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Figure 3.5. Summary of the rates of gas exchange (MOz, 

MCOz, Ma••> following two successive bouts of 

exhaustive exercise in juvenile rainbow trout. (0) 

indicates MOz, n=16. (e) indicates MCOz, n=6. (~) 

indicates Ma •• , n=8. Means± 1 S.E.M. Significant 

differences are not indicated in order to avoid 

confusion. Refer back to Fig.3.1, 3.3, 3.4 for 

individual plots. 
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Metabolite Study 

For the metabolite portion of the study, both resting 

and 5 min post-exercise M02 levels (8.7 and 18.1 pmol/g.h 

wet wt.; Fig.3.6) agreed well with the findings of the gas 

exchange study. Return to pre-exercise MOz levels (Fig.3.6) 

required about 3 h after the first (1st) exercise bout and 

about 1-3 h after the second (2nd) exercise bout. Again, 

this was similar to that measured in the gas exchange study 

(Fig.3.1), indicating that the soft water treatment did not 

affect gas exchange. However, the time course of recovery 

after the 1st bout was slightly faster than that found in 

the previous study (Chapter 2, Fig.2.1, 2.2). 

EPOC, based on the mean curve (Fig.3.6,, was 10.8 and 

7.5 pmol/mg wet wt. for the 1st and 2nd bouts, respectively. 

While the significance of this difference cannot be assessed 

statistically, it follows the same trends as in the gas 

exchange study, where the difference was significant. The 

absolute values of EPOC were smaller than those measured in 

the gas exchange study on individual fish, especially after 

the 1st exercise bout. This may have been due to the small 

number of fish tested in the present study (n=8 compared to 

n=16 for the gas exchange study) or slightly more variable 

data. Despite this discrepancy, it is evident nevertheless, 

that M02 recovers more quickly after the 2nd bout (within 1 

h) compared to the 1st (about 3 h). In this study, the two 

controls were not significantly different. 
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Figure 3. 6. Changes in the rates of 02 consumption 

(M02) following two successive bouts of exhaustive 

exercise in juvenile rainbow trout, corresponding 

to the metabolite portion of the study. (A), 

labelled Cl and C2, indicates two control samples 

taken at the start and end of the experiment, 

respectively. (e) indicates exercised samples. 

Means (n=8) ± 1 S.E.M. Grey bars, labelled EXl and 

EX2, are the two 5 min exercise bouts, 

respectively. First sample taken is at 5 min post­

exercise. * indicates significantly different from 

Cl (p<0.05). There were no significant differences 

between corresponding sample times after the 1st 

and 2nd exercise bouts. 
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Whole-body LAC levels (Fig. 3. 7) increased from 6. 1 to 

45.1 nmol/mg dry wt. immediately after the 1st exercise 

bout. Similar to the findings of the first series of 

experiments (Chapter 2, Fig. 2. 2), LAC levels continued to 

increase to 51.4 nmol/mg dry wt. at 5 min post-exercise. 

Thereafter, levels began to drop and at 6 h were not 

significantly elevated above controls levels. After the 

second exercise bout, LAC levels increased to 45.5 nmol/mg, 

the same as after the 1st exercise bout in contrast to the 

original predictions of this study. However, LAC recovery 

appeared to be faster after the 2nd exercise bout since 

there was no continued accumulation post-exercise, and by 5 

min, levels had already dropped by 6 nmol/mg. Furthermore, 

the 9 and 12 h samples were significantly lower than the 

corresponding 3 and 6 h samples indicating a faster rate of 

recovery. 

Disappearance of LAC required about 6 h after both 

exercise bouts (Fig.3.7), whereas M02 recovery required only 

3 h and 1 h after the two bouts respectively {Fig. 3. 6). 

Thus, in contrast to the previous study (Chapter 2), the 

time courses of LAC disappearance and M02 recovery were not 

similar. 

Whole-body GLY levels (Fig. 3. 8) dropped by about 20 

nmol/mg dry wt. to 30% of rest values (from 28.5 to 8.3 nmol 

glucosyl U/mg dry wt. ) after exhaustive exercise. Resting 

levels in the first series of experiments (Chapter 2, 

Fig.2.3), on the other hand, were slightly higher (37.8 nmol 
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Figure 3.7. Changes in whole-body lactate levels 

following two successive bouts of exhaustive 

exercise in juvenile rainbow trout. (A), labelled 

Cl and C2, are non-exercised controls. ( e ) 

indicates exercised samples. Means (n=8) ± 1 

S.E.M. Grey bars indicates the two 5 min exercise 

bouts. Note the expanded time scale between the 

zero and 5 min sample points. 

significantly different (p<0.05) 

indicates significantly different 

* indicates 

from Cl. + 

(p<0.05) from 

corresponding sample time after the 1st exercise 

bout. 
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Figure 3. 8. Changes in whole-body glycogen levels 

following two successive bouts of exhaustive 

exercise in juvenile rainbow trout. (A), labelled 

Cl and C2, are non-exercised controls. ( e ) 

indicates exercised samples. Means (n=8) ± 1 

S.E.M. Other details as in Fig.3.7. There were no 

significant differences between corresponding 

sample times after the 1st and 2nd exercise bouts. 
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glucosyl U/mg dry wt.) than in this study. Furthermore, in 

contrast to the results of Chapter 2, and in contrast to 

prediction, GLY was restored to resting levels after 6 h 

recovery. Therefore, when the 2nd exercise bout was given, 

the same proportion of GLY was depleted (to about 21% 

resting levels). This explained the similar LAC burdens 

after the two exercise bouts (Fig. 3. 7). The rate of GLY 

recovery was not significantly different between the two 

bouts, despite their slightly different pattern (Fig.3.8). 

The second control GLY sample was significantly higher 

than the first control sample (Fig.3.8). However, this 

control group was run about 2 weeks after all the other 

groups. It is likely that the weight-specific GLY reserves 

of the fish had changed by that time. Since all other 

variables measured showed no difference between C1 and C2, 

it has been assumed that this point was not a true 

representation of GLY levels at the end of the experiment. 

Whole-body glucose levels increased significantly after 

both exercise bouts (from 7.8 to 12.5 nmol/mg dry wt. and 

from 8.8 to 12.4 nmol/mg dry wt., Fig.3.9), in contrast to 

the first series (Chapter 2) in which no change was observed 

as a result of exercise ( 7 .1 nmol/mg dry wt. , Fig. 2. 4). 

However, glucose returned to resting levels by 5 min post­

exercise. There was a tendency for a secondary rise in 

whole-body glucose at 3 h post-exercise, but this was 

significant only after the 2nd exercise bout (i.e. 9 h). 



Figure 3.9. 

following 
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Changes in whole-body 

two successive bouts 

glucose levels 

exercise in juvenile rainbow trout. 

of exhaustive 

(A) , labelled 

Cl and C2, are non-exercised controls. ( . ) 
indicates exercised samples. Means (n=8) ± 1 

S.E.M. Other details as in Fig.3.7. There were no 

significant differences between corresponding 

sample times after the 1st and 2nd exercise bouts. 
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ATP changes in the whole body were similar after both 

exercise bouts (Fig.3.10). ATP dropped to 25% resting levels 

(from 8.0 to 2.1 nmol/mg dry wt. and from 8.6 to 2.3 nmol/mg 

dry wt. after the 1st and 2nd exercise bouts, respectively), 

Thereafter, ATP started to recover immediately, requiring 

about 1 h to return to pre-exercise 

are similar to that of the first 

(Chapter 2; Fig.2.5). 

levels. These findings 

series of experiments 

Whole-body CP decreased to 30% resting levels after the 

1st exercise bout (from 30.7 to 8.9 nmol/mg dry wt., 

Fig.3.11) and had almost recovered in 5 min. Contrary to the 

first series (Chapter 2, Fig. 2. 7), in which only a slight 

tendency to over-shoot was observed, at 1 h, CP levels were 

significantly elevated ( 43.9 nmol/mg dry wt. ) compared to 

resting levels (Fig.3.11). By 6 h, however, CP had returned 

to pre-exercise levels. A similar pattern was observed after 

the 2nd exercise bout (levels decreased from 28. 5 to 5. 9 

nmol/mg dry wt.). Once again pre-exercise levels were 

restored by 5 min, however, the subsequent over-shoot was 

slightly greater, and at 12 h, levels were still slightly 

higher than the corresponding 6 h sample. 

Theoretical Analysis 

(A) The assumption that all GLY resynthesized came from 

LAC in the first 6 h, as proposed in the first series of 

experiments (Chapter 2), does not hold true in the present 

study. Values used in the theoretical analysis are shown in 

Table 3.2. 
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Figure 3.10. Changes in whole-body adenosine 

triphosphate (ATP) levels following two successive 

bouts of exhaustive exercise in juvenile rainbow 

trout. (A), labelled Cl and C2, are non-exercised 

controls. (e) indicates exercised samples. Means 

(n=S) ± 1 S.E.M. Other details as in Fig.3.7. 

