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Summary. The flight muscles of the gray catbird (Du-
metella carolinensis) were examined to determine if
short term adjustments occur in the activity of key
catabolic enzymes during preparation for long dis-
tance migration. The aerobic capacity of the pectora-
lis muscle as indicated by citrate synthase activity
(CS) is among the highest reported for skeletal muscle
(200 pmoles [min - g fresh mass] ™! at 25 °C). The mass
specific aerobic capacity as indicated by CS activity
or cytochrome ¢ concentration does not change dur-
ing premigratory fattening (Fig. 2) or in relation to
the muscle hypertrophy that occurs concomitantly.
The maintenance of mass specific aerobic capacity
indicates that the total aerobic capacity increases in
proportion to the increase in muscle size. The aug-
mented potential for total aerobic power output is
considered an adaptation to meet the increased power
requirements of flight due to the increased body mass.
Additionally, the capacity to oxidize fatty acids, as
indicated by p-hydroxyacyl-CoA dehydrogenase ac-
tivity, approximately doubles during premigratory
fattening (from 35 to 70 umoles [min- g fresh mass] ™ *
at 25 °C; Fig. 1 A). This adaptation should favor fatty
acid oxidation, thereby sparing carbohydrate and pro-
longing endurance. The activity of phosphofructokin-
ase, a key glycolytic enzyme, does not change before
migration.

Introduction

The relative activities of catabolic enzymes within var-
ious skeletal muscles are adapted to the frequency
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of muscle activity and the type of fuel used (Been-
akkers 1969; Bass et al. 1969; Crabtree and News-
holme 1972a, b, 1975; Staudte and Pette 1972; Alp
et al. 1976). These enzymatic specializations result
from a combination of long-term evolutionary adap-
tations and short-term adjustments. For example,
evolutionary adaptation of muscles for sustained use
is reflected in high activities of enzymes in the citric
acid cycle and electron transport system (see Crabtree
and Newsholme 1975). Similarly, in the short-term,
individual muscles respond to increases or decreases
in the frequency of use with corresponding increases
or decreases in aerobic capacity (see Holloszy and
Booth 1976, for a review). However, our knowledge
of the nature and importance of these short-term ad-
justments in free-living animals is severely limited.
Migration by various species of birds represents
a dramatic instance of a seasonal change in use of
specific muscles. Migratory birds probably exceed all
other vertebrates in the duration of locomotor activity
undertaken at high levels of metabolic rate. Some
small birds cover distances of up to 4,000 km, main-
taining continuous flapping flight for more than 48 h
(see Williams et al. 1977). The levels of metabolic
effort during such flights are estimated to be 5 to
10 times the standard metabolic rate. (The calculated
value depends on the species and amount of fat re-
serve carried [see Pennycuick 1975]). With the possible
exception of some insectivorous birds (e.g., swifts)
which may fly continuously for long periods at all
seasons, these migratory flights greatly exceed in du-
ration and energetic cost the flights undertaken during
non-migratory periods. Long-distance migration
poses two interacting problems related to the capaci-
ties of the flight muscles. 1) Premigratory fattening,
which provides the fuel reserve necessary for the
flight, greatly increases the body weight and thus the
mechanical power output required from the flight
muscles. 2) The long duration of the flight requires
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that the muscles maintain oxygen and fuel homeosta-
sis to prevent exhaustion. These two problems are
particularly intriguing because they combine the ele-
ments of ‘power training’ and ‘endurance training’
which are usually considered separately in exercise
studies involving laboratory mammals and man.

I have examined the flight muscles of the gray
catbird (Dumetella carolinensis) to determine if short-
term adjustments occur which would tend to alleviate
these problems (Marsh 1979). Catbirds breed over
an extensive area of eastern North America (A.O.U.
Checklist, 1957) and individuals migrate varying dis-
tances wintering primarily in the Carribean islands,
Central America, and in a narrow strip along the
Gulf Coast of United States. At least a portion of
the population apparently migrates across the Gulf
of Mexico (Stevenson 1957; Marsh 1979). This trans-
Guif route, which is used by numerous North Ameri-
can migrants, involves a flight of a least 1,000 km.
Flying at its estimated maximum-range velocity
(47 km-h™1), a catbird would require 21 h to travel
this distance.

