.0 cm/s every 6 min
led to various final swimming speeds. At the highest veloci-
ties, chosen to be slightly submaximum but still fatiguing, the
onset of fatigue became obvious when the squid repeatedly
touched the downstream grid of the swimming chamber with
the tip of their arms or finally ceased swimming, indicating
exhaustion. For a comparison of non-steady-state metabolic
changes at different swimming speeds, the length of this
period of maximum exercise was adopted as a basis for
subsequent experiments, and further animals were exercised
at lower water velocities for a total period of 39 = 1 min
(including the time required for the stepwise increase in
water velocity). Swimming speeds were normalized in mantle
lengths per second.

At the end of the exercise period, the animal chamber was
separated from the rest of the system, and the experimental
animals were rapidly transferred to seawater of the same
temperature containing 1.5 or 3.0 ml/100 ml ethanol. Ani-
mals responding to this procedure by vigorous jets were
removed from the analyses. Anesthesia was complete after
20 s—2 min, depending on the level of exercise.

Muscle samples were obtained using a parallel arrange-
ment of scalpel blades (81). The tissue samples were freeze-
clamped immediately, weighed briefly, wrapped in aluminum
foil, and stored under liquid nitrogen until analyzed. Addition-
ally, the residues of each specimen were weighed to determine
the body weight of the whole animal, and the mantle length
was measured.

Analyses. All analyses were carried out at the Alfred
Wegener Institute. With the use of tissue samples stored
under liquid nitrogen, intracellular pH (pH;) and tissue
concentration of CO, were evaluated by the homogenate
technique (29). Briefly, tissue samples were ground under
liquid nitrogen with use of a porcelain mortar and pestle.
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Care was taken during this procedure to minimize contamina-
tion of the muscle powder with condensing CO,. In a closed
Eppendorf tube, the powder was mixed with ice-cold medium
(pH ~7) containing potassium fluoride (160 mmol/1) and the
disodium salt of nitrilotriacetic acid (2.2 mmol/]l; Sigma
Chemical, St. Louis, MO). After brief centrifugation (5-15 s),
pH and total CO; were measured (29). By use of the measured
pH; values and the appropriate values of apparent dissocia-
tion constant of carbonic acid and CO, solubility (16), intracel-
lular Pco, was calculated for the mantle by use of a modified
Henderson-Hasselbalch equation (29). For the potential er-
rors in the estimate of Pco, values (use of homogenate-
derived pH; instead of a value derived from weak acid
distribution; unequal CO; distribution between aercbic and
anaerobic mantle muscle layers), the calculated Pco, values
are considered to be close to those of the central part of squid
mantle (31).

Respiratory and nonrespiratory changes in mantle acid-
base status were analyzed with a pH-bicarbonate diagram.
The nonbicarbonate buffer value of the tissue was estimated
according to the procedure of Pértner (26).

Samples of the tissue powder were also extracted in
perchloric acid, as described earlier (11) for enzymatic analy-
ses of several metabolites in the pH-neutralized extracts. P;
was estimated according to Pértner (26). Octopine, phospho-
L-arginine (PLA) and L-arginine (L-Arg) were determined
according to Grieshaber et al. (14). ATP was assayed accord-
ing to Bergmeyer et al. (3).

Calculations. The levels of free ADP and AMP (11) had been
calculated on the basis of the equilibrium of arginine kinase
(AK) and myokinase. Equilibrium constants for both enzymes
(10, 36) were corrected for experimental temperature and pH
dependence as related to changing proton and Mg?*' binding
of the adenylates and the proton turnover of the AK reaction
(27, 32). Briefly, an evaluation of the influence of Mg?! levels
and pH on apparent reaction equilibria requires the defini-
tion of reference reactions with a later consideration of how
the fractional concentration of ionized species (e.g., fupp )
depends on pH and Mg?* levels. For the analysis of the pH
dependence of AK, this reference reaction was

ADP?- + PLA- + H* — ATP*" + L-Arg’ (1)

The reference reaction defined for the analysis of pH depen-
dence of myokinase was

ADP?- + ADP3- — ATP* + AMP?- ()

The reference reaction for an estimate of the free energy
change of ATP hydrolysis was

ATP* + H,0 — ADP?~ + HPO?" + H* )

The respective mass action constants derived from these
reference equations are named K;, for example

K px = [ATP*"]. [L-Arg*)/[ADP?~]- [PLA™]-[H*] (€))

where [ATP*"], [L-Arg*], [ADP3-], [PLA"], and [H*] are
ATP4~, L-Arg*, ADP3-, PLA-, and H* concentration, respec-
tively. K is related to the apparent mass action constant K,
which can be evaluated from the total metabolite concentra-
tions (as measured in perchloric acid extracts). K; can be
evaluated from K,,,, for example, by use of the respective
relationship between K and K, for AK as

KappAK = [ATP]tot [L'Arg]tot/[ADP]mt [PL-A]mt [H+] (5)
= K ax - fapps-  fpra—/farpe-
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where f represents the fractional levels of ionized species in
the total concentration of a substance.
A version of K.ppax specific for a certain pH value is

K oppax(PH) = Kb ax/[H] 6)

(Total ADP in this context means total free ADP, i.e., the sum of
free ADP species effectively “seen” by the AK in vivo; see below.)