There were no significant differences between 

corresponding sample times after the 1st and 2nd 

exercise bouts. 
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Figure 3.11. Changes in whole-body creatine phosphate 

(CP) levels following two successive bouts of 

exhaustive exercise in juvenile rainbow trout. 

( "" ) , labelled Cl and C2, are non-exercised 

controls. (e) indicates exercised samples. Means 

( n=8 ) ± 1 S. E. M. * indicates significantly 

different from Cl. + indicates significantly 

different from the corresponding sample time after 

the 1st exercise bout ( p<O. 05). Other details as 

in Fig.3.7. 
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Table 3 0 2 0 Changes in M02 and measurement of EPOC, with 
corresponding metabolite changes over the period 0-6 h after 
the 1st bout of exhaustive exercise and the period 6-12 h 
after the 2nd bout. 

resting at 6 h/ difference 
levels/ immediately * at 12 h (0-6 h)/ 
at 6 h post-exercise recovery (6-12 h) 
------- ------------- -------- ----------

M02 8.7 18.1 7.8 see EPOC 
7.8 18.5 8.1 see EPOC 

EPOC N/A N/A N/A 72.5 
N/A N/A N/A 44.0 

LAC 6.1 51.4 10.7 40.7 
10.7 45.5 5.5 40.0 

GLY 28.5 8.3 29.7 21.4 
29.7 6.3 31.4 25.1 

ATP 8.0 2.1 8.6 6.5 
8.6 2.3 8.5 6.2 

CP 30.7 8.9 28.5 19.6 
28.5 5.9 42.2 36.3 

glucose 7.8 12.5 8.8 3.7 
8.8 12.4 10.4 2.0 

* The measurement used in the calculation was 5 min post-exercise. 
In the case of LAC, this was when peak levels were reached. In the 
case of M02 , this was the first sample taken. 

M02 is in pmol/g.h wet weight. EPOC is in nmol/mg dry wt. 
GLY is in nmol glucosyl U/mg dry wt. 
All other metabolites are in nmol/mg dry wt. 



(1) After the 1st exercise bout, 21.4 nmol GLY/mg (as 

glucosyl units) were resynthesized in 6 h. 

This required 42.8 nmol LAC/mg and 139.1 nmol ATP/mg 

based on 2 LAC + 6.5 ATP --> 1 GLY. 

However, only 40.7 nmol LAC/mg were actually cleared 

during this time. 

Similarly, after the 2nd exercise bout, 

25.1 nmol glucosyl U/mg were resynthesized, 

needing 50.2 nmol LAC/mg and 163.2 nmol ATP/mg. 

Again, only 40.0 nmol LAC/mg were actually cleared 

during this time. 
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While allowing a small margin of error, if all the LAC 

cleared during this time was actually utilized to 

resynthesize GLY, other questions are raised. Primarily, the 

fuel source which is burned by the excess MOz could not be 

LAC and its identity is not known. In the first series 

(Chapter 2), only 75% of the LAC cleared could be accounted 

for by GLY resynthesis, thus leaving 25% for oxidation. 

Clearly, in the present study, this type of analysis cannot 

provide the full explanation. 

(B) Based on the "alternative" analysis first mentioned 

in Chapter 2, another possible explanation is explored. This 

was based on the opposite assumption that the entire EPOC 

was utilized to oxidize LAC. 

(1) Since total EPOC = 72.5 nmol/mg dry wt. 

72.6 Oz + 24.2 LAC --> 423.5 ATP + 72.6 COz + 72.6 H20 

based on 3 Oz + LAC --> 17.5 ATP + 3 C02 + 3 HzO 
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This accounts for about 59% of the total (40.7 nmol/mg) 

LAC burden cleared during this time. 

(2) The remainder of the LAC (41%; 16.5 nmol/mg) was 

converted into GLY. 

Thus: 8.2 GLY <-- 16.5 LAC + 53.3 ATP 

based on 1 GLY <-- 2 LAC + 6.5 ATP. 

(3) Of the total GLY resynthesized during this time 

(21.4 nmol glucosyl U/mg dry wt.), only 38% came from 

LAC and the majority (62%; 13.2 nmol/mg) came from other 

sources. 

Similar calculations were done for the 2nd exercise bout. 

(1) Total EPOC = 44.0 nmol/mg dry wt. Thus: 

44.1 Oz + 14.7 LAC --> 257.3 ATP + 44.1 COz + 44.1 HzO 

This accounts for only 37% of the total LAC burden 

cleared during this time (40.0 nmol LAC/mg in 6 h). 

(2) The remainder (63%) was converted into GLY. 

Thus: 12.7 GLY <-- 25.3 LAC + 82.2 ATP. 

(3) Of the total GLY resynthesized (25.1 nmol glucosyl U/mg 

dry wt.) during this time, 51% (12.7 nmol/mg) came from 

LAC and 49% (12.4 nmol/mg) came from other sources. 

Assuming the entire EPOC was utilized to oxidize LAC, 

the budgets of the cost of recovery, in terms of ATP 

equivalents, are shown in Table 3. 3A and 3. 3B for the 1st 

and 2nd exercise bouts, respectively. Of the total ATP 

generated via LAC oxidation (423.5 nmol/mg), only 134.7 nmol 

ATP/mg can be accounted for after the 1st exercise bout 

(Table 3. 3A). However, as most of the GLY resynthesized 
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Table 3. 3. Budget of the cost of recovery based on the 
"alternative" scenario in terms of ATP equivalents after (A) a 
bout of exhaustive exercise and (B) after a second, subsequent 
bout in juvenile rainbow trout. 

32 ATP used for increased ventilatory work 
11 ATP used for increased cardiac work 

7 ATP were restored 
14 ATP equiv. needed in ATP resynthesis 
20 creatine phosphate were restored 
53 ATP used in GLY resynthesis from LAC 

137 ATP accounted for versus: 
423 ATP produced from LAC oxidation 

~68% unaccounted for 

(B) ATE CQSI Q E SECOND BQUT Cnmol/mg) 

19 ATP used for increased ventilatory work 
6 ATP used for increased cardiac work 
6 ATP were restored 

12 ATP equiv. needed in ATP resynthesis 
36 creatine phosphate were restored 
87 ATP used in GLY resynthesis from LAC 

166 ATP accounted for versus: 
257 ATP produced from LAC oxidation 

~35% unaccounted for 

Values were taken from Table 3.2. See Theoretical Analysis for more 
detail. All values are in nmol/mg dry wt. Estimates for increased 
ventilatory work ( 5-10%) and increased cardiac work ( 0-5%) were 
based from the estimates of Farrel & Steffensen (1987). 
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during this time did not come from LAC, the exact quantity 

of ATP required is not known and thus was not taken into 

account in the budget. 

After the 2nd exercise bout, the EPOC was significantly 

reduced by 40%, therefore accounting for only a small 

portion of the LAC cleared. This not only generated less ATP 

(compared to the 1st bout) but also more of the GLY 

resynthesis was accounted for by the extra LAC. The end 

result is that only 35% of the ATP generated via LAC 

oxidation cannot be accounted for by this budget (Table 

3. 3B). 



DISCUSSION 

Effects On Gas Exchange 
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The time course of M02 recovery (Fig.3.1) after the 1st 

exercise bout was similar to that seen in Chapter 2 

(Fig.2.1). However, although M02 increased to the same 

degree after the 2nd exercise bout (Fig.3.1), recovery was 

considerably faster and EPOC significantly reduced by 40% 

(Fig. 3. 2). This suggests that most of the EPOC after the 

second exercise bout in the present study was used for the 

replenishment of GLY and phosphagen stores and LAC recovery, 

and very little was required for other processes. It appears 

that the fish devote less energy to "unnecessary" reactions, 

resulting in an ability to recover more quickly, suggesting 

that fish are better capable of handling a repeat stress. 

A number of factors known to affect EPOC in mammals, 

such as elevated catecholamine levels and substrate cycling, 

may play a role in speeding up recovery. In 400 g rainbow 

trout, plasma adrenaline and noradrenaline increased from 

1.4 to 212 x 10-9 mol/1 and from 10.2 to 85 x l0-9 mol/1 

respectively, 

al., 1986) . 

following repeated burst swimming 

The elevated circulating 

(Butler et 

levels of 

catecholamines may stimulate M02 via many different actions, 

including increases in the number and volume of red blood 

cells, regulation of erythrocyte pH and increases in cardiac 

output and ventilation (Wood & Perry, 1985; Primmett et al., 

1986). Blood 02 content may actually rise, despite increased 

demand by working tissues and decreased blood transit time 
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through gills. Plasma catecholamines were elevated even 

after 4 h recovery from burst swimming, while swimming at 

80% Ucrit (Primmett et al., 1986). Sustained swimming is not 

thought to elevate plasma catecholamine levels ( Ristori & 

Laurent, 1985; Butler et al., 1986). It is possible, 

therefore, that when the 2nd exercise bout was given, plasma 

catecholamine levels were still elevated, thus maintaining 

increased blood Oz transport capacities during the exercise 

bout itself, so that less post-exercise EPOC is required, 

thereby speeding up MOz recovery. 