The pectoralis muscles of the catbird have been
shown to hypertrophy in response to increases in body
mass (Marsh 1979). This adaptation is probably gen-
eral among those flying birds that undergo large
changes in mass as adults (see Fry et al. 1972; Marsh
and Storer, unpublished data; Marsh 1979) and repre-
sents a natural analog of power training. The data
in this report demonstrate that the pectoralis muscles
maintain a very high aerobic capacity during this hy-
pertrophy and additionally show an increase in a key
enzyme in the f-oxidative pathway for degradation
of fatty acids. This shift in enzyme activity presum-
ably reflects an augmented capacity of the migrants
to oxidize free fatty acids, which should favor endur-
ance during long flights.

Materials and Methods

Animals

Catbirds were mist-netted near Ann Arbor, Washtenaw County,
Michigan, and Gainesville, Alachua County, Florida. Michigan
birds were captured during Spring through early Fall, 1977 and
represent summer residents and early fall migrants. Florida cap-
tures took place in the falls of 1976, 1977 and were migrants
or, perhaps in a few cases, early winter residents. The forty animals
used had a mean mass of 38.36+0.66 g (S.E.M.) with a range
of 29.6 to 49.0 g.

Muscle and Body Composition

Animals were sacrificed by decapitation and the left pectoralis
and supracoracoideus muscles quickly removed for measurement
of enzyme activities or cytochrome ¢ concentration (see below).
The heart was also removed from 5 birds for measurement of
cytochrome ¢ content. The remainder of the carcass was placed

in a tightly sealed plastic bag and refrigerated. Within 24 h the
right pectoralis and supracoracoideus muscles were removed and
weighed to the nearest 0.1 mg to determine fresh mass. Birds were
sexed by examination of the gonads and aged by the extent of
skull pneumatization (juvenile=partially ossified; adult=com-
pletely ossified). The muscles and the carcass were subjected to
compositional analysis to determine water, fat (neutral lipid), and
lean dry mass according to the methods described in Marsh (1979,
see also Carey et al. 1978).

Enzyme Activities and Cytochrome ¢ Concentration

Muscles used for the measurement of enzyme activities were divided
in half. One half was used for the determination of phosphofructo-
kinase activity (PFK, E.C. 2.4.1.1) and the other half for determina-
tion of citrate synthease activity (CS, E.C. 4.1.3.7) and f-hydroxy-
acyl-CoA dehydrogenase activity (HHOAD, E.C. 1.1.1.35). Each half
was weighed and homogenized in either 10 volumes (pectoralis
muscle) or 20 volumes (supracoracoideus muscle) of buffer in a
hand-held glass-glass homogenizer maintained on ice. For analysis
of PFK, the homogenizing buffer contained 50 mM Tris-HCI,
1 mM EDTA, and 5 mM MgSO, at pH 8.2. For analysis of CS
and HOAD, the medium contained 100 mM phosphate, and 2 mM
EDTA at pH 7.3. The homogenates were sonicated for three, 15-s
intervals and stored at 0 °C until the enzyme assays were per-
formed. Control assays indicated that there were no systematic
differences in enzyme activities between the halves of each muscle
and no loss of activity over 8 h of storage at 0 °C.

Spectrophotometric assays were performed on the crude ho-
mogenates at 25 °C using a Zeiss PMQ3 spectrophotometer at
340 (PFK and HOAD) or 412 nm (CS). Phosphofructokinase was
assayed by a modification of the procedures of Opie and News-
holme (1967) and Mansour (1966). The assay medium contained
50 mM Tris-HCl, 5 mM MgCl,, 200 mM XCl, 30 mM KCN,
I mM ATP, 2mM AMP, 0.1 mM NADH,, 10 pg of a-glycero-
phosphate dehydrogenase and triose isomerase, 50 pg of aldolase,
and 2 mM fructose-6-phosphate at pH 8.2 in a final volume of
1 ml. The CS assay medium was modified from those of Srere
(1969) and Bass etal. (1969) and contained 100 mM Tris-HC],
25mM EDTA, 0.1mM 5,5-dithiobis-(2-nitrobenzoic acid),
0.2 mM acetyl-CoA, and 0.5 mM oxaloacetate at pH 7.5 in a final
volume of 1 ml. For the assay of HOAD, the medium was modified
from that of Bass et al. (1969) and contained 100 mM triethanola-
mine-HCl, 5 mM EDTA, 0.225 mM NADH,, and 0.1 mM aceto-
acetyl-CoA at pH 7.0 in a final volume of 1 ml. All activities mea-
sured were proportional 10 enzyme concentration and were mea-
sured at saturating substrate concentrations. Small but significant
control activities were present in the HOAD assay in the absence
of acetoacetyl-CoA, and these values were subtracted from the
rate with substrate present. Duplicate assays were performed in
each case and the results are reported as pumoles substrate used
[min- g fresh mass] ™.

