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Prior poliomyelitis-reduced capillary supply and
metabolic enzyme content in hypertrophic
slow-twitch (type I) muscle fibres
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Abstract
Capillary supply and oxidative and
glycolytic enzyme activities were deter-
mined in muscle biopsies from the
tibialis anterior muscle in six prior polio
patients and a control group. The polio
patients, who had paresis and atrophy,
but were able to walk normally by mak-
ing maximal use of all remaining
anterior tibial motor units, showed type
I (slow-twitch) muscle fibre predomin-
ance with a mean (SD) of 98 (2)% type I
fibres versus 81 (8)% in the controls
(p < 0 01) and muscle fibre hypertrophy,
the average type I fibre cross-sectional
area being 108% (p < 0 005) larger than
in the controls. The number of capil-
laries per muscle fibre was not significan-
tly different from that in the control
group, but with the increased muscle
fibre area in the polio patients, the
capillary density was significantly lower.
The number of capillaries in contact
with type I fibres relative to fibre area was
40% lower in the patients than in the
controls (p < 0 005). The levels
of citrate synthase and phosphofructo-
kinase were significantly lower (38% and
33%, respectively, p < 0-05) in the
patients than in the controls, indicating
decreased oxidative and glycolytic
potentials in the muscle fibres ofthe polio
patients. It is proposed that the abnor-
mal high-frequency activation of all
remaining motor units during each step
cycle recorded in these patients con-
stitutes a stimulus for type I muscle fibre
predominance and hypertrophy but that
the overall low muscle usage results in a
decreased stimulation of capillary
proliferation and mitochondrial enzyme
synthesis. The low capillary density and
decreased oxidative and glycolytic
enzyme potentials might be important
factors for the development of muscle
weakness, fatigue and muscle pain,
which are commonly occurring symp-
toms in patients with prior poliomye-
litis.

Many patients who have had poliomyelitis
experience more pronounced or new symp-
toms decades after the acute infection.
Increased muscle weakness, muscle fatigue,
muscle pain and even increased muscle atro-
phy have been described.2' Prior polio
patients with a moderate degree of paresis and
atrophy of the tibialis anterior muscle walk

normally but have an excessive overuse of the
remaining motor units during walking, which
is the main function of the anterior tibial
muscle.' In these patients, muscle biopsies
showed almost exclusively type I fibres (slow-
twitch). There was no decrease, however, in
the proportion of motor neurons with high
threshold and high axonal conduction
velocities, indicating that there was no selec-
tive loss of large motor neurons which nor-
mally innervate type II muscle fibres (fast-
twitch).5 Furthermore, Borg et al' found
"promiscuous" fibres, that is muscle fibres
containing both slow and fast myosin heavy
chains. These fibres corresponded to type I as
well as type II fibres according to conventional
ATPase staining characteristics and, thus,
Borg et al' suggested that the lack of fibre type
differentiation in the polio patients with
overuse of remaining anterior tibial motor
units was due to a muscle fibre transformation
from type II to type I.
The aim of this study was to determine

capillary supply and oxidative and glycolytic
enzyme activities in the hypertrophic type I
mus.cle fibres in prior poliomyelitis patients
showing overuse of the remaining anterior
tibial motor units with a view to explaining
the functional capacity of these muscle fibres.

Subjects
Six patients (four women, two men) with
paresis and atrophy of the tibialis anterior
muscle due to previous poliomyelitis were
examined. The mean age at examination was
57 years (range 37-71 years). The mean age at
onset of poliomyelitis was 22 years (range nine
to 48 years) and the mean time between onset
and examination was 35 years (range 21-49
years).
The paresis and atrophy of the anterior

tibial muscle varied from slight (significant
power at full foot dorsiflexion) in five patients
to moderate (full foot dorsiflexion without res-
istance) in the sixth patient. All patients
walked unsupported. Five patients reported
increased muscle weakness in recent years and
four complained of muscle pain. All patients
exhibited overuse of the remaining anterior
tibial motor units during locomotion, as
previously revealed by EMG, and had a
predominance of type I muscle fibres as
previously described.'
Data from the polio patients were compared

with data from six healthy volunteers (four
women, two men) with a mean age of 41 years
(range 23-72 years).
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Methods
Muscle biopsies of the tibialis anterior muscle
were performed by the percutaneous concho-
tome method originally described by Radner6
and slightly modified.7 The biopsy site was
carefully selected about 2 cm laterally from
the anterior tibial crista and 5 cm below the
caput fibulae. The biopsy material obtained
was freshly frozen in freon 13 kept at its
melting point (-190'C) by liquid nitrogen
and stored in a refrigerator at -75°C until
further processed. The biopsy material was
subdivided for histochemical and biochemical
analyses.

HISTOCHEMICAL ANALYSIS
The material intended for histochemistry was
cut (serial transverse sections of 10-15 ,um) in
a cryostat operating at - 25°C.
Staining procedures: Myosin-adenosinetri-
phosphatase (ATPase) by the original method
of Padykula and Herman8 and the modifica-
tions by Brooke and Kaiser9 and by the
amylase-PAS method to visualise capillaries
according to Andersen.'0
The muscle fibre nomenclature was based

on the ATPase stainability according to
Brooke and Kaiser.8 Thus fibres with a high
content of acid-stable ATPase and a low con-
tent of alkali-stable ATPase were termed
"type I", while fibres with the opposite stain-
ing pattern were termed "type II". Subtypes
of type II were also determined by using
different pH levels for acid preincubation (4-3
and 4 6).9 Thus type II A, B and C fibres
could be identified. All fibres in a muscle
biopsy cross-section were classified and the
total number of fibres of each type was
estimated. In the polio patients 09% of the
muscle fibres were of type II A and 0-6% were
of type II B or C, and therefore the values of
the type II fibres were not processed further.
The sections stained by the amylase-PAS

method were photographed and one or several
areas (area A) without artifacts produced by
the sectioning and staining and without
connective tissue structures splitting up the
section in different parts were framed by
following the cell borders. The total number
of fibres of each type in area A was estimated.
Both the area of A and fibre type cross-
sectional areas of all individual muscle fibres in
area A were measured by a semi-automatic
technique used on the photographs (MOP
Videoplan, Kontron, Bildanalyse GmbH,
Munich FRG). The mean (SD) area of A was
1 25 (021) mm2 in the polio patients and 097
(0-21) mm2 in the controls.