An alternate possibility is that the 

familiarized to the procedure by this time 

fish have 

such that 

been 

the 

fear and stress component associated with the exercise is 

removed. Thus, the elevation of catecholamines may actually 

be less after the 2nd exercise bout than the 1st. This would 

mean that the return to resting levels of catecholamines is 

faster. There is less "non-specific" M02 and concomitantly, 

M02 recovery is also faster. 

Plasma catecholamines also regulate bicarbonate ion 

entry into fish red blood cells, the rate limiting step in 

C02 excretion (Wood & Perry, 1985). C02 excretion rates 

greatly increased after both exercise bouts (Fig.3.3), with 

recovery being considerably faster after the 2nd exercise 

bout. Since the rise in MC02 was greater than the rise in 

M02 , an increase in the respiratory gas exchange ( R. E. ) 

ratio was also observed (Table 3.1). R. E. values greater 

than 1. 0 are an indication of metabolic acidosis due to 



anaerobic metabolism, which 

bicarbonate stores, resulting 

titrates 

in very 

blood 

high COz 
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and tissue 

production 

rates after severe exercise. The resting R.E. values in this 

study (about 0.71) are slightly lower than those reported by 

Steffensen et al. ( 1987) for rainbow trout swimming slowly 

at around 1 BL/s (0.73). 

Resting Mamm measurements in the present study ( 0. 63 

pmol/g.h wet wt.; Fig.3.4) agree well with the findings of 

Brett and Zala ( 1975) in resting 29 g sockeye salmon ( 0. 5-

0. 6 pmol/g. h wet wt. ) . After burst swimming at velocities 

greater than 4 BL/s, 30-55 g rainbow trout, blood and white 

muscle ammonium levels increased significantly (Mommsen & 

Hochachka, 1988). The same response is observed in adult 

trout (Wright & Wood, 1988). Ammonium increase after 

exercise is thought to occur as a result of adenylate pool 

depletion (see General Introduction, reaction 4), as well as 

possible increased protein metabolism in the white muscle. 

The majority is retained in the white muscle; ammonium is 

required in the purine nucleotide cycle to aid the 

conversion of IMP back into AMP to restore the adenylate 

pool. However, a small amount is released into the blood and 

either metabolized in the liver or excreted at the gills. 

The relative increases in Mamm after exercise seen in the 

small fish seen in the present study were similar to those 

recorded in adult trout (Milligan & Wood, 1986; Wood, 1988). 
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Metabolite Status 

In contrast to the prediction based on the first series 

of experiments (Chapter 2), the 2nd exercise bout did not 

result in a smaller LAC burden (Fig.3.7). This is presumably 

because by 6 h, whole body GLY levels had already returned 

to control levels (29.7 nmol glucosyl U/mg dry wt., 

Fig.3.7). This complete repletion of GLY in only 6 h 

contrasts with both the whole body results of Chapter 2 (see 

Fig.2.3; only 65% repletion in 24 h), and several previous 

studies on white muscle GLY levels (Black et al., 1962; 

Milligan & Wood, 1986; Pearson et al., 1989; all less than 

40% repletion in 6 h). 

The reason(s) for this discrepancy is unknown. Relative 

to earlier studies, tissue variation (i.e. whole body GLY 

versus white muscle concentrations) or differences in the 

size of fish used (greater than 200 g; Black et al., 1962; 

Milligan & Wood, 1986; Dobson & Hochachka, 1987; 50 g, 

Pearson et al., 1989; 6 g, present study) may be important. 

However, these cannot explain the difference from the 

results of Chapter 2, where the fish weighed 2-3 g. One 

possibility is the somewhat lower starting GLY levels in the 

present fish relative to those of Chapter 2 (28.5 versus 

37.8 nmol glucosyl U/mg dry wt. ) Initial GLY reserves are 

dependant on numerous factors, such as previous exercise and 

feeding/fasting (Miller et al., 1959). It may be easier for 

fish to replete low resting GLY levels than high resting GLY 

levels. 
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Since GLY had recovered within 6 h, the second exercise 

bout resulted in a similar decrease in whole body GLY and 

increase in LAC. It is known that during strenuous exercise, 

most of the GLY depleted occurs anaerobically, resulting in 

a direct relationship with LAC accumulation (Dobson & 

Hochachka, 1987). About 39 nmol/mg dry wt. of LAC 

accumulated during the first 5 min exercise bout and 20 nmol 

glucosyl U/mg dry wt. of GLY were depleted. Thus, in this 

study, a ratio of 1:2 GLY:LAC does exist, in contrast to the 

results of Chapter 2, indicating that essentially all of the 

energy from GLY required for exercise was derived by 

anaerobic means. In contrast, after the second exercise 

bout, 23 nmol/mg dry wt. GLY generated only 35 nmol/mg dry 

wt. LAC, indicating that some of the GLY was metabolized 

aerobically. This is a more efficient means of generating 

energy. 

One possible explanation for the difference between the 

results of the present study and those of Chapter 2 with 

respect to GLY repletion may be due to glucose levels. 

Whole-body glucose levels in the present study were 

significantly elevated after exercise (Fig.3.9). It is 

possible that the fish in the present study were able to 

resynthesize some of their GLY from glucose. 

The time course and pattern of LAC changes (Fig. 3. 7) 

after the first exercise bout was similar to that seen in 

the experiments of Chapter 2 (Fig.2.2). However, the 

continued post-exercise glycolysis was not observed after 
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the second exercise bout. Indeed, LAC levels peaked 

immediately post-exercise, and by 5 min, 17% of the LAC 

burden had already been removed. Dobson & Hochachka (1987) 

have speculated that the continued post-exercise glycolysis 

(lasting 1-2 h) was required to replenish ATP stores. Since 

the post-exercise glycolysis in the present study lasted 

only 5 min, it is more likely that glycolytic intermediates, 

"stored" in the glycolysis pathway, simply continued to run 

through the pathway (Pearson et al., 1989) as already 

discussed in Chapter 2. 

LAC recovery was 

(Fig. 3. 7). This is the 

faster after the 2nd exercise bout 

first time that improved recovery 

ability has been demonstrated after a single exercise bout. 

However, faster rates of recovery for a number of glycolytic 

intermediates, as well as GLY and LAC, have been shown in 

studies involving long-term exercise training in fish 

(Hochachka, 1961; Hammond & Hickman, 1966; Lackner et al., 

1988; Pearson et al., 1989). In contrast to the findings of 

the present study, intermittently-trained chub exhibited 

post-exercise glycolysis, which was thought to be the 

driving force for the accelerated rate of recovery observed 

(Lackner et al., 1988). Since the opposite result was found 

in the present study, this cannot be the explanation for the 

accelerated rates of recovery observed. 

The faster rates of recovery, in particular the more 

rapid return of the rates of gas exchange to resting levels, 

suggest that, juvenile rainbow trout are capable of handling 
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severe repetitive exercise bouts. This is not surprising as 

similar responses in exercise performance and rate of 

recovery are observed in both sprint trained and endurance 

trained rainbow trout 

al., 1988). Recently, 

(Hammond & Hickman, 1966; 

Pearson et al.(1989) 

Lackner et 

found that 

rainbow trout, sprint trained for 30 s every other day for 9 

weeks, showed greater resistance to fatigue by swimming 

farther and faster than untrained trout. Trained trout were 

also able to tolerate 32% greater LAC accumulations and 

showed a faster rate of LAC recovery. 

Endurance training in fish resulted in significant 

hypertrophy of red muscles at speeds in excess of 1 BL/s 

(Greer Walker & Emerson, 1978). However, it is not likely 

that these structural and morphological-type changes as a 

result of training are the explanation for the changes 

occurring after only 2 successive exercise bouts as in the 

present study. A much faster mechanism must be in effect, 

such as elevated catecholamines. 

Whole-body ATP (Fig.3.10) and CP (Fig.3.11) showed very 

similar time courses of recovery after both exercise bouts, 

ATP recovering in about 1 h and CP requiring only 5 min. 

Similar rapid rates have been observed by others (Weiser et 

al., 1985; Pearson et al., 1989). In contrast to the first 

study (Chapter 2), however, CP significantly overshot 

resting levels at 1 h post-exercise. This has been shown 

before in white muscle (Milligan & Wood, 1986), although the 

reasons have not yet been determined. It is speculated that 
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the fish quickly build up a large store of CP via LAC 

oxidation, which is then utilized during the remainder of 

the recovery period to drive the conversion of LAC to GLY. 

Interpretation of the Theoretical Analysis 

(A) Primary fate of LAC is GLY resynthesis. 