Cytochrome ¢ concentrations were measured on freshly dis-
sected whole muscles or hearts according to the methods of Wil-
liams and Thorp (1969).

Results

Table 1 gives descriptive statistics on the maximal
enzyme activities of catbird muscles obtained from
the entire sample from Michigan and Florida. On
a mass-specific basis, the pectoralis muscle has more
than twice the activity of CS as the supracoracoideus
muscle (201 +8.2 and 90.3 +4.51 pmoles [min- g fresh
mass] ', respectively). The activity of HOAD in the
pectoralis muscle is also more than double that in
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Table 1. Enzyme activities in the flight muscles of the catbird

Muscle Enzyme N  Mean Range S.E.
activity *
pmoles
[min-g]~*
Pectoralis CS 26 201 131-292 8.20
HOAD 28 52.4 21.8-103 3.20
PFK 20 56.2 40.7-69.9 1.71
Supra- [ 25 90.3 55.8-144 4.50
coracoideus HOAD 26 21.1 6.71-35.2 1.28
PFK 18 47.2 16.1-78.6 4.16

* Activity per gram fresh mass
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Fig. 1A, B. Relation between HOAD activity in the flight muscles
of the catbird and carcass fat. A Pectoralis. B Supracoracoideus.
See text for comment on the starred values

the supracoracoideus muscle (52.4+3.21 and 21.1+
1.28 umoles [min- g fresh mass] ™!, respectively). The
two muscles do not have significantly different PFK
activities although the PFK activity of the supracor-
acoideus muscle is significantly more variable (F=
5.33, P<0.0001, df=36).

The mass of the pectoralis muscle among the indi-
viduals used for the measurement of enzyme activities
ranged from 3.68 to 5.40 g and is significantly corre-
lated with body mass, which ranged from 29.6 to
49.0 g (r=0.79, P<0.0001, n=28). (Analysis of co-
variance indicated that this relationship is not signifi-
cantly different from that in a larger sample of cat-
birds from Michigan and Florida (Marsh 1979)). No
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Fig. 2. Relation between CS activity in the flight muscles of the
catbird and carcass fat. Closed circles=pectoralis, r=0.38, P>
0.05; open circles and stars = supracoracoideus, r=0.53, P=0.0058.
See text for comment on starred values

correlation exists between the activity of any of the
enzymes and the mass of either the pectoralis or su-
pracoracoideus muscles (|#]<0.27, P>0.21) or be-
tween any of the enzymes and the carcass lean dry
mass (jr]<0.15, P>0.46). However, some significant
positive correlations exist between enzymatic activity
and carcass fat content. The HOAD activities in the
pectoralis and supracoracoideus muscles are signifi-
cantly related to carcass fat (Fig. 1; r=0.64, P=
0.0002 and r=0.56, P=0.0029, respectively). In addi-
tion, CS activity in the supracoracoideus muscle is
significantly correlated with carcass fat (Fig. 2; r=
0.54, P=0.0058). Note that the correlation of carcass
fat with supracoracoideus CS and HOAD is due
largely to two animals with unusually high values
for both enzymes (Fig. 1 and 2, starred values). PFK
activity from either muscle is not significantly corre-
lated with carcass fat (P>0.05). The only significant
correlations between the activities of the various en-
zymes are between CS and HOAD activities in both
muscles (r=0.50, P=0.0097 and r=0.44, P=0.028
in the pectoralis and supracoracoideus muscles, re-
spectively) and between the HOAD activity of the
pectoralis muscle and HOAD activity in the supracor-
acoideus muscle (r=0.754, P<0.0001). No sex or age
related differences exist in the activity of any enzyme
(11 males, 16 females; Student’s r-tests, P>0.2; 16
juveniles, 10 adults; Student’s z-tests and analysis of
covariance, P>(.23).

