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Epinephrine or adrenaline is almost exclusively secreted from the adrenal medulla during exercise. In exercising adrenodemedullated rats plasma epinephrine was undetectable (Sonne et al. 1985, Scheurink et al. 1989) and in adrenalectomized but mineralo- and glucocorticoid replaced human subjects the plasma levels of epinephrine during exercise were less than 10% of what was found in healthy control subjects at the same relative work intensity (% [image: image1.wmf]02max)(Barwich et al. 1981, Hoelzer et al. 1986). 

The adrenal medulla is stimulated via sympathetic nerves (Elliott 1913) running through the celiac ganglion, and during exercise in humans it can be demonstrated that injection of local anesthesia around the celiac ganglion can reduce the exercise induced rise in arterial plasma epinephrine concentrations by up to 90% (Kjær et al. 1993). Furthermore, in tetraplegic subjects who due to spinal cord injury have impaired sympathetic nerve activity, no rise in plasma epinephrine is found during electrically induced bicycling of a high intensity (Kjær et al. submitted). The stimulation of the adrenal medulla during exercise mainly results in a release of epinephrine from chromaffin cells, that results in well described peripheral metabolic and circulatory effects. However also norepinephrine, DOPA and various neuropeptide such as, substance P, enkephalins, neuropeptide Y, vasoactive intestinal polypeptide, neurotensin and calcitonin gene-related peptide are released from the adrenal medulla during physical activity. For the majority of these substances however, a precise physiological role during exercise has not been described, and the present review will therefore focus on epinephrine in relation to physical training.

The Effect Of Training On Epinephrine Secretion During Exercise

Arterial plasma concentrations of epinephrine rises markedly during exercise especially at high exercise intensities, the rise being less pronounced in endurance trained athletes (high maximal oxygen uptake) as compared to sedentary subjects at the same absolute work load (Fig 1)(Kjær et al 1988a, Deuster et al. 1989). This effect of training on the plasma epinephrine response occurs already over the first 3-5 weeks of training following the increase in maximal oxygen uptake (Winder et al. 1978), and the exercise-induced rise in plasma epinephrine is closely correlated to the relative work load (% of maximal oxygen uptake) in the individual. 

To evaluate whether changes in plasma epinephrine actually reflects changes in adrenal medullary secretion rates, turnover studies are important. When epinephrine clearance (3H-epinephrine infusion) is determined in both endurance athletes and in sedentary controls, a significant inverse relationship is found between clearance and exercise intensity expressed relative to individual maximal capacity (%[image: image2.wmf]02max)(Fig 2)(Kjær et al. 1985). Although epinephrine clearance increases 15% at mild exercise and decreases 20% at heavy exercise (Fig 2), the important point is that these small changes cannot explain the five to tenfold increase in plasma epinephrine levels often seen during exercise (Kjær et al. 1985). Therefore changes in plasma epinephrine levels during exercise in man do reflect changes in adrenal medullary secretion of epinephrine. Furthermore, differences in epinephrine clearance cannot explain differences in plasma epinephrine between subjects with different training status. However, since clearance varies with the relative work load and therefore at a given work load might increase in trained (low %[image: image3.wmf]02max) but decrease in untrained subjects (high %[image: image4.wmf]02max) one may overestimate differences in epinephrine secretion between trained and untrained by only relying on plasma concentrations (Kjær et al. 1985). 

The mechanism behind the lower epinephrine response in trained compared to untrained subjects when compared at identical absolute work loads (at a given [image: image5.wmf]02) is probably a reduction in stimuli to increase the autonomic neuroendocrine activity during exercise. It has been shown that not only peripheral feed back (Sato et al. 1986), but also activity in motor centers in the brain can directly elicit autonomic neuroendocrine activity during exercise (Kjær et al. 1987). By the use of tubocurarine, skeletal muscles were weakened and the voluntary effort (and thereby the motor center activity) to perform a certain work output was increased, and this resulted in a larger epinephrine response compared to control experiments (Fig 3). When work load was reduced during curarization to achieve identical perceived exertion as compared to control (Fig 3, right part) identical epinephrine responses were found during exercise. Therefore a training status dependent change in perceived exertion in a given individual alters the stimulation of adrenomedullary secretory activity during exercise.