Enzyme equilibria at 20°C were calculated using the van’t
Hoff equation by adopting a standard enthalpy (AH®) value of
1.5 kJ/mol for the reference reaction of myokinase (36) and a
standard apparent (meaning at specified pH, free magne-
sium, temperature, pressure, and ionic strength) enthalpy
value (AH'®) of —11.93 kd/mol for K,p,ax at pH 7.0 and 1 mM
free Mg?* with the assumption of identical values for arginine
and creatine kinase (35). The value given by Teague and
Dobson (35) is close to that reported by Woledge (40) for
creatine kinase in phosphate buffer solution and differs from
that found in carnosine buffer, which was more widely
propagated (7, 40). The former value was used in the present
study emphasizing that a solution containing potassium
chloride and phosphate should closely mimic the cellular
conditions for buffer and enzyme reactions (cf. Ref. 26). Our
previous values (32) have been recalculated accordingly (Table
1). Fractional levels (f) of reaction partners as they varied
with fluctuating Mg?* levels and pH were calculated from the
respective dissociation equilibria with use of constants of
Mg?* and H* binding as compiled earlier (2, 23, 30; for
cellular potassium levels of 0.16 mol/l1, if available, and for
the respective ionic strength, cf. Ref. 13), for example

fpra- = [PLAV[PLAYy, = {1 + ((Mg®* VK ygpra)
+ (H* VK zpra)) ™

where K, and K, are acid and dissociation constants.

Calculations of the free energy change of ATP hydrolysis
under in vivo conditions are now possible, starting with an
evaluation of standard apparent equilibrium constant of this
reaction (K'°, concentrations of reactants are 1 mol/l for the
sum of all species of a reactant) and determining the respec-
tive K; to be able to evaluate the influence of Mg?* levels and
pH on K'° (cf. Refs. 1 and 2)

"0 = [ADPlp; [Pilio/ LATP o

)

8
= Ky farps-TH* 1 fyppa- - - ®

AG'® = —RTInK'" )

where R is the gas constant, T'is the absolute temperature (in
K), [P;]is P; concentration, and AG'®is the standard apparent
Gibbs free energy change.

The effective free energy change of ATP hydrolysis under in
vivo conditions results when the actual in vivo concentrations
of unbound (free) ATP, ADP, and P; are evaluated

dG/dg = AG™ + RT-In([ADPlgee 1o,

[Pilgree ot/ [ATP e o)

All ATP, PLA, and L-Arg measured in perchloric acid
extracts are believed to be unbound in the cell, whereas much
of the ADP is bound to ATPases. Because only the free
concentrations will be effective (cf. Ref. 38), the total (tot)
concentration of unbound (free) ADP is evaluated from the
equilibrium of AK

[ADP]fme,Lot = [ATP]fme,tot (11)
3l L'Arg1frce,tot/[PLA]ﬁee,mt * KappAK -[H7]

(10)
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The term [P;],,; needs special consideration, because perchlo-
ric acid extraction tends to overestimate the concentration of
free P;, a phenomenon typical for tissues containing a signifi-
cant amount of mitochondria. It needs to be emphasized that
(with the adequate experimental precautions) this finding is
most likely not to be caused by the hydrolysis of organic
phosphates during tissue sampling and extraction (see RE-
suLTs). Therefore, the measured phosphate values were
corrected to average control values of ~1 nmol/g wet wt in
accordance with measurements by noninvasive 3P nuclear
magnetic resonance (NMR) in the mantle of resting L. brevis
(H. O. Pértner, D. M. Webber, P. G. Lee, R. K. O’Dor, and M.
Quast, unpublished observations).

The effective Gibbs free energy change can now be calcu-
lated from the equation of AK by substituting the term
[ADPlgce 1ot in Eq. 10 with Eq. 11

dG/dE = AG™ + RT-In([L-Arglge or
“[Piliree 1ot/ [PLAlgree tor* [H 1+ K ax)

Calculations were performed assuming levels of free intra-
cellular Mg?* of 1 mmol/1 (cf. Refs. 9 and 23). A potential
change in free intracellular Mg?* levels was considered in its
influence on the levels of ATP free energy changes.

Our previous (32) and the present analysis suggest that
values of ATP free energy do not fall below a low threshold
value during fatigue. The importance of the phosphagen
system in maintaining ATP free energy at an elevated level,
thereby extending the period of anaerobic exercise, was
illustrated by determining the swimming speed that is reached
with and without transphosphorylation of PLA. To this end,
the specific effect of each individual parameter influencing
AK (pH; and contents of octopine or free ADP) was evaluated
assuming constant values for the remaining two parameters
(see Fig. 6). Briefly, PLA transphosphorylation is elicited by
an accumulation of ADP and H*. P; is released via ATP
hydrolysis. L-Arg is removed from the AK reaction by octopine
formation, thereby causing maintenance of a higher ATP-to-
ADP ratio. Participants involved in ATP buffering (according
to the reference reactions) are underlined

(12)

PLA™ + ADP3~ + H* — ATP* + L-Arg*
ATP- + H,0 — ADP3~ + HPO?™ + H*
3: PLA + H,0 — L-Arg* + HPO?"

(13)

L-Arg® + pyruvate™ — octopine

(The actual proton turnover depends on pH and Mg?* levels;
cf. Ref. 23.)