The cytochrome ¢ concentrations in the pectoralis
muscle and the heart both approximate 45 nmole-g ™~ ?,
whereas the supracoracoideus muscle has less than
half this concentration (Table 2). The muscle cyto-
chrome ¢ concentrations are not significantly correlat-
ed with muscle mass or carcass fat content (|r| < 0.40,
P>0.46).
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Table 2. Cytochrome ¢ concentrations in the flight muscles and
heart of the catbird

Tissue N Mean Range S.E.
concentration
pmoles - g~?
Pectoralis 12 45.6 29.9-59.2 2.44
Supracoracoideus 12 20.9 13.9-27.5 1.08
Heart 5 457 34.3-59.2 5.04
Discussion

Similar to other trans-Gulf migrants catbirds attain
maximum levels of fat content near the Gulf of Mexi-
co (Marsh 1979; cf. Caldwell et al. 1963). A similar
phenomenon is evident in Old World migrants that
cross the Sahara Desert and Mediterranean Sea (Fry
et al. 1970). These birds evidently migrate overland
in short flights, stopping en route to feed, until they
near these geographical barriers. At this point they
pause, feeding and gaining fat until sufficient reserves
are accumulated to fly non-stop across the barriers.
In the absence of specific information on the migrato-
ry status of any individual bird collected, it is reason-
able to use the carcass fat content as an index of
the readiness of the bird to undertake this long flight.

One way in which the flight muscles adapt during
fattening is by increasing in size (Marsh 1979; this
study). This adaptation is specific to the depressors
of the wings, the pectoralis muscles. The asymmetry
in the response of the two muscles is understandable
since little or no aerodynamic power is produced dur-
ing the upstroke in most birds (see Lighthill 1977).
Without the observed increase in size, the pectoralis
muscles would have to operate at or near their esti-
mated maximum aerobic power outputs to produce
the power required to fly (Marsh 1979). Because the
mass specific aerobic capacity is maintained (Fig. 2;
see below), the increase in size should contribute to
endurance by allowing the muscles to operate at sub-
maximal levels of oxygen consumption.

Endurance will be additionally related to the capa-
cities for maintaining homeostasis in fuel delivery and
oxidation. Material balance studies have demon-
strated that fat is the major substrate used during
the migratory flights of birds (Berthold 1975). Howev-
er, studies of mammalian exercise have implicated
carbohydrate as the limiting fuel for endurance exer-
cise, even when fatty acids are the major fuel (Berg-
strom and Hultman 1967; Paul and Holmes 1975).
This limitation exists because oxidation of carbohy-
drate increases proportionally to the increase in meta-
bolic rate (Paul and Holmes 1975) and body stores
of carbohydrate and gluconeogenic capacities are lim-

ited (see Newsholme and Start 1973). Carbohydrate
reserves are similarly small in the catbird (Marsh
1979). Therefore, adjustments producing increased
oxidation of fatty acids and reduced oxidation of car-
bohydrate may be an important factor in increasing
endurance (see Holloszy and Booth 1976).

Enzymatic Activity as an Indicator
of Maximum Metabolic Flux

The relative ease of measurements of enzyme activity,
as compared to direct assessment of metabolic flux
has made use of indicator enzymes a common method
for assessing the metabolic capacities of a tissue. The
interpretation of the activities measured depends, of
course, on how well the enzymes chosen indicate the
maximum flux through the pathways of interest. The
obvious advantages of measuring the activities of rate
limiting enzymes (see Crabtree and Newsholme 1975)
is tempered by the difficulty of determining the rate
limiting steps in vivo and in defining the optimum
in vitro conditions for the enzyme assays. For intra-
specific studies, such as the present one, the most
desirable attribute of the enzymes to be measured
is that their activities should change within individual
muscles in a manner correlated with the tissue capaci-
ty for substrate use.