The experiments of Chapter 2 demonstrated that 75% of 

the total accumulated LAC was utilized for GLY resynthesis 

while only 25% was oxidized, based on the analysis that all 

GLY restored was attributed as having come from LAC (see 

Tables 2.2A & 2.2B). In contrast, in the present study, far 

more GLY was restored during the first 6 h of recovery than 

in the previous studies, while approximately the same amount 

of LAC was removed. LAC removal was not adequate to fully 

explain all of GLY resynthesis. The discrepancy between the 

two studies is the GLY levels. Despite the fact that initial 

GLY levels were lower in this study (Fig.3.8) than in the 

previous study (Fig.2.3), more GLY was actually 

resynthesized in the first 6 h of recovery. Since LAC 

accumulation and disappearance was similar in both studies, 

clearly some of the GLY resynthesized must have come from 

sources other than LAC, but the actual contribution is not 

known. While the primary fate of LAC may still be GLY 

resynthesis, the quantitative approach used in the previous 

study (Chapter 2) cannot be used in the present study. 

Nevertheless, despite this discrepancy, the present 

study yields one important conclusion. Regardless of the 

fate of LAC (i.e. contribution to GLY resynthesis or 
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oxidation), the quantity of LAC cleared remains unchanged 

after the 2nd exercise bout (Table 3.2), whereas EPOC was 

significantly reduced (Fig.3.2). Thus, in fact, repetitive 

exercise bouts, if given sufficiently far enough apart for 

metabolic recovery, result in a similar response of 

metabolite status while gas exchange recovery is greatly 

accelerated. 

(B) Primary fate of LAC is oxidation. 

Although evidence in the literature (Milligan & Wood, 

1986; Dobson & Hochachka, 1987; Milligan & McDonald, 1988) 

points to the conclusion that the primary fate of LAC is GLY 

resynthesis in situ, the results of the present study do not 

support it entirely. As 

followed through, a 

the first analysis could not 

second alternative approach 

be 

was 

attempted. By this analysis, the entire EPOC is utilized to 

oxidize some of the accumulated LAC. After the 1st exercise 

bout, 59% of the total LAC cleared during the first 6 h was 

oxidized while only 41% was utilized for GLY resynthesis. As 

discussed in Chapter 2, this may not be totally unreasonable 

since some (10%) LAC is known to leave the white muscle 

(Turner & Wood, 1983) and white muscle itself has some 

oxidative capacity (Bilinski & Jonas, 1972). 

After the 2nd exercise bout, since the LAC burden was 

essentially unchanged and the EPOC was reduced by 40%, LAC 

oxidation could only account for 37% of the total LAC 

cleared after 6 h. Thus, the remainder of the LAC (63%), the 

majority, was resynthesized into GLY. Despite the fact that 
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this accounts for only half of the GLY restored, these 

figures are more comparable to the findings of the previous 

study (Chapter 2), based on the first analysis and the 

literature. 

Clearly, the metabolism of the accumulated LAC is not 

the sole explanation of EPOC, since the relation observed 

after the 1st exercise bout based on the analysis was not 

maintained after the 2nd exercise bout. The EPOC accounted 

for 20% less of the LAC disappearance after the 2nd bout, 

since EPOC was reduced but the LAC burden remained the same. 

Conclusions 

In summary, for most metabolites measured, the first 

exercise bout resulted in time courses very similar to that 

observed in the first study. GLY showed a faster rate of 

recovery than originally expected, recovery being complete 

within 6 h, in contrast to the findings of Chapter 2. Except 

in the case of LAC, which showed an accelerated rate of 

recovery, all other metabolites showed similar time courses 

of recovery after the 2nd exercise bout. However, a 

repetitive exercise bout resulted in considerably faster 

rates of recovery of MOz, MCOz and Ma••· More significantly, 

EPOC was reduced by 40%. The reasons for this are not yet 

known, and requires further study. 

It is hypothesized that after recovery from the first 

exercise bout, the fish are in a state of "readiness", 

possibly dependant on catecholamine levels, such that they 

are better capable of handling a repeat stress. This has 
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distinct advantages in the wild while escaping predators or 

catching prey, when the requirement for burst swimming at 

maximum effort may be frequent. This also has implications 

in sport fishing, since fish struggle to exhaustion when 

"hooked", are later released and may be recaptured. The 

present study suggests that repetitive exercise bouts may 

actually increase resistance to distress. Indeed, angling­

induced exercise in northern pike, fish well adapted for 

burst swimming, resulted in similar patterns and time 

courses in GLY depletion and LAC accumulation ( Schwalme & 

Mackay, 1985). 

Thus, a relationship between the removal of the LAC 

burden and EPOC was not established, even though the time 

course data and budget analysis of Chapter 2 originally 

suggested some correlation. Although some of the EPOC is 

indeed utilized to oxidize a portion of the accumulated LAC, 

this does not determine the magnitude of EPOC, because the 

quantity of LAC cleared post-exercise was the same after the 

repetitive bouts, whereas EPOC was significantly reduced. 
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CHAPTER 4 

THE EFFECT OF PRIOR GLYCOGEN DEPLETION ON EPOC AND 
BIOCHEMICAL CHANGES AFTER EXHAUSTIVE EXERCISE IN JUVENILE 

RAINBOW TROUT 

INTRODUCTION 

While the protocol of Chapter 3 was unsuccessful in 

creating a smaller post-exercise LAC burden, it was 

successful in separating EPOC from LAC burden, because the 

2nd EPOC was lowered while the LAC burden was unchanged. To 

confirm this conclusion, another treatment was undertaken, 

to achieve the original goals of Chapter 3 ( i.e.lower LAC 

burden). 

In humans, glycogen depletion was found to 

significantly alter metabolism both prior to and following 

moderate to heavy exercise (Segal & Brooks, 1979). Glycogen 
• 

depletion, via changes in diet and prior exercise, did not 

affect resting M02, but lowered blood LAC and glucose 

levels, and presumably initial muscle GLY levels, though 

this was not measured. After both heavy and moderate 

exercise, M02 was similar for normal glycogen (NG) and 

glycogen depleted (GD) subjects, whereas blood LAC was 

greater in the NG state. Segal and Brooks (1978) concluded 

that work load, rather than blood LAC levels, was the major 

determining factor of EPOC, results inconsistent with the 02 

debt hypothesis of Hill & Lupton (1923). 

In fish, these conditions have not yet been tested to 

determine if indeed the accumulated LAC regulates post-
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exercise M02. It is known, however, that the state of GLY 

reserves profoundly affects resistance to fatigue and 

exercise performance (Miller et al., 1959). Fish with lower 

due to diet manipulations, showed poor GLY reserves 

resistance to fatigue and slower recovery after both 

prolonged and burst swimming. 

The purpose of this study, therefore, was to manipulate 

initial GLY stores and concomitantly alter the accumulation 

of LAC after exercise. The ensuing effects on the pattern of 

post-exercise M02 and more specifically, on EPOC, were 

examined. The goal was to again experimentally dissociate 

EPOC and LAC disappearance during recovery from exhaustive 

exercise, and thereby provide further evidence that the Oz 

debt hypothesis of Hill & Lupton (1923) is not the 

appropriate explanation for the relationship(s) between EPOC 

and LAC recovery. 
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METHODS & MATERIALS 

Preliminary Experiment 

It is known that some fish tend to defend carbohydrate 

stores during starvation at the expense of either lipid or 

protein (see Moon & Johnston, 1980). Thus preliminary 

testing using fish (weight ~ 6 g) left over from the 

experiments of Chapter 2, were performed to determine the 

experimental protocol which would deplete a significant 

amount of whole-body GLY. It was found that 5 days 

starvation reduced GLY levels by 52% (from 56.3 to 27.2 nmol 

glucosyl U/mg dry wt., n=8), 9 days starvation only caused a 

further decrease by 1% (to 26. 5 nmol glucosyl U/mg, n=8), 

and 3 days of continuous swimming at 2 BL/s without food 

dropped GLY stores by 37% (to 35.6 nmol glucosyl U/mg dry 

wt., n=8). It was concluded that 5 days starvation would 

sufficiently reduce GLY stores for the purpose of this study 

and thus alter the LAC accumulation after a burst of 

exhaustive exercise. 

Animals 

Juvenile rainbow trout were obtained from Rainbow 

Springs Trout Farm in Thamesford, Ontario and held in large 

400 1 circular tanks, with fresh inflowing dechlorinated 

Hamilton tap water. Note that these fish were from a 

different stock of fish than either of those used in 

Chapters 2 and 3. The fish weighed approximately 6 g. 

Temperature of the water was 15 ± l°C. Fish were fed 1.5 Gr. 

trout pellets (Martin Feed Mills, Don Mills, Ontario) every 



106 

day to satiety. Fish used for the GLY depleted group (GO) 

were removed from the holding tank 5 days before the 

experiment and held in square wash tubs, under similar 

conditions, but were not fed. This duration of starvation 

was determined to be sufficient to drop GLY levels by about 

50%, based on the findings of the preliminary study. Both 

groups (NG and GD) were weighed 1 day prior to experiments 

and then were acclimated overnight (10-12 h) 

respirometers, as was done in the previous studies. 