The effect of each parameter on AK equilibrium was
calculated as a shift from the unbuffered rate of ATP depletion
toward maintenance of constant ATP levels with the assump-
tion that the levels of the other participants were constant.
The unbuffered rate of anaerobic ATP utilization results from
the summed depletion of ATP and phosphagen levels as found
experimentally. An iterative calculation procedure was used
to determine at which ATP concentration the minimum value
of ATP free energy change was reached, thus illustrating
which minimum ATP concentration each parameter is able to
buffer at the expense of the phosphagen.

Up to third-order polynomial regressions were calculated
to depict the correlated changes in metabolic and acid-base
status with increasing swimming speed (Sigmaplot, Jandel
Scientific). Usually, those regressions were chosen that yielded
the highest correlation coefficient. Significance of change was
evaluated at the 5% probability level by the determination of
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correlation coefficients and an F test after an analysis of
variance (Sigmastat, Jandel Scientific). Values differing sig-
nificantly from the norm (Pearson and Hartley’s and Nali-
mov’s test) were completely eliminated from the data set.
Maximum changes were evaluated for those data found
within the 95% confidence interval (Table 1).

RESULTS

The pH; in the mantle tissue of L. brevis fell progres-
sively when the concentrations of anaerobic metabo-
lites started to rise above the critical swimming veloc-
ity of 1.5—-2 mantle lengths/s (cf. Ref. 11). Intracellular
Pco, rose moderately beyond the same swimming
speed, and bicarbonate levels fell (Fig. 1). Intracellular
Pco, rose by a factor of ~1.6. The depiction of pH and
Pco, in Fig. 2 emphasizes that the decrease in pH and
the rise in Pco, are correlated. The pH-bicarbonate
diagram can be used to estimate the origin of the
observed acidosis. The nonbicarbonate buffer value of
the mantle tissue was determined as 23.7 = 5.1 (SD)
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Fig. 1. Changes in intracellular acid-base parameters of mantle
musculature in squid Lolliguncula brevis after swimming at different
velocities. Solid lines were determined by regression analysis and
delineate significant relationships (P < 0.05); dashed lines represent
95% confidence interval. pHj, intracellular pH (- = 0.77, 3rd-order
regression), Pi.,, intracellular Pco, (r = 0.45, 2nd-order regres-
sion); [HCOj];, intracellular apparent bicarbonate concentration
([HCOg]; = Cgo, — a+Pcoy, where Cgyg, is tissue CO; concentration
and « is the physical solubility of COg in mmol-1"1.mmHg™1; cf, Fig.
2;r = 0.51, 2nd-order regression).
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15 |-

PiCOZ (mm Hg)

CCO2 -0 PCO2 (mmol - 1 cell water)

Fig. 2. Top: changes in Pi.,, with pH; (» = 0.69, 3rd-order regression);
bottom: changes in acid-base status of squid L. brevis mantle
musculature displayed on a pH-bicarbonate diagram (r = 0.56,
2nd-order regression). A, Control values (means * SD). Bys, Nonbi-
carbonate buffer line of muscle cell water. Solid lines were deter-
mined by regression analysis and delineate significant relationships
(P < 0.05); dashed lines represent 95% confidence interval.

mmol.pH unit~!-kg~! (n = 6), with the assumption of
tissue free P; levels of 1 nmol/g wet wt in accordance
with previous 3'P-NMR investigations (Portner et al.,
unpublished observations). For use in the pH-bicarbon-
ate diagram, this value was transformed to the equiva-
lent value of 42.2 mmol-pH unit~!.1 cell water—!. The
pH-bicarbonate analysis demonstrates that respiratory
and nonrespiratory processes are responsible for the
development of a progressive and uncompensated intra-
cellular acidosis, however, with a large predominance
of nonrespiratory influences.

The contribution of anaerobic metabolism to the
development of the acidosis is illustrated by the corre-
lated changes in pH; and octopine levels. The respective
curve indicates a linear relationship in the range of
high, but not low, octopine concentrations: At low
octopine levels, pH; fell to a larger extent without a
similar rate of octopine accumulation as seen in the
range of high octopine contents (Fig. 3, see Fig. 7). The
progressive acidosis also played an important role in
phosphagen breakdown, as suggested by the clear
correlation between pH; and the level of PLA. PLA
depletion with falling pH; was accompanied by a rise in
L-Arg levels, which, however, was less than the fall in
PLA, because part of the arginine was consumed in
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octopine formation. After depletion of PLA at low pH,,
the pattern of correlation between arginine levels and
pH, reveals that continuing octopine formation progres-
sively decreased the level of L-Arg.

The progressive drop in pH; as it was associated with
increased swimming velocities above the anaerobic
threshold changes the dissociation equilibria of meta-
bolic substrates (25). Figure 4 depicts the changes in
the level of monchydrogenphosphate, the true sub-
strate of glycogen phosphorylase. At constant phos-
phate concentrations, this level would be expected to
decrease owing to the developing acidosis. However, the
concomitant accumulation of P; caused the level of
monohydrogenphosphate to rise, despite falling pH.
Monohydrogenphosphate levels reached a plateau at
an elevated concentration when pH; fell to values below
~7.15. From a quantitative point of view, the metabo-
lism of phosphate is one important process affecting the
proton turnover during exercise (cf. Ref. 23). Proton
uptake accompanies P; release from the phosphagen

20 -

Q

£

oy 10

k3]