Aerobic Capacity

Citrate synthase has been used in this study to indicate
the capacity for oxidation of acetyl-CoA in the citric
acid cycle. 1 have supplemented the data obtained
with this indicator of aerobic capacity with measure-
ments of cytochrome ¢, a key protein in electron
transport. Regulation of the citric acid cycle in muscle
is currently open to question (Alp etal. 1976; Wil-
liamson 1979). However, measurements using isolat-
ed, perfused rat hearts indicate that the first steps
of the cycle, including the CS step, are regulated in
a concerted fashion (Williamson 1979). Further sup-
port for the use of CS and cytochrome ¢ as indicators
of aerobic capacity comes from work on endurance-
trained rats. The proportionate increases in CS activi-
ty and cytochrome ¢ concentration in hind-limb mus-
cles correlate well with the increase in the tissue’s
ability to oxidize substrates and the endurance of
the whole animal (Holloszy and Booth 1975).

The aerobic capacity, as indicated by the CS activ-
ity and cytochrome ¢ concentration, of the pectoralis
muscle of the catbird is approximately double that
of the supracoracoideus muscle (Tables 1 and 2). A
similar difference between these two muscles has been
noted in other birds on the basis of succinic dehy-
drogenase activities (George and Talesara 1961), and
correlates with the greater role of the pectoralis mus-
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cle in the production of power for sustained flight
{Lighthill 1977). The CS activity of catbird pectoralis
muscle is the highest reported for any vertebrate skele-
tal muscle, and is as high as the activities found in
the flight muscles of some insects (Alp et al. 1976).
The high CS activity correlates well with the uni-
formly high oxidative capacity of the fibers as judged
histochemically (Marsh 1979). The CS activity of
pigeon pectoralis muscle, often used as an example
of high oxidative muscle, is approximately half that
of the catbird (Alp et al. 1976). The lower activity
in the pigeon may be due to a lower proportion of
high oxidative fibers, as the pectoralis muscle of the
pigeon is approximately 50% by volume low oxidative
fibers (estimated from data in George and Berger
1966). The CS activity in the pectoralis muscle of
two other small, wild passerines is in the same range
as that of the catbird, 192 and 201 umoles [min-g
fresh mass] ™! for the 25-g house sparrow (Passer do-
mesticus) and the 13-g American goldfinch (Spinus
tristis), respectively (unpublished observations). The
CS activities (at 25 °C) in the flight muscles (pectoralis
major) of several species of bats ranging in body mass
from 5 to 85g are also approximately 200 pmoles
[min - g fresh mass]~* (M. Yacoe, personal communi-
cation). The possibility exists that this activity re-
presents the upper limit of the aerobic capacity of
vertebrate skeletal muscle.

The mass specific aerobic capacity of the catbirds’
flight muscles (based on both CS activity and cyto-
chrome ¢ concentration) does not change during pre-
migratory fattening (Fig. 2) and does not correlate
with muscle size. This maintenance of aerobic capaci-
ty is similar to the situation found in exercise-induced
hypertrophy of the mammalian heart (Oscai et al.
1971) and contrasts with the decreases in aerobic ca-
pacity found in skeletal muscles which hypertrophy
due to mechanical overload (Gonyea and Bonde-Pe-
tersen 1978 ; MacDougall et al. 1979). However, cat-
birds exercise regularly during their daily activities
and overload of skeletal muscles accompanied by ex-
ercise apparently leads to hypertrophy with no de-
crease in aerobic capacity (cf. Baldwin et al. 1977).

B-Oxidative Capacity

The activity of HOAD has been used previously to
indicate tissue capacity to oxidize fatty acids, based
on the constant proportion concept and the correla-
tion between HOAD activity and the capacity of
isolated mitochondria to oxidize fatty acids (Been-
akkers et al. 1967 ; Bass et al. 1969 ; Beenakkers 1969 ;
Staudte and Pette 1972). Crabtree and Newsholme
(1972b, 1975) have suggested carnitine palmitoyl-
transferase (CPT) activity be used instead of HOAD
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Fig. 3A, B. The ratio of HOAD activity to CS activity in the
flight muscles of the catbird as a function of carcass fat. A Pectora-
lis. B Supracoracoideus

activity because CPT activities are more likely to be
rate limiting. However, HOAD activity may be regu-
lated by the oxidation-reduction state of the nicotina-
mide nucleotides and may be rate limiting under in
vivo conditions (Hochachka et al. 1977). Further, the
age-related decrease in the capacity of rat heart mito-
chondria to oxidize long chain fatty acids is associated
with a comparable decrease in HOAD, but no change
in CPT (Hansford 1978). Thus, HOAD activities ap-
pear to be a reasonable relative indicator of the ability
to oxidize fatty acids.