Experimental Protocol 

M02 Study 

to the 

In this study, only M02 was measured both before and 

after a 5 min bout of exhaustive exercise in the same fish 

for each group ( n=8). A mean of 3 measurements was taken 

prior to exercise. The first post-exercise sample was taken 

at 5 min, then at 0.5 h, 1, 1.5, 2, 3, 4, 6, 8 and 12 h. 

Control fish were treated in the same manner but were not 

exercised. 

The previous studies demonstrated that M02 measurements 

were less variable in these types of studies since 

individual fish were followed for the duration of the 

experiment, in contrast to the use of single terminal 

samples for the metabolite study. Therefore, although M02 

was also measured in the metabolite portion of the study, 

calculations in the budget were based on EPOC measurements 

from the "MOz alone" study. EPOC was measured on an 

individual fish basis (0-6 h) relative to pre-exercise 
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Resting M02 levels in NG fish were about 7 pmol/g.h wet 

wt., which increased 2.5-fold after the 5 min exercise bout, 

and required about 4 h for a complete return to resting 

levels. The increase in M02 in NG fish and the time course 

of recovery (Fig.4.1A) is consistent with the results of the 

previous studies {Fig.2.1, Fig.3.1). 

GD fish had similar resting and immediately post-

exercise 

recovery 

Mean M02 

levels of M02 {Fig.4.1B). 

after exercise, however, was 

at a few sample times 

The time course of 

slightly different. 

(1 and 1.5 h) was 

significantly lower than the corresponding measurements in 

NG fish, giving the appearance of a faster rate of recovery. 

However, when the area under the curve was measured on an 

individual fish basis, there was no significant difference 

in EPOC between the two groups (Fig. 4. 2). There were no 

significant changes in M02 in non-exercised controls for 

either group over the entire experimental period. 

Metabolite Study 

MOz changed as in the MOz study, however, the slight 

differences noted between the NG and GD groups were not 

observed (Fig.4.3). Except for a small but significant 

difference at the 5 min post-exercise sample, the two M02 

curves (in NG and GD samples) were very similar, increasing 

2-3 fold after exercise and requiring 3-6 h for a return to 

resting levels. EPOC was only slightly greater than the EPOC 
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Figure 4.1. Changes in the rates of Oz consumption 

(MOz) after exhaustive exercise in (A) normal 

glycogen (NG) and (B) glycogen depleted (GD) 

juvenile rainbow trout. ( A ) indicates non­

exercised control fish. (e) indicates exercised 

samples. Means (n=8) ± 1 S.E.M. Exercise bouts of 

5 min are indicated at arrows. Pre-exercise values 

are means of 3 measurements per fish. The first 

post-exercise sample is taken 

indicates significantly different 

at 5 min. * 
(p<0.05) from 

pre~exercise values. + indicates significantly 

different ( p<O. 05) from corresponding NG sample 

point. 
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Figure 4.2. The excess post-exercise 02 consumption 

(EPOC) after exhaustive exercise in individual NG 

and GD juvenile rainbow trout, as calculated from 

the data in Fig.4.1. Mean (n=8) ± 1 S.E.M. There 

was no significant difference between EPOC of NG 

and GD fish. 
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Figure 4. 3. Changes in the rates of 02 consumption 

(MOz) after exhaustive exercise in NG and GD 

juvenile rainbow trout, corresponding to the 

metabolite portion of the study. Two control 

samples were taken, labelled Cl and C2. (&,.6.) 

indicates NG and GD non-exercised controls, 

respectively. (e,O) indicates NG and GD exercised 

samples, respectively. Means (n=8)± 1 S.E.M. Grey 

bar indicates exercise bout of 5 min. The first 

post-exercise sample is taken 

indicates significantly different 

at 5 min. * 
(p<0.05) from 

respective Cl for each treatment group. + 

indicates significantly different (p<0.05) from 

corresponding NG sample point. 
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measured from the M02 study (NG- 16.7 ~mol/g wet wt.; GD-

17.0 ~mol/g wet wt. ). 

Resting GLY levels in NG fish ( 81.4 nmol/mg dry wt., 

Fig.4.4) were twice as high as those found in the previous 

chapters (Fig.2.3, Fig.3.8), which may be attributed to 

stock differences. Resting GLY levels in GD fish were about 

half that of NG fish (39.8 nmol/mg dry wt., Fig.4.4). 

Although this indicated that the experimental protocol ( 5 

days starvation) was successful in reducing GLY reserves, 

these levels are more comparable to the resting GLY levels 

of the previous studies. 

Exercise caused a severe reduction in GLY levels in 

both groups. GLY in NG fish dropped to 40% resting levels, a 

decrease of 49.1 nmol/mg dry weight. GLY in GD fish dropped 

by only 34.7 nmol/mg dry wt.; however, on a relative basis 

this was a much more severe depletion, to 13% resting 

levels. Peak restoration of GLY stores in both groups 

occurred at 6 h. At this time, GLY levels were not 

significantly different from pre-exercise values (Cl), 

though somewhat depressed on an absolute basis. By 12 h, GLY 

in GD fish was once again significantly lower than Cl. The 

second control sample (C2), taken at the end of the 

experimental period, also showed a decline in GLY levels in 

GD fish but not in NG fish. 

GLY depletion significantly affected LAC metabolism. 

Resting LAC levels were lower in GD fish, both at the start 

( Cl) and at the end { C2) of the experiment (Fig. 4. 5). LAC 
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Figure 4.4. Changes in whole-body glycogen levels 

after exhaustive exercise in NG and GD juvenile 

rainbow trout. Two control samples were taken, 

labelled Cl and C2. (A,A) indicates NG and GD non­

exercised controls, respectively. (e,O) indicates 

NG and GD exercised samples, respectively. Means 

(n=8) ± 1 S.E.M. Grey bar indicates exercise bout 

of 5 min. The first post-exercise sample is taken 

at 5 min. * indicates significantly different 

(p<0.05) from Cl. + indicates significantly 

different (p<O. 05) from corresponding NG sample 

point. 
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Figure 4.5. Changes in whole-body lactate levels after 

exhaustive exercise in NG and GD juvenile rainbow 

trout. Two control samples were taken, labelled Cl 

and C2. <•,A> indicates NG and GD non-exercised 

controls, respectively. (e,O) indicates NG and GD 

exercised samples, respectively. Means (n=8) ± 1 

S.E.M. Other details as in Fig.4.4. 
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increased by 42.8 nmol/mg dry wt. in NG fish but only by 

26.7 nmol/mg dry wt. in GD fish in the first 6 h. After the 

cessation of exercise, LAC levels continued to rise in GD 

fish, and peaked 1 h later. This was not observed in NG 

fish, in which LAC started to decline after the 5 min 

sample. Recovery time was similar between both groups (6-8 

h). These patterns are similar to those of the previous 

studies (Fig.2.2, Fig.3.7). 

Clearly, the experimental protocol (GLY depletion) 

affected the total accumulated LAC after exercise. i.e. NG 

fish had a much larger LAC burden than GD fish. However, GLY 

depletion in no way affected MOz, thus resulting in 

identical EPOC between NG and GD groups. Furthermore, in the 

present study, M02 required less than 4 h to return to pre­

exercise levels, whereas LAC required 6-8 h to return to 

resting levels. 

Resting whole-body glucose levels were not 

significantly altered by GLY depletion at the start of the 

experiment (Cl; 4.9 nmol/mg in NG fish and 4.0 nmol/mg in GD 

fish), but were reduced at the end of the period ( C2; 

Fig.4.6). These values are slightly lower than those of the 

previous studies (Chapters 2 and 3). Glucose levels in GD 

fish did not vary after exercise similar to the results of 

Chapter 2 (Fig. 2. 4). However, glucose was elevated after 

exercise in NG fish, and continued to increase, reaching 

peak levels between 3-6 h. This was more similar to the 
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Figure 4.6. Changes in whole-body glucose levels after 

exhaustive exercise in NG and GD juvenile rainbow 

trout. Two control samples were taken, labelled Cl 

and C2. (A,~) indicates NG and GD non-exercised 

controls, respectively. (e,O) indicates NG and GD 

exercised samples, respectively. Means (n=8) ± 1 

S.E.M. Other details as in Fig.4.4. 
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results of Chapter 3, in which glucose levels were more 

variable, increasing slightly post-exercise (Fig.3.8). 

Whole-body ATP levels (Fig.4.7) were only slightly 

affected by GLY depletion, both groups showing similar 

levels and time courses of recovery. Resting ATP levels 

averaged around 8.5 nmol/mg dry wt., were significantly 

depleted at 5 min and 1 h after exercise, but had returned 

to levels not significantly different from pre-exercise 

values by 3 h. This was similar to the findings of the 

previous studies (Fig.2.5, Fig.3.10). 