@)
0 1
20

—
wn
T

(%]
T

L-arginine
(mol - g wet wt.’l)
>
T

- EeY [N
w = o
3 T

Phospho-L-arginine

'JT

Fig. 3. Correlation between pll; and metabolite levels in mantle
tissue of squid L. brevis as analyzed for octopine (» = 0.97, 3rd-order
regression), L-nrginine (r » (.35, 8rd-order regression), and phospho-
L-arginine (r = 0.93, 3rd-order regression). Solid lines were deter-
mined by regreasion nnnlysis and delineate significant relationships
(P < 0.05); dashed lines represent 95% confidence interval.
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Fig. 4. Free monohydrogenphosphate levels (P?7) and levels of free
total P; (Pjot, calculated from data in Ref. 11) in mantle tissue of squid
L. brevis after swimming at different velocities (fop, normalized in
mantle lengths/s; P?": r = 0.74, 8rd-order regression; Pis: 7 = 0.79,
linear regression) and compared with changes in pH; (middle, P¥™:
r = 0.74, 2nd-order regression; P;j;,: r = 0.82, 2nd-order regression).
Bottom: proton quantities (net AH*P;) bound by P; during phospha-
gen hydrolysis (balanced to some extent by proton release during net
phosphate release from MgATP; r = 0.75, 3rd-order regression,
calculations valid for free Mg?®™ = 1 mmol/1). Solid lines were
determined by regression analysis and delineate significant relation-
ships (P < 0.05); dashed lines represent 95% confidence interval.

via MgATP. Phosphate release during net depletion of
MgATP and MgADP is associated with H* release. The
change in net proton turnover by P; (net AH'P;) is
sigmoidal with an almost linear relationship over a
wide range of pH (Fig. 4, bottom). The third-order
regression indicates that proton uptake levels off at pHi
~6.8.

The effective Gibbs free energy change of ATP hydro-
lysis in the mantle tissue fell linearly with rising
swimming velocities starting at a mean value for
controls of —56.8 = 1.7 kd/mol (Fig. 5). This control
value may appear as a low estimate should PLA
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Fig. 5. Changes in effective Gibbs free energy change of ATP hydroly-
sis (dG/d€) in mantle tissue of squid L. brevis after swimming at
different velocities (top, r = 0.80, 2nd-order regression) and as
correlated with changes in pH; (middle, r = 0.83, 2nd-order regres-
sion). Bottom: correlated decrease in pH; and ATP levels (» = 0.60,
2nd-order regression, calculations valid for free Mg2?* = 1 mmol/l).
Solid lines were determined by regression analysis and delineate
significant relationships (P < 0.05); dashed lines represent 95%
confidence interval.

hydrolysis to P; and L-Arg be the source for the elevated
free P; that is typically (but not always) found during
invasive analysis in control tissue samples. In this case,
true levels would possibly approach —60 kJ/mol when
most P, is added to measured PLA levels, decreasing
L-Arg concentrations by the respective amount. How-
ever, this is most unlikely, because a ratio of phospha-
gen to phosphagen + aphosphagen levels close to 0.7
appears typical for some, including vertebrate, muscle
tissue, even when P; levels are very low. The actual
ratio will depend on pH; and the level of free ADP, both
of which may vary depending on the specific pattern of
acid-base regulation and the metabolic rate of the
tissue (21). Therefore, control values are likely to be
only slightly underestimated owing to the effects of
tissue sampling and extraction procedures, and ele-
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vated levels of P; possibly found in perchloric acid
extracts must originate from sources like mitochondria
(see MATERIALS AND METHODS).

The lowest value of the effective Gibbs free energy
change of ATP hydrolysis reached at maximum speeds
within the 95% confidence interval was found at —44.7
kdJ/mol (Table 1). Figure 5 also shows that effective ATP
free energy change levels “dropped” with falling pH
initially but remained constant in a range of low pH;
(the term “drop” refers to the decrease in driving force,
whereas the actual number rises from negative to more
positive values). The fall in pH was also correlated with
a progressive net decrease in ATP levels.

DISCUSSION

Most previous work on exercise-induced changes in
muscle metabolism and acid-base status in vivo focused
on a comparison of extremes between rest and fatigue.
Previously data were compiled from squid I. illecebro-
sus reaching fatigue with variable contributions of
anaerobic glycolysis and from animals recovering after
fatigue (28, 31, 32). The progressive intracellular
changes during the actual period of muscular work
have mostly been investigated in humans or in isolated
vertebrate or invertebrate muscle preparations by use
of 3IP-NMR (5, 8, 34). The present data now allow an
analysis of the progressive and interrelated changes in
metabolism and acid-base status in the squid L. brevis
in vivo during swimming at various submaximum and
maximum speeds.

The methodology applied in the present study allows
a delineation of transitional changes based on the
depiction of individual data. It also permits an estimate
of variability between individuals, as discussed in our
previous study (11). Interestingly, the variability appar-
ent in the metabolic responses to increasing swimming
speeds is reduced when the correlated changes in pH
and Pco,, as well as metabolite levels, are analyzed,
supporting the accuracy of our analyses for individual
squid and our previous conclusion that a rather large
variability exists in the performance levels of indi-
vidual squid in the same way as between individual
human subjects (11).