Training-Induced Alterations In Secretory Capacity Of The Adrenal Medulla.

The diminished epinephrine response to a given workload in athletes compared to untrained subjects may reflect that the signals influencing autonomic neuroendocrine activity are modified with physical training. However, this does not exclude adaptations in the tissue of the adrenal medulla leading to a change in the secretory capacity of the endocrine gland.

At the end of prolonged exhausting exercise, the epinephrine concentration in arterial plasma as well as estimated epinephrine secretion were higher in athletes than in sedentary subjects (Kjær et al., 1985). This difference was probably not due to differences in stimuli in the two groups causing a higher nervous drive on the adrenal medulla in the trained subjects, because at exhaustion the relative work load (%[image: image6.wmf]02max), heart rate, plasma glucose concentration and hematocrit were identical in trained and untrained subjects (Kjær et al., 1985). In another study, an exercise protocol which aimed at identical stimulation of the adrenal medulla in trained and untrained subjects was used (Kjær et al., 1986). Catecholamine concentrations in arterialized blood were measured during graded exercise including work intensities above maximal oxygen uptake. Duration and relative intensity (% [image: image7.wmf]02max) of the different stages were identical for athletes and untrained subjects and so were heart rates and norepinephrine concentrations. Nevertheless, epinephrine responses were markedly higher in the athletes than in the sedentary subjects. 

This pattern of epinephrine responses in trained vs untrained individuals was also found in studies where the adrenal medulla was specifically stimulated with various non-exercise stimuli (Yamaguchi 1992, Cheung 1990). In response to similar degrees of insulin-induced hypoglycemia (Kjær et a., 1984) as well as after stimulation with hypoxia (Kjær et al., 1988a, 1988b), hypercapnia (Kjær et al., 1988b), glucagon (Kjær et al., 1988b) or caffeine (LeBlanc et al. 1985) athletes had more pronounced increases in plasma epinephrine concentrations than untrained individuals. Although a full dose-response relationship between the various stimuli and epinephrine secretion was not obtained in these experiments, e.g. the exercise stimulus as well as the glucagon dose was close to maximal, and thereby reflected maximal epinephrine secretion capacity for those stimuli. Therefore, these findings support the hypothesis that long-term endurance trained athletes have an increased adrenal medullary secretory capacity. 

One study has however not been able to find a larger epinephrine response in trained subjects during hypoglycemia (Tremblay et al. 1990). This could be due to shorter training anamnesis in that study and due to the fact that subjects were studied early after a training bout, in a period were sensitivity to both epinephrine and insulin was markedly enlarged.  

This adaptation of the secretory capacity of the adrenal medulla probably requires a very long period of intense physical training. In short term training studies in humans, it has not been possible to demonstrate any rise in adrenal medullary secretory capacity (Svendenhag 1985), and in highly trained athletes short-term (5 weeks) periods with inactivity due to an injury did not result in any significant alteration in the epinephrine response to hypoglycemia compared to the trained state (Kjær et al. 1992).

The development of a "sports adrenal medulla" might be caused by the repeated stimulation of epinephrine secretion occurring with training. This higher secretion capacity may also be reflected by significant  higher epinephrine levels in endurance athletes(Kjær et al. 1984,1985, 1986) although some studies have only found tendencies towards this (Lehmann et al. 1984, Svedenhag 1985). In one study performing 12-16 weeks intense bicycle training Devalon et al.(1989) actually found increased basal values of epinephrine as well as for DOPA, whereas basal levels of norepinephrine was unchanged. Finally, in a recent study the 24-hour release of epinephrine, defined as the total elevation over baseline values (during everyday activity including training sessions), was also found to be greater in well trained endurance athletes compared with sedentary controls (Dela et al. 1992).