Resting whole-body CP levels (Cl and C2; Fig.4.8) were 

not significantly different between groups, averaging almost 

30 nmol/mg dry wt., similar to the findings of Chapter 3 

(Fig.3.11), but slightly lower than the results of Chapter 2 

(Fig.2.7). CP levels (Fig.4.8) were only slightly affected 

by GLY depletion after exercise. At 5 min, NG fish still 

showed depressed CP levels (62% resting levels), whereas GD 

fish did not (92% resting levels). Note that in contrast to 

the two previous studies, samples were not taken immediately 

at the end of the exercise. It is known that CP levels are 

near depleted immediately after exercise (Fig.2.7, 

Fig.3.11). CP levels in both groups continue to rise at 1 h, 

overshooting resting levels, although to a greater extent in 

GD fish. Thereafter, CP returns to resting levels in both NG 

and GD fish. 
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Figure 4.8. Changes in whole-body creatine phosphate 

(CP) levels after exhaustive exercise in NG and GD 

juvenile rainbow trout. Two control samples were 

taken, labelled Cl and C2. (A,~) indicates NG and 

GD non-exercised controls, respectively. ( e , 0 ) 

indicates NG and GD exercised samples, 

respectively. Means (n=8) ± 1 S.E.M. Other details 

as in Fig.4.4. 
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Theoretical Analysis 

If the exercise was entirely anaerobic, LAC 

accumulation would have been approximately twice the GLY 

utilized (in glucosyl units), as in the study of Chapter 3. 

This was not the case, as indicated by the low LAC 

accumulations relative to the amount of GLY depleted. 

NG fish: used 49 nmol GLY/mg generating 43 nmol LAC/mg 

(1 GLY:0.88 LAC). (See Table 4.1). 

GD fish: used 35 nmol GLY/mg generating 27 nmol LAC/mg 

(1 GLY:0.77 LAC). 

This may have been due to considerable recovery of LAC 

in the first 5 min after exercise, or more likely to a 

significant portion of energy for the exercise being derived 

via aerobic metabolism. In the previous studies, similar LAC 

accumulations were experienced (Fig.2.2, Fig.3.7), but much 

smaller amounts of GLY were depleted with exercise, possibly 

due to lower resting GLY levels. While this situation is 

different from the situation in Chapter 3 after the 1st 

exercise bout where 1 GLY: 2 LAC ratio was found, it is 

similar to the findings of Chapter 2 ( 1 GLY: 1 LAC). The 

reasons for this inconsistency are unclear. 

(A) Once again, the analysis utilized in Chapter 2, 

based on the assumption that all the GLY resynthesized 

during the first 6 h of recovery came from LAC, does not 

hold true in the present study. 

(1) In NG fish, 39.2 nmol glucosyl U/mg dry wt. of GLY were 

resynthesized, requiring 78.4 nmol LAC/mg dry wt. and 254.8 
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Table 4.1. Changes in M02 and measurement of EPOC, with 

M02 

EPOC 

LAC 

GLY 

ATP 

CP 

corresponding metabolite changes over the period 0-6 h after a 
burst of exhaustive exercise in normal GLY (NG) and GLY 
depleted (GD) juvenile rainbow trout. 

resting at 5 min * at 6 h difference 
levels post-exercise recovery (0-6 h) 
------- ------------- -------- ----------

NG 8.7 18.1 7.8 see EPOC 
GD 7.8 18.5 8.1 see EPOC 

NG N/A N/A N/A 71.0 
GD N/A N/A N/A 67.5 

NG 6.5 49.3 9.6 39.7 
GD 4.9 31.6 6.2 27.7 

NG 81.4 32.2 71.4 39.2 
GD 39.8 5.2 32.9 27.7 

NG 8.7 2.0 7.0 5.0 
GD 8.6 2.3 6.0 3.7 

NG 26.5 6.4 ( 5 . 5 ) 32.3 15.9 (26.8) 
GD 28.5 27.3 (6.1) 33.8 6.5 (27.7) 

glucose NG 4.9 5.9 10.5 4.6 
GD 4.0 3.0 4.5 1.5 

* The first sample taken in the present study was 5 min post­
exercise. Thus, an estimate of CP immediately after exercise was 
made, based on comparable values from series 2 (CP at rest = 28.5 
nmol/mg dry wt. and CP at 0 h = 5.9 nmol/mg dry wt.). 

M02 is in fmol/g.h wet weight. EPOC is in nmol/mg dry wt. 
GLY is in nmol glucosyl U/mg dry wt. 
All other metabolites are in nmol/mg dry wt. 
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nmol ATP/mg dry weight. However, only 39.7 nmol LAC/mg were 

actually cleared during this time. Similarly, in GD fish, 

27.7 nmol glucosyl U/mg dry wt. were resynthesized, 

requiring 55.4 nmol LAC/mg and 180.1 nmol ATP/mg. However, 

again only 27.7 nmol LAC/mg were actually cleared during 

this time. 

Clearly, the precursor for GLY resynthesis cannot be 

entirely LAC and other sources must exist. Once again (as in 

Chapter 3), a budget of the cost of recovery in terms of 02 

equivalents cannot be prepared, since the contribution of 

LAC oxidation to EPOC is not known. 

(B) This analysis assumes that the entire EPOC is 

utilized to oxidize part of the accumulated LAC. Values used 

in this analysis were taken from Table 4.1. 

(1) In NG fish, total EPOC = 71.0 nmol/mg dry wt. 

71.1 02 + 23.7 LAC --> 414.7 ATP + 71.1 C02 + 71.1 H20 

based on 3 02 + LAC --> 17.5 ATP + 3 C02 + 3 H20. 

This accounts for 60% of the total LAC burden 

(39.7 nmol/mg dry wt.) cleared during this time. 

(2) The remainder of the LAC (40%; 16.0 nmol/mg dry wt.) was 

converted into GLY. 

Thus, 8.0 GLY <-- 16.0 LAC + 52.0 ATP 

based on 1 GLY <-- 2 LAC + 6.5 ATP 

(3) Of the total GLY resynthesized (39.2 nmol glucosyl U/mg 

dry wt.), only 20% came from LAC and the majority came 

from other precursors. 

Similar calculations were done for GD fish. 
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(1) Total EPOC = 67.5 nmol/mg dry wt. Thus: 

67.5 02 + 22.5 LAC --> 393.7 ATP + 67.5 C02 + 67.5 HzO. 

This accounts for 81% of the total LAC cleared during 

this time (27.7 nmol LAC/mg dry wt. ). 

(2) The remainder (19%) was converted into GLY. 

Thus, 2.6 GLY <-- 5.2 LAC+ 16.9 ATP 

(3) Of the total GLY resynthesized (27.7 nmol glucosyl U/mg 

dry wt.) during this time only 9% came from LAC and the 

majority (91%) came from other unknown sources. 

The cost of the excess work done by the branchial and 

cardiac pumps was converted into metabolic (ATP) equivalents 

and tabulated into the budget of the cost of recovery, shown 

in Tables 4.2A and 4.2B for NG and GD fish, respectively. As 

a 0 h sample was not taken, and CP is known to recover 

considerably in 5 min, an estimated value was factored into 

the budget for CP levels at 0 h, based on similar resting 

values. 

Of the total ATP generated via LAC oxidation in NG fish 

( 414. 7 nmol/mg dry wt.), only 33% can be accounted for by 

this analysis (Table 4.2A). However, as only 20% of the GLY 

resynthesized was attributed as having come from LAC, a 

large portion of the excess ATP would be utilized to 

resynthesize GLY from other sources. Similarly, in GD fish, 

only 22% of the ATP generated via LAC oxidation ( 393.7 

nrnol/rng dry wt. ) can be accounted for by this analysis 

(Table 4.2B). Once again, a large portion of the excess ATP 
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Table 4.2. Budget of the cost of recovery from exhaustive exercise 
based on the "alternative" scenario B (that the entire EPOC 
was devoted to oxidizing LAC) in terms of ATP equivalents 
after a bout of exhaustive exercise in the whole body of (A) 
normal glycogen (NG) and (B) glycogen depleted (GD) juvenile 
rainbow trout. 