Acid-base regulation. The pattern of changes ob-
served in the intracellular acid-base status of L. brevis
is similar to the pattern seen previously in I. illecebro-
sus during fatiguing exercise and recovery. The present
data demonstrate, however, that a progressive respira-
tory and nonrespiratory acidosis starts to develop only
above the critical swimming speed (Figs. 1 and 2),
which according to our previous study (11) is defined as
the swimming velocity above which an anaerobic me-
tabolism sets in to contribute to energy production.
This finding is similar to the onset of intracellular
acidosis characterizing the anaerobic threshold in hu-
mans (20, 34). In the pH-bicarbonate diagram of Fig. 2,
the bulk of the data points is scattered in the proximity
of mean control values. The reason is that the develop-
ment of progressive acidosis is observed only above the
critical swimming speed. This is also confirmed by the
correlated changes in pH; and intracellular Pco, in Fig.
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2. Intracellular Pco, in the mantle was high, especially
when pH; had reached low values above the critical
swimming speed.

The factorial rise in intracellular Pco, at the highest
swimming velocities (by ~1.6) is similar to the factorial
rise in oxygen consumption during increased swim-
ming. This finding suggests that the rise in energy
requirements with increasing swimming speed (11)
would be the reason for increased CO, production and
elevated tissue intracellular Pco,. Overall, the factorial
rise in oxygen consumption and the degree of respira-
tory acidification are small compared with the factorial
changes in similarly active fish (22). The major impact
on cellular acid-base status therefore arises from the
progressive contribution of anaerobic metabolism.

Metabolic correlates of changes in pH,. The biochemi-
cal assays at different activity levels allow the descrip-
tion of the correlated changes in pH, and the levels of
high-energy phosphates and other metabolites in vivo.
The correlated changes in metabolic and acid-base
parameters provide insight into the importance of
acid-base parameters in metabolic regulation and vice
versa.

Similar to our previous findings in . illecebrosus (31),
the relationship between octopine levels and pH; was
close to linear after an initial drop in pH; (Fig. 3, see
Fig. 7). Such a drop had been observed in I. illecebrosus
and had been demonstrated to reflect an initial release
of base equivalents into the blood from the mantle
muscle with the onset of exercise. This base release was
interpreted to protect oxygen transport by the respira-
tory blood pigment hemocyanin from extracellular res-
piratory acidification (28). Such a feature may be of
general importance in exercising squid.

PLA levels fell almost linearly with pH until deple-
tion was close to complete. Because PLA breakdown is
mirrored by the release of P; via ATP hydrolysis (see Eq.
13), phosphate accumulation also leveled off in a low
range of pH (Fig. 4). The comparison of mean levels of
organic phosphate and P; in control and fatigued ani-
mals (Table 1 in Ref. 11) suggests that the P; does not
leave the muscle cells during fatigue.

The pH-octopine relationship can be interpreted as
the effective in vivo buffer line for glycolytic protons.
Figure 7 illustrates that it deviates from the nonbicar-
bonate buffer line and indicates a higher buffer value in
vivo than expected from the nonbicarbonate buffer
value under resting conditions. This deviation cannot
be explained by the decrease in bicarbonate levels with
progressive acidosis (Fig. 1). It will, however, reflect the
rise in phosphate concentration, which increases the
amount of nonbicarbonate buffers 1) by the concentra-
tion change itself and 2) by the rise in phosphate buffer
value as pH falls to values close to the pK' of P,
Consequently, phosphagen breakdown is the predomi-
nant buffering process, because it is linked to proton
consumption depending on the actual value of pH;. The
stoichiometric proton uptake increases as pH falls (for
more theoretical details see Ref. 23). Obviously, this
process compensates to some extent for the exponential
increase in phosphate levels with falling pH, turning

the rise in proton uptake with falling pH into a
sigmoidal process (Fig. 4). However, it needs to be
emphasized that not all the accumulating phosphate
originates from the phosphagen. Some is released
during net MgATP and MgADP degradation and is
linked to net proton release. This process has been
considered in Fig. 4 (bottom). The variability in the

results of this analysis is introduced by the additive

variability of phosphate and ATP levels between indi-
vidual squid. Overall, the proton binding by accumulat-
ing phosphate offers the basis for a quantitative expla-
nation of the discrepancy between effective and
nonbicarbonate buffer lines (see Fig. 7). In L. brevis the
discrepancy is somewhat less than in I. illecebrosus
owing to less P; accumulation in L. brevis and less P;
accumulation than expected from the analysis of phos-
phate proton binding (Fig. 4). The reason for this is
additional proton production by other metabolism (i.e.,
in succinate formation, cf. Refs. 23 and 28), which
reduces the net effect of proton binding by accumulat-
ing phosphate. The results of the respective analysis
support the assumption that the levels of PLA, ADP,
AMP, and pH are in or close to equilibrium owing to the
action of myokinase and AK.

ATP free energy change: a causal factor in fatigue?
Resting ATP free energy change was around —57
kd/mol, which is somewhat lower than —60 kJ/mol
found by Combs and Ellington (6) in isolated molluscan
muscle at rest by use of 3'P-NMR or —64 kd/mol in
isolated sipunculid muscle by use of the present meth-
odology (34). These comparisons suggest that the ob-
served differences are not caused by use of invasive vs.
noninvasive methodologies but, rather, reflect the func-
tional status or the metabolic rate of the muscle under
investigation. The lower resting values in squid are
likely to be associated with the high baseline metabolic
rate.