Adrenal Medullary Volume And Epinephrine Content After Physical Training
The fact that short term alterations in level of physical activity does not bring foreword any change in epinephrine secretion capacity in humans, could speak in favor of a selection phenomenon (subjects with large epinephrine secretion capacity being more inclined to perform well in endurance sports) rather than a training induced adaptation. However, in 10-weeks swim training rats (up to 6 h daily) it has been demonstrated that not only the adrenal gland (Song et al. 1973, Östman et al., 1971) but also the adrenal medulla volume as well as the adrenal content of epinephrine was larger/higher in endurance trained young animals compared to control rats who were either weight matched, sham trained or cold stressed (Fig 5)(Stallknecht et al. 1990). The training induced enlargement of the adrenal medulla was mainly a hypertrophy, and the increased epinephrine content was due to the enlargement of the gland rather than due to increased medullary epinephrine concentration (Stallknecht 1990, Schmidt et al. 1992). Therefore it is likely that in humans adrenal medulla adapts as a result of training, but that several years of training is required to bring foreword this adaptation. At present, it has not been possible to find methods (MRI etc.) that are accurate and precise enough to pick up possible anatomical differences in adrenal gland size between trained and untrained subjects (Stallknecht and Kjær, unpublished observations). 

Interestingly, the adaptations in rats were more pronounced in males compared to females, indicating gender differences (Stallknecht et al. 1990). Studies evaluating gender differences in adreno-medullary adaptation to training in humans have not been carried out. The hypertrophy of the adrenal medulla in response to training can also occur in old rats training on a treadmill for 10 weeks (Schmidt et al. 1992) indicating that endocrine tissue, as is the case for skeletal muscle,  can adapt to physical training also at an older age (Hagberg et al. 1988). It has however to be noted that the adaptation of the adrenal medulla to training was markedly lower in the old compared to the young animals (Schmidt et al. 1992). In the young animals the training may have had a more pronounced influence on adreno-medullary function. As an example, Stallknecht et al (1990) found that the epinephrine response to hypoglycemia in the swim-training rats (with adrenal medulla hypertrophy) was markedly diminished. Probably the fact that the rats were hypoglycemic not only at the end of each exercise bout, but also between training sessions, caused adaptations within the central nervous system that are specifically related to a young age, and that are not found in humans with free access to food and less pronounced hypoglycemia.

Conclusion 

Physical training induces at least three different adaptations of the adrenal medulla. First, endurance training that increases [image: image8.wmf]02max, results in a lower plasma epinephrine concentration at a given absolute submaximal exercise intensity, probably related to a diminished sympathetic innervation of the adrenal medulla. Secondly however, compared at identical relative work loads as well as in response to numerous non-exercise stimuli, athletes have a higher epinephrine secretion capacity compared to sedentary subjects, indicating that a long-term adaptation of endocrine glands to endurance training occurs - the development of a so-called "sports adrenal medulla". Thirdly, longitudinal studies in animals indicate that both adrenal medullary volume as well as adrenal epinephrine content increases as a result of long-term physical training (Fig 5). 

Since epinephrine has several advantageous effects on heart, skeletal muscle and the central nervous system in relation to exercise performance the higher capacity to secrete epinephrine in well-trained subjects is beneficial in competitive sports. Finally, taking into account that the secretion capacity for epinephrine decreases with age, physical training can cause a biological rejuvenation of the adrenal medulla similar to events taking place in heart and skeletal muscle.
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Legends To Figures:

Fig 1. Epinephrine concentrations in arterial plasma during bicycle exercise (210 W) in 7 endurance trained and 7 sedentary control males. Means and SE are given. Modified from Kjær et al. 1988a.

Fig 2. Epinephrine clearance at rest and exhausting bicycle exercise in 6 endurance trained athletes and 6 untrained subjects. The exercise intensity is expressed relative to individual maximal oxygen uptake and epinephrine clearance determined by tracer infusion. At rest clearance was identical in the two groups (28.8 ml/kg/min). Individual values during exercise are given as % of individual resting values. Modified from Kjær et al. 1985.

Fig 3. Epinephrine concentration in arterial plasma at rest and during 2 exercise periods. 8 subjects were studied with and without partial neuromuscular blockade with tubocurarine. The value 8 (5-13) min before start of exercise represents a sample taken immediately before drug administration. Values are mean and SE. Star and triangle denotes difference (p<0.05 and p<0.01, respectively) between curare and control experiments. Modified from Kjær et al. 1987.

Fig 4. The adrenal medulla volume in response to 10 weeks of swim training in rats. Means and SE are given. Stars denote difference (p<0.05) between swim training group and control experiments. Modified from Stallknecht et al 1990.

Fig 5. no text 