31 ATP used for increased ventilatory work 
11 ATP used for increased cardiac work 

5 ATP were restored 
10 ATP equiv. needed in ATP resynthesis 
27 creatine phosphate were restored 
52 ATP used in GLY resynthesis from LAC 

136 ATP accounted for versus: 
415 ATP produced from LAC oxidation 

~67% unaccounted for 

(B) ATP CQST QF RECQYERY IN GD RAINBQW TROUT (nmol/mg) 

30 ATP used for_ increased ventilatory work 
10 ATP used for increased cardiac work 

4 ATP were restored 
7 ATP equiv. needed in ATP resynthesis 

28 creatine phosphate were restored 
9 ATP used in GLY resynthesis from LAC 

88 ATP accounted for versus: 
394 ATP produced from LAC oxidation 

~78% unaccounted for 

Values were taken from Table 4.1. See Theoretical Analysis for more 
detail. All values are in nmol/mg dry wt. Estimates for increased 
ventilatory work ( 5-10%) and increased cardiac work ( 0-5%) were 
based from the estimates of Farrel & Steffensen (1987). 
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would be needed for the resynthesis of GLY from sources 

other than LAC. 



DISCUSSION 

MOz Study 
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The experimental manipulation (i.e. GLY depletion) did 

not affect resting MOz between the two groups, NG and GD, 

although slight differences in MOz were observed between 

groups at certain post-exercise sample times (1 and 1.5 h; 

Fig.4.1A and Fig.4.1B). Return to resting levels was fairly 

similar (about 2-3 h), and thus there was no significant 

difference between EPOC of NG and GD fish (Fig.4.2). These 

EPOCs were similar to that of Chapter 3 (after the 1st 

exercise bout only), but slightly greater than that of 

Chapter 2. In general, similar patterns are seen in NG and 

GD human subjects, though recovery time is less than 20 min 

(Segal & Brooks, 1979). There is no previous comparable 

information in fish. 

Metabolite Study 

The results show that the period of starvation (5 days) 

successfully manipulated initial GLY reserves. GD fish 

showed a 50% reduction in resting GLY stores (Fig. 4. 4), a 

difference which was roughly maintained at all sample times 

after exhaustive exercise. A similar GLY depletion has been 

shown before in plaice, Pleuronectes platessa, in which 

white muscle GLY decreased rapidly in the first 2 weeks of 

starvation (Johnston & Goldspink, 1973). The authors suggest 

that plaice preferentially utilize energy reserves from 

white muscle during starvation as it constitutes the largest 
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source of energy, while red muscle, needed for propulsion at 

all swimming speeds, is spared. 

The decrease in GLY due to exercise in the present 

study was greater in NG fish than GD fish (49 vs 35 nmol/mg 

dry wt. ) even though this only amounted to a reduction to 

40% resting levels (Fig.4.3). In humans, prior GLY depletion 

has been associated with a decrease in glycolysis, 

suggesting that initial GLY reserves dictate the maximum 

power output that can be achieved during short-term exercise 

(Heigenhauser et al., 1983). Reports in rainbow trout also 

confirm this finding (Miller et al., 1959). Trout, with 

lower initial GLY reserves fatigued more quickly than trout 

with higher GLY reserves, and mobilized less GLY after a 

severe exercise bout. 

A relatively rapid rate of GLY recovery was observed in 

both groups (about 6 h), though the repletion did not appear 

to be 100%. The possible reasons have already been discussed 

in some detail in Chapter 3. Whole-body glucose levels 

(Fig. 4. 6) rose significantly after exercise in NG fish but 

not GD fish. It is possible that this glucose was utilized 

to resynthesize some of the GLY. 

After 6 h recovery, GD fish continued to lose GLY, and 

by 12 h, levels were significantly reduced compared to the 

start of the experiment ( C1). The decline observed in C2 

indicates that the conditions of the experiment (i.e. 12 h 

acclimation to respirometers plus 12 h "recovery") were 

probably responsible for this further reduction and not the 
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exercise bout per se. It is apparent that the experimental 

conditions adversely affected only the fish in the GD state, 

with already low initial GLY levels, as the decrease at C2 

was not observed in NG fish (Fig.4.4). This trend was 

similar to that found in the fish of Chapter 2, where 

initial GLY levels (37-40 nmol glucosyl U/mg dry wt.) were 

the same and where C2 also decreased over time. 

GLY depletion was also shown to affect LAC metabolism. 

Whole-body LAC levels were only slightly, but significantly, 

higher in NG than in GD fish under resting conditions 

(Fig.4.5), both at the start and end of the experiment (Cl 

and C2). This may be due to reduced rates of glycolysis as a 

result of low GLY reserves, even under aerobic conditions. 

Similar findings in blood LAC have been observed in humans 

with reduced GLY stores from manipulations of diet and 

previous exercise (Segal & Brooks, 1979), 

The increase in LAC after exercise (Fig.4.5) was also 

less in GD fish, again indicating reduced rates of 

glycolysis, as has been found in other studies (Miller et 

al., 1959). However, the proportions (GLY:LAC) were far from 

indicating complete anaerobic metabolism in either group, as 

expected from this type of exercise (Dobson & Hochachka, 

1987). Part of this discrepancy may be due to the fact that 

samples were not taken immediately post-exercise. By 5 min, 

small but significant changes may have occurred in LAC 

and/or GLY levels. Though this is different from the 

findings of Chapter 3, in which almost perfect 1 GLY: 2 LAC 
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stoichiometry was observed (i.e. anaerobic metabolism), this 

situation is similar to that of Chapter 2, with an almost 

1:1 ratio for GLY disappearance and LAC accumulation. 

Recovery of the high energy phosphates, ATP (Fig.4.7) 

and CP (Fig. 4. 8), occur extremely rapidly in both humans 

(Harris et al., 1969) and fish (Weiser et al., 1985). Based 

on the findings of Chapters 2 and 3, both ATP and especially 

CP, had recovered by significant amounts in 5 min. In the 

present study, CP levels were not significantly different 

from rest at 5 min in GD fish and were only 62% resting 

levels in NG fish, suggesting that indeed a significant 

amount of recovery had occurred by this time. 

Interpretation of the Theoretical Analysis 

(A) Primary fate of LAC is GLY resynthesis. 

The results of the present study are similar to those 

of Chapter 3, in as much as more GLY was restored during the 

first 6 h of recovery after exhaustive exercise than could 

be accounted by LAC disappearance. Although the literature 

available in fish (Milligan & Wood, 1986; Dobson & 

Hochachka, 1987) suggest that the primary fate of LAC is GLY 

resynthesis, the proportion of LAC utilized is not known. 

Thus, one cannot quantitatively assess the results with this 

scenario. Qualitatively, however, an important conclusion 

can be drawn from this study. The experimental manipulation 

(i.e. GLY depletion) resulted in smaller LAC accumulations 

after exhaustive exercise. Thus, the quantity of LAC cleared 

post-exercise was also smaller. roughly by 30% in GD fish 
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(see Table 4.1). However, EPOC was not significantly 

different between groups (Fig.4.2). Thus, LAC disappearance 

after exercise in no way determines the magnitude of EPOC. 

(B) Primary fate of LAC is oxidation. 

By this analysis, 60% of the total accumulated LAC was 

oxidized by EPOC in NG fish, while 40% was converted into 

GLY. This is similar to the findings of Chapter 3 after the 

1st exercise bout only. However, this relation does not hold 

true in GD fish, since the LAC burden was reduced. In GD 

fish, 81% of the LAC burden could be accounted for by the 

EPOC. Thus, once again, the relation between EPOC and LAC 

disappearance is not consistent, suggesting that they are 

not directly correlated. 

The experimental protocol (GLY depletion) was 

successful in altering the LAC accumulation after exhaustive 

exercise (Fig.4.5). However, GLY depletion did not alter MOz 

(Fig.4.1 and 4.3), thus resulting in the same EPOC between 

NG and GD groups (Fig. 4. 2). Furthermore, MOz recovery was 

faster (less than 4 h) in both GLY states than LAC recovery 

(6-8 h). This indicates that the similar time courses of MOz 

and LAC recovery observed in the first study (about 6 h, 

Chapter 2) were only coincidental. 

Once again, no direct quantitative correlation can be 

drawn between LAC accumulation (and the quantity cleared 

during recovery) and EPOC. In the present study, GLY 

depletion significantly reduced the total LAC cleared during 

the first 6 h of recovery from a bout of exhaustive 
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exercise, while EPOC remained unchanged. In the previous 

study (Chapter 3), repetitive bouts of exhaustive exercise 

significantly reduced EPOC by 40% after the second bout, 

while the quantity of LAC cleared remained unchanged. Both 

studies clearly show that the LAC accumulated during 

exercise does not determine the magnitude of EPOC, despite 

the fact that some portion may be utilized to oxidize LAC 

post-exercise. 