Apparently, the energy status of working mantle
muscle remained more or less unchanged at a low level
once pH fell to <7.0. That a fall in pH is detrimental for
the energy status would appear as an obvious conclu-
sion from the data in Fig. 5. However, it has to be
considered that the term “ATP free energy change” is
derived from various parameters, e.g., pH and concen-
trations of ATP, free ADP, P;, and free Mg?*. With the
assumption of constant levels of all these parameters,
pH by itself causes a drop in standard and in vivo ATP
free energy change values by only ~2 kJ/mol with a
minimum below pH 7.0 (27). In squid mantle, a mini-
mum is reached at similar pH values, but a much larger
change occurred that can only partly be caused by the
acidosis and, rather, follows the depletion of ATP and
the accumulation of ADP and P;. Our previous work
(32) suggested a minimum value for ATP free energy
change, indicating the onset of contractile failure or
fatigue generally and independent of pH. This conclu-
sion is supported by the observation that the respective
change in energy status was similar in fatigued I
illecebrosus and L. pealei, although pH fell by ~0.6 unit
in Illex mantle but only by <0.1 unit in Loligo. As a
corollary, the drop in ATP free energy occurred to the
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same extent in fatiguing muscle regardless of whether
pH falls at the same time (cf. Table 1).

This conclusion remains speculative as long as the
requirement of ATPases in terms of ATP free energy
remains obscure. This requirement is likely to change
depending on the turnover rate of ATPases, such that
the coupling between function and available ATP free
energy is not tight. Nonetheless, the minimum value of
around —44 kJ/mol reached during fatigue in L. brevis
is already below those calculated by Kammermeier (17,
18) as being required for the function of ATPases in rat
myocardium (—49, ~51, and —58 kd/mol for sarcolem-
mal Na*+-K+*-ATPases, Ca?*-ATPases, and sarcoplasmic
reticulum Ca?*-ATPase, respectively, and —45-50 kJ/
mol for actomyosin-ATPase). Kammermeier’s values
are those required for steady-state function of those
ATPases and not necessarily those reflecting the func-
tional limit. This means that, in a sense of an elastic
coupling of energy availability and demand, changes in
ionic distribution equilibria in accordance with a de-
creased ATP free energy may be tolerated to some
extent before cellular function is impaired. Moreover,
Combs and Ellington (6) in preliminary calculations
evaluated a steady-state energy requirement of approxi-
mately —41 kJd/mol for sarcolemmal Ca?*-ATPase in
Mytilus edulis anterior byssus retractor muscle. This
value is below that for rat myocardium, suggesting
differences between species and tissues. However, rest-
ing free energy values are similar in vertebrate and
invertebrate groups, leaving the answer to this ques-
tion open.

Previously, we discussed that the acidosis in I. illece-
brosus protects ATP from being largely degraded (32).
Down to the minimal value of ATP free energy change,
more ATP was depleted in L. pealei and more ADP and
AMP accumulated. Similar conclusions arise when the
data from L. brevis are included in this comparison
(Table 1). Quantitative analysis reveals that the fall in
pH is caused quantitatively by mechanisms that are
associated with substrate level phosphorylation (23,
24). Actually, substrate level phosphorylation requires
(net or transient) proton release from the substrate
(23). Therefore, an acidosis, although decreasing the
actual value of the free energy change of ATP hydrolysis
to some extent (see above; 6, 27), is in most cases
associated with complementary ATP production, com-
pensating for this apparent disadvantage and delaying
the progressive depletion of ATP levels and the fatal
decrease in ATP free energy change (for the additional
role of the phosphagen see below). This conclusion is
also supported by the fact that the free energy change
value remained more or less unchanged when pH was
<7.0 (Fig. 5), indicating that fatigue set in at similar
free energy values in animals with a variable contribu-
tion of anaerobic glycolysis to ATP production and
acidosis (cf. Table 1). Moreover, the ATP free energy
change values found after fatigue in the mantle muscle
of 1. illecebrosus and L. pealei are the lowest so far
reported in fatigued (mostly vertebrate) muscle tissue
(cf. Ref. 12) and may represent an example where
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fatigue is elicited by the reduction of available energy to

essential ATPases.

Importance of free Mg?* levels. Previously, Combs
and Ellington (6) described a drop in free cellular Mg?*
levels to occur with falling pH; in a marine invertebrate
muscle preparation. As also stated by these authors,
such a drop would have a large effect on the standard
free energy change, where values are 2.8 kd/mol larger
when free Mg?* levels are 0.1 instead of 2 mmol/l.
However, the importance of free Mg?* levels for the free
energy change of ATP hydrolysis in vivo is far less,
because concentration ratios change considerably be-
tween standard and in vivo conditions. In our experi-
ment the free energy change of ATP hydrolysis would
shift to minimal values only 0.04 kJ/mol below the
values depicted in Fig. 5 for exhausted animals should
free Mg?* fall from 1 to 0.1 mmol/l. Similarly, in a
resting specimen the free energy change would amount
to —56.9 kd/mol at 2 mmol Mg?*/1 (above the in vivo
concentration of free Mg?*) and fall to only —56.7
kd/mol should free Mg?* levels fall to 0.01 mmol/l, a
concentration below the in vivo levels. In conclusion,
the effective in vivo free energy change of ATP hydroly-
sis is rather insensitive to fluctuations in free Mg?*
levels in resting as well as fatigued animals. These
observations do not support a significant protective
function of a decrease in free Mg?* levels on ATP free
energy change values suggested by Combs and Elling-
ton (6). Nonetheless, the level of free Mg2* in the cell is
important for cellular function, because it determines
the concentration of MgATP or MgADP, the only species
used by kinases and ATPases (cf. Ref. 23). Should free
Mg?* levels fall from 1 to 0.1 mmol/l, this would cause a
decrease in MgATP?- and MgADP~ levels by 20 and
71%, respectively. This decrease in the concentration of
functional adenylates (under more or less constant
levels of ATP free energy) is the reason why, at some
point, a falling Mg2* concentration will become harmful
for cellular energetics.