Measurements of HOAD activity indicate that the
capacity of the pectoralis muscle to oxidize fatty acids
approximately doubles in association with increased
levels of body fat during the fall migratory period
(Fig. 1 A). Since the activities of CS and HOAD (both
mitochondrial enzymes) are often correlated (this
study ; Staudte and Pette 1972), it is useful to express
the B-oxidative capacity of the muscle by using the
ratio of HOAD to CS (f-oxidative to aerobic capaci-
ties). In the pectoralis muscle, HOAD:CS increases
significantly with increased levels of carcass fat
(Fig. 3A; r=0.58, P=0.0025, n=25), whereas this
ratio does not change significantly in the supracora-
coideus muscle (Fig. 3B; r=0.17, P=0.41, n=25).
A specific activation of the f-oxidative pathway ap-
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parently takes place in the pectoralis muscle, resulting
in a change in mitochondrial enzyme composition
as indicated by HOAD:CS. Because the proportion
of various fiber types is constant during fattening
(Marsh 1979), the change in this ratio must represent
a change in mitochondrial composition within ex-
isting fiber types.

Many investigators consider an increased reliance
on the oxidation of fatty acids to be a key factor
in increasing endurance during mammalian training
studies (see Holloszy and Booth 1976). However, dur-
ing training the enzymes involved in the citric acid
cycle and the degradation of fatty acids increase by
similar amounts (Molé et al. 1971). Thus, in mammals
the primary adjustment at the biochemical level is
an increase in aerobic capacity, and it is unclear
whether the decreased oxidation of carbohydrate after
training (Henriksson 1977) is due to enzyme adapta-
tions or extramuscular factors influencing substrate
delivery, such as hormonal levels, the concentration
of blood substrates (Rennie and Johnson 1974) or
tissue vascularity (Andersen and Henriksson 1977).

The conclusion from enzyme activities that birds
fattening for migration have increased capacities for
the oxidation of fatty acids disagrees with the conclu-
sions of George and Vallyathan (1964), based on the
oxidation of butyrate by homogenates of the pectora-
lis muscles of rosy pastors (Sturnus roseus). However,
the very low rates of fatty acid oxidation recorded
in their study may have been due to methodological
problems. A reexamination of the oxidation of sub-
strates by the mitochondria of migratory birds, using
improved techniques, would be of considerable inter-
est.

Glycolytic Capacity

Compared to the citric acid cycle and B-oxidation
of fatty acids, regulation of glycolysis is well estab-
lished. Phosphofructokinase is accepted as the rate
limiting enzyme in this pathway (Crabtree and News-
holme 1975) and has been used previously to indicate
glycolytic capacity in various muscles (Crabtree and
Newsholme 1972a).

The pectoralis and supracoracoideus muscles of
the catbird have similar glycolytic capacities despite
large differences in aerobic capacity. The greater var-
iability in PFK activity in the supracoracoideus mus-
cle as compared to the pectoralis muscle may be relat-
ed to the greater individual variability in fiber type
in the former muscle (Marsh 1979). The glycolytic
capacity as indicated by PFK does not change during
fattening or with increases in muscle size. However,
the lack of change in PFK does not necessarily indi-
cate that catbirds do not decrease their reliance on

carbohydrate during migratory flights. Glycolysis is
decreased during oxidation of fatty acids by allosteric
regulation (see Williamson 1979) and carbohydrate
oxidation may be regulated at other sites such as
pyruvate dehydrogenase (Berger et al. 1976).

Conclusions

The catbird and other small birds have pectoralis
muscles with the highest mass specific aerobic capaci-
ty (based on CS activity) reported for vertebrate mus-
cle, and, perhaps not surprisingly, this capacity does
not change in preparation for long distance migration.
However, because the mass specific aerobic capacity
remains constant while the muscles hypertrophy, the
total aerobic capacity should increase proportional
to the increase in muscle size (~35%; Marsh 1979).
This increase in the capacity for total aerobic power
output is probably crucial during the initial phase
of the migratory flight because of the mass of stored
fuel (fat) that must be carried. Additionally, the large
increase in f-oxidative capacity (indicated by HOAD
activity) may represent an important adaptation for
long-distance flights. Increased reliance on fatty acids
may spare carbohydrates and thus aid in maintenance
of carbohydrate homeostasis.
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