Conclusions 

The effect of 5 days starvation resulted in similar 

metabolic disturbances as has been found previously in both 

fish and mammals. Resting and post-exercise whole-body GLY 

levels were considerably reduced by 50% at all sample times 

measured. Anaerobic glycolysis associated with exhaustive 

exercise was also reduced in GD fish, as shown by smaller 

decreases in GLY and increases in LAC. EPOC was not affected 

by this treatment, as the pattern and time courses were 

similar between groups. These findings are not consistent 

with the classical 02 debt hypothesis but corroborate 

studies in mammals. Exercise is a far more complex process 

than originally proposed by Hill & Lupton (1923). 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

INTRODUCTION 
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The classical 02 debt hypothesis stipulates that a 

muscle can incur an "02 debt" during strenuous exercise 

(Hill & Lupton, 1923). The 02 "missed" during exercise 

results in an accumulation of LAC in the muscle, which acts 

as "security", such that during recovery, the excess post­

exercise 02 consumption (EPOC) is primarily utilized to 

oxidize back the LAC. In the amphibian muscle studied, only 

20% of the LAC which disappeared was oxidized, the remainder 

being converted back into GLY. Hill & Lupton (1923) 

maintained that the EPOC was used almost entirely to remove 

LAC oxidatively. 

Mammalian studies have recently concluded that the EPOC 

is dependant on work intensity and duration, rather than LAC 

accumulation (Gaesser & Brooks, 1984). However, 

complications arise in mammals due to the elevation in body 

temperature after exercise and the very fast rate of 

recovery, which makes quantitative analysis difficult. 

Rainbow trout, being poikilotherms, assume the temperature 

of the aqueous environment. Thus, rates of reaction are much 

slower. Furthermore, 

temperature after 

they do not exhibit 

exercise, nor do 

energetically costly mechanisms to 

increases in body 

they implement 

regulate body 

temperature. This greatly simplifies the situation, with the 
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advantage that these processes can be studied in greater 

detail. This thesis, therefore, examined the relationship 

between LAC accumulation and EPOC in rainbow trout, since 

the Oz debt hypothesis had not yet been rigorously tested in 

poikilotherms where it was originally proposed. 
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SUMMARY OF RESULTS 

In these studies, severe exercise resulted in an 

increase in LAC levels by 6-8-fold, GLY levels were near 

depleted (usually less than 20% resting levels), ATP 

decreased to about 25% resting levels and CP decreased to 

30% resting levels. MOz at 5 min post-exercise was elevated 

about 2-3 times resting levels and required about 4 h for 

recovery. 

Of the total Oz consumed during recovery from exercise, 

only a small portion (~10%) is used for increased work of 

the branchial and cardiac pumps (Farrel & Steffensen, 1987) 

and replenishing blood and tissue Oz stores ( Stainsby & 

Barclay, 1970). Based on the first analysis (scenario A) of 

the results of Chapter 2, a substantial portion (around 40%) 

contributed to oxidation of around 25% of the total 

accumulated LAC. This oxidation generated considerable 

amounts of ATP, which were utilized to replenish ATP and CP 

stores, as well as drive the conversion of the remaining LAC 

(75%) back into GLY. Almost all of the ATP generated could 

be accounted for. 

The remaining portion of EPOC (about 50%) could not be 

accounted for by any of the above reasons; it was speculated 

that elevated catecholamine levels, increased rates of 

substrate cycling and the elevated costs of post-exercise 

ion regulation may play a role. These factors are known to 

contribute to EPOC in mammals, but the magnitude of their 

effects in fish has not yet been determined. 
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The alternative analysis (scenario B), based the entire 

EPOC on LAC oxidation, which accounted for 64% of the total 

LAC cleared during 6 h. The remainder was presumably 

converted into GLY, however, this accounted for only 48% of 

the total GLY resynthesized during this time. While other 

precursors of GLY are possible, it is generally considered 

that LAC is the primary source of GLY resynthesis after 

burst exercise in situ (Milligan & Wood, 1986; Dobson & 

Hochachka, 1987; Milligan & McDonald, 1988). This analysis 

also resulted in a very large portion of ATP unaccounted 

for, although presumably some would be required to 

resynthesize GLY from these other sources. It appears that 

scenario A, based on these findings, is the appropriate 

explanation. 

A second bout of exhaustive exercise, 6 h after the 

first (Chapter 3), was found to significantly affect EPOC, 

causing a reduction by 40%. Rates of recovery of MOz, MCOz 

and Mamm were accelerated. Metabolite status, however, was 

not affected by the successive exercise bout, in that the 

magnitudes of response (LAC accumulation, GLY depletion, ATP 

and CP changes) and the time courses of correction were 

similar after both bouts. The successive exercise bout, 

however, did result in a slightly faster rate of recovery of 

LAC, although the quantity accumulated and cleared was the 

same after both bouts. This suggested that the magnitude of 

the LAC disappearance did not regulate EPOC per se. In 

mammals, intensity and duration of exercise are the major 



136 

determining factors of EPOC (Knuttgen, 1970; Hagberg et al., 

1980). 

The theoretical analysis of the results, based on 

scenario A, could not be followed through in the data of 

Chapter 3. This was because far more GLY was resynthesized 

in the first 6 h after exercise compared to the previous 

chapter, whereas comparable LAC accumulations occurred. 

Thus, the quantity of GLY resynthesized could not be 

entirely explained as having come from LAC. Some of the GLY 

resynthesized may have come from glucose, which was 

significantly elevated after exercise. The alternative 

analysis of scenario B, although it could be followed 

through, suggested that the primary fate of LAC is oxidation 

and not GLY resynthesis. Again, this is in contrast to 

evidence in the literature in fish. Nevertheless, it 

suggests that the proportion of LAC oxidized after the 1st 

exercise bout was not the same after the second exercise 

bout. Although, this approach may not be the appropriate 

explanation, it reveals that EPOC and LAC disappearance are 

not strictly correlated. 

Starvation for 5 days lowered GLY levels both pre- and 

post-exercise, thus reducing LAC accumulation after exercise 

(Chapter 4). However, GLY depletion did not significantly 

affect EPOC. Once again, the theoretical analysis of 

scenario A could not be carried out due to much greater 

quanti ties of GLY resynthesized compared to the amount of 

LAC cleared after exercise. The analysis of scenario B 
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showed that EPOC and the quantity of LAC cleared were not 

strictly correlated, as there were large differences between 

the proportion of LAC oxidized between the NG and GD groups. 

CONCLUSIONS 

The assumptions used in the two theoretical analyses 

(scenario A and B) of necessity, represented "extremes", 

whereas some blend of the two approaches may be more 

realistic. Nevertheless, in the studies of all three 

chapters, these analyses point to one important conclusion. 

The EPOC is not directly related to the metabolism of LAC 

after exercise in the rainbow trout. The studies failed to 

show any direct 

magnitude of EPOC 

after exhaustive 

quantitative correlation 

and the quantity of LAC 

exercise (Fig.5.1). There 

between the 

disappearance 

was also no 

correlation between EPOC and the quantity of GLY 

resynthesized (Fig.5.2) nor between the portion of the LAC 

burden not oxidized and the quantity of GLY resynthesized 

(Fig.5.3). 

Thus, the classical Oz debt hypothesis (Hill & Lupton, 

1923) does not fully explain EPOC in the rainbow trout; LAC 

disappearance does not directly determine the magnitude of 

EPOC. Studies in mammals (Segal & Brooks, 1979; Gaesser & 

Brooks, 1984) demonstrated that indeed EPOC was largely 

determined by exercise intensity and duration rather than 

LAC levels. In this thesis, EPOC was affected only by 

repetitive exercise bouts whereas LAC disappearance was 

affected only by prior GLY depletion. The appearance of 
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Figure 5 .1. The relationship between EPOC and the 

total LAC burden cleared during the first 6 h of 

recovery after a bout of exhaustive exercise. Data 

taken from the results of Chapters 2 <•>, 3 (0-

1st bout; e -2nd bout) and 4 (A -NG; A -GD), shown 

tabulated in Tables 2.1, 3. 2 and 4. 1. The 

correlation coefficient (r=-0.14) indicates a lack 

of significant correlation. 
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Figure 5. 2. The relationship between EPOC and the 

total quantity of GLY resynthesized during the 

first 6 h of recovery after a bout of exhaustive 

exercise. Data taken from the results of Chapters 

2 (.), 3 (0-lst bout;e-2nd bout) and 4 (~-NG; 

A-GD), shown tabulated in Tables 2.1, 3.2 and 4.1. 

The correlation coefficient ( r=O. 21) indicates a 

lack of significant correlation. 
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Figure 5.3. 

the LAC 

The relationship between the portion of 

burden 

total quantity 

which was not oxidized and 

of GLY resynthesized during 

the 

the 

first 6 h of recovery after a bout of exhaustive 

exercise. Data taken from the results of Chapters 

2 <•>, 3 ( 0 -1st bout; e -2nd bout) and 4 (D. -NG; 

A-GD), shown tabulated in Tables 2.1, 3.2 and 4.1. 

The correlation coefficient ( r=O .14) indicates a 

lack of significant correlation. 
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similar time courses and patterns of recovery between EPOC 

and LAC disappearance may only be coincidental, as part of 

the EPOC is utilized to oxidize a portion of the accumulated 

LAC. There is a clear need for more detailed biochemical 

studies on the pathways, relative rates, and regulatory 

mechanisms for LAC metabolism and GLY resynthesis in fish. 
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