Role of the phosphagen. Phosphagen depletion buf-
fers ATP levels. Nonetheless, it will, by an increase in
phosphate levels, cause the free energy change of ATP
hydrolysis to fall. If anaerobic glycolysis is involved,
phosphagen depletion will, however, compensate for
this apparent disadvantage by two processes: 1) by
buffering the metabolic protons released in anaerobic
glycolysis and slowing the pH decrease (23) (see Fig. 7)
and 2) by causing a rise in the concentration of monohy-
drogenphosphate, the actual substrate of glycogen phos-
phorolysis (cf. Ref. 25). Under conditions when the
phosphate concentration remains constant, a decrease
in pH would otherwise cause proton binding by P; and,
consequently, a drop in monohydrogenphosphate lev-
els. Phosphagen depletion not only compensates for
this decrease but causes an accumulation of monohydro-
genphosphate, thus supporting glycogen breakdown.
Actually, in vertebrate and some marine invertebrate
muscles, phosphate accumulation is seen as one impor-
tant factor activating glycogen breakdown (19). Our
present analysis quantifies the concentration of this
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true substrate of glycogen catabolism during progres-
sive muscular exercise.

Buffering of both ATP levels and ATP free energy
change values. Figure 6 models the buffering of ATP
levels and ATP free energy change values by the
transphosphorylation of the phosphagen PLA, inas-
much as it depends on each individual experimental
parameter, the decrease in pH;, the accumulation of
free ADP, and the removal of arginine by octopine.
Unbuffered ATP depletion calculated as being equiva-
lent to the measured depletion of the sum of ATP and
PLA levels would cause the ATP free energy change to
fall early to the observed minimum and would not allow
the animals to reach a swimming speed higher than
critical. It becomes obvious that even the observed
small changes in free ADP concentrations cause signifi-
cant ATP buffering and an increase in the maximum
swimming velocity, but the effect is less than the
transphosphorylation caused by each, the formation of
octopine, and, even more 30, the fall in pH;. This model
also illustrates that the combined and integrated action
of all mechanisms of ATP buffering finally allows the
animals to exceed the critical swimming speed (1.5
mantle lengths/s) by a factor of ~3.
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Fig. 6. Model effects of changes in pH; and in concentrations of free
ADP and octopine on buffering of ATP concentrations and of levels of
Gibbs free energy change of ATP hydrolysis by transphosphorylation
of phospho-L-arginine. Individual effect of each of measured param-
eters on arginine kinase reaction was calculated assuming that levels
of other participants remained constant. Efficiency of buffer effect
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fered rate of ATP degradation during increased swimming. Unbuf-
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shows improved buffering from left to right.
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The model emphasizes to what extent buffering of
ATP levels is linked to a buffering of ATP free energy
change values that are decreased already by the accu-
mulation of P; associated with phosphagen depletion.
Actually, this decrease can be considered advanta-
geous, because the acidosis and the accumulation of P,
have some protective effect on ATP concentrations. P;
accumulates via ATP hydrolysis (Eq. 13), leading to a
decrease in ATP free energy that is less, however, than
that seen with unbuffered ATP depletion. In conse-
quence, the minimum level of ATP free energy is
reached at higher ATP contents with the use of the
phosphagen than without (Fig. 6). Further comparative
analyses are required to establish similar relationships
in various animal groups and muscle tissues.

Strategies in shallow water environments. Although
at first sight mantle tissues of the ommastrephid squid
I illecebrosus and the loliginid squid L. brevis appear
similar in their metabolic response to swimming above
the anaerobic threshold, differences become obvious
when the relationships between octopine levels and pH;
are compared (Fig. 7). The slope of this relationship
reflects the response of the tissue to glycolytic acidifica-
tion in vivo, inasmuch as it results from intracellular
physicochemical and metabolic buffering processes and
proton-equivalent ion exchange between tissue and
blood. The latter was found to be negligible in I.
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illecebrosus (28). The comparison reveals that the slope
of the in vivo titration curve (effective buffer line) is
closer to the slope of the nonbicarbonate buffer line in
L. brevis than in I. illecebrosus. Most of this difference
between the two squid species will be explainable by
different characteristics of phosphagen turnover in
addition to a reduced amount of phosphagen available
to L. brevis. Contrary to the situation in L. brevis, free
ADP levels were less buffered in I. illecebrosus and L.
pealei and rose considerably during fatiguing exercise,
thus triggering PLA depletion to a larger extent than in
L. brevis (Table 1). The lower buffering of glycolytic
protons in L. brevis is due to this mechanism, because
less P; accumulates. Obviously, L. brevis utilizes acidifi-
cation rather than the accumulation of free ADP to
elicit phosphagen transphosphorylation and ATP buf-
fering, whereas L. pealei mostly uses ADP accumula-
tion and I. illecebrosus uses both, with the result of
more effective metabolic proton buffering and protec-
tion of ATP levels than in L. pealei.

These differences reflect a delayed depletion of the
phosphagen starting from lower concentrations and
also less decrease in the Gibbs free energy change of
ATP hydrolysis in L. brevis than in Illex and Loligo.
Obviously, the common brief squid uses an economical
strategy in the depletion of high-energy phosphates.
This parallels to some extent the situation in the
burrowing worm Sipunculus nudus, which also uses its
large phosphagen stores, PLA, during extended time
periods. It is able to prevent the level of ATP free energy
change from falling below —49 kd/mol, inasmuch as it
may be required during extended digging excursions in
the anoxic sediment (Portner, unpublished observa-
tions). A trend to reduce performance at higher levels of
ATP free energy change might also be related to the
extended period of anaerobic exercise in the brief squid
(cf. Table 1). Fatigue or the inability to maintain
maximum swimming speeds may then no longer be
related to the drop in ATP free energy change but may
mirror the reduction in muscular performance elicited
by the combined effects of low pH and elevated P; levels
on muscular performance (cf. Ref. 12). Actually, the
lower degree of proton buffering in L. brevis (Fig. 7)
means that pH falls more rapidly in this species and
may cause a decrease in performance before the energy
status reaches a critical low level. In a further step of
comparing the three squid species, less acidosis (as in
L. pealei) poses a higher threat of ATP degradation,
causing more severe and, possibly, longer-lasting symp-
toms of fatigue at low energy levels, whereas a severe
acidosis at reduced rates of phosphagen depletion (as in
L. brevis) reduces performance and may support the
more economical and long-term use of anaerobic re-
sources. Maximum anaerobic ATP and phosphagen
turnover combined with glycolytic proton production
(as in I. illecebrosus) use the advantages of acidosis
(protection of ATP levels owing to maximum exploita-
tion of the phosphagen) at maximum levels of perfor-
mance until the critical level of acidosis or energy
status may be reached.
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Table 1. Changes in free energy change of ATP
hydrolysis in mantle musculature of three
squid species during fatigue

Illex Loligo
tllecebrosus pealei Lolliguncula brevis
A pH; —-0.6 >0.1 —0.36 (max. —0.57)
A PLA, umol/g
wet wt —-31.2 —225 —16(—18.8)
A P;, umol/g wet wt +32.8 +35.9 +15.2 (+18.7)
AATP, umol/g
wet wt -2.3 -39 -~18(-25)
A ADPyy, pmol/g
wet wt +1.7 +24  +1.0(+1.3)
A ADPgee, pmol/g
wet wt +0.8 +1.4  +0.22 (+0.32)
A AMP;y, pmol/g
wet wt +0.7 +2.1 +0.55(+0.66)
A AMPryee, pmol/g
wet wt +0.3 +0.8 +0.05(+0.10)
dG/d§, kd/mol
Rest —-56.2 -55.8 —56.8
Fatigue —42.3 —41.8 —46.9(—44.7)
A +13.9 +14.0 +9.9(+12.0)

pH; intracellular pH; PLA, phospho-L-arginine; dG/d¢, effective
Gibbs free energy change of ATP hydrolysis. Data for I. illecebrosus
and L. pealei represent maximum changes (recalculated from Ref.
32). Data for L. brevis represent mean changes in animals exercised
to fatigue (cf. Ref. 11). Values in parentheses show maximum changes
when only those data within 95% confidence interval of regression
analyses were considered.

Conclusions and summary. The changes in muscular
energetics and acid-base status observed in L. brevis
compared with 1. illecebrosus and L. pealei mantle
musculature during progressive anaerobic swimming
strongly suggest that L. brevis uses an economical
strategy to exploit anaerobic resources once a critical
swimming speed is surpassed (11). In contrast to the
situation in L illecebrosus and L. pealei, changes in the
levels of free ADP during increased swimming veloci-
ties are small and may be well buffered, because they
are far less than the changes in total ADP. This enables
L. brevis to use the phosphagen for extended time
periods. With the limited accumulation of free ADP,
octopine formation and the associated decrease in pH;
become more important in supporting PLA depletion
and buffering of ATP levels and allowing the squid to
exceed the critical swimming speed both in terms of
velocity and the time period during which higher
speeds are maintained. The levels of accumulated P;
are about two times lower in L. brevis than in the other
species (32). This limits the disturbing effect on myosin-
ATPase (12) but, nonetheless, provides enough monohy-
drogenphosphate for glycogen phosphorylase to func-
tion. The conclusion that this species uses anaerobic
energy stores in a more economical manner is also
supported by the observations that the animals oscil-
late between low pressure jets and bursts of high
pressure jets to support elevated swimming speeds and
that the associated rise in aerobic metabolic rate caused
by this energy-sparing mode of activity is also very
moderate (11).

The decrease in the effective Gibbs free energy
change of ATP hydrolysis is also delayed in L. brevis as
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a consequence of the acidosis and the limited and
delayed accumulation of P; and free ADP. In addition,
the two offshore squids reach somewhat lower levels of
the ATP free energy change than L. breuvis, levels that
may then be crucial in mantle muscle fatigue, whereas
the acidosis at lower rates of phosphagen utilization in
L. brevis is related to a better protection of energy
levels and may even allow the brief squid to continue
performance at a lower-than-maximum level.
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