Capillaries were identified by direct micro-
scopy and if a capillary was cut longitudinally,
it was counted as one at each cell junction."
Calculations: Capillary density was calculated
as the number of capillaries per mm2 of mus-
cle cross-sectional area.
The capillary-to-fibre ratio was calculated as

the total number of capillaries divided by the
total number of fibres in area A.
The mean number of capillaries in contact

with fibres of each type was determined by
counting all capillaries around each muscle

fibre in area A. Furthermore, the mean num-
ber of capillaries in contact with fibres of each
type relative to fibre type area (per 1000 tm')
was counted.

BIOCHEMICAL ANALYSIS
Assays were conducted on homogenates
prepared at a dilution of 1:50 (with the excep-
tion of the homogenate used for oxoglutarate
dehydrogenase, see below) from 15-20 mg
muscle specimens that had been weighed at
- 20'C and given no opportunity to thaw
until the moment of homogenisation. The
homogenates were prepared in ice-cold
medium prepared according to Chi et al,'2
using all-glass Potter-Elvehjem homogenisers.
The resulting crude homogenate was used for
spectrophotometric determinations (at 25°C)
of citrate synthase (EC 4.1.3.7) and 6-phos-
phofructokinase (EC 2.7.1.11)"'" as well as
lactate dehydrogenase (EC 1.1. 1.27) and
protein."2 For oxoglutarate dehydrogenase
(EC 1.2.4.2), the homogenisation medium
(1:10) and assay procedure (25'C) was that of
Blomstrand et al. ' To minimise the effect of
day-to-day variations in the preparation and
assays, the muscle samples from patients and
controls were analysed simultaneously in ran-
dom order. All enzyme assays were duplicated
under conditions in which reaction rates were
proportional to enzyme concentrations.
Reagents. The enzymes were from Sigma
Chemical Company (St Louis, Missouri,
USA) or Boehringer Mannheim GmbH Bio-
chemica (Mannheim, FRG). Other reagent
chemicals were supplied by Sigma Chemical
Company or E. Merck (Darmstadt, Ger-
many).

STATISTICAL ANALYSIS
Mean and standard deviations (SD) were cal-
culated from individual values by standard
procedures. The statistical analysis for dif-
ferences between the groups of polio patients
and controls was made by means of the Wil-
coxon rank-sum test (two-tailed). P < 0 05
was considered statistically significant. For the
analysis of correlation, the Spearman rank
correlation test was used.

Results
The mean type I fibre percentage in the whole
anterior tibial muscle biopsy cross-section as
well as in area A was significantly higher
(p < 0-005) in the polio patients than in the
normal controls (for numerical means, see
table). The mean (SD) cross-sectional muscle
fibre area [99 (2)% type I fibres] in area A was
significantly larger (p < 0-005) and, as a con-
sequence, the number ofmuscle fibres per mm'
(fibre density) was significantly reduced
(p < 0-01) in the polio patients, compared with
the controls.

In the polio patients the mean capillary
density was significantly lower (p < 0-005)
than in the controls (table). The capillary-to-
fibre ratio and the number of capillaries in
contact with type I fibres tended to be higher in
the polio patients than in the controls. These
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Table Mean (SD) for type I muscle fibre percentage in the whole anterior tibia? muscle
biopsy and in area A,fibre density, cross-sectional area of type Ifibres, capillary density,
capillary-to-fibre ratio, number of capillaries in contact with type Ifibres
(CC-type I) and CC relative to type Ifibre area (CC per 1000 pm2) in the polio
patients and the controls. Statistical analysis (p) by means of the Wilcoxon rank-sum
test (two-tailed), n.s. denotes not significant

Polio Control Polio-Control (p)

Type I, % (whole biopsy) 980 (21) 812 (83) <0005
Type I, % (in area A) 99-0 (2 2) 85.3 (8-6) < 0 005
Fibre density, n 87 (31) 151 (31) <0 01
Type I area, ,m2 11 950 (4 010) 5 730 (1 070) <0-005
Capillary density, n 270 (56) 403 (49) < 0 005
Capillary-to-fibre ratio, n 3 3 (0 9) 2 7 (0-7) n.s.
CC-type I,n 64 (1 2) 5 4 (09) n.s.
CCper IOOOpm',n 06 (02) 10 (01) <0005

The only polio patient who did not complain
of recently increased muscle weakness and
fatigue had the highest levels of citrate synthase
and oxoglutarate dehydrogenase in the patient
group, 11-6 and 16 (pmol x g-' wwt x
min- 1), respectively, and also normal levels of
phosphofructokinase and lactate dehydrogen-
ase. The mean fibre area (14 930 ,um2) was
among the highest in the patients while the
capillary density (276 cap x mm-2) was near
the mean for the patient group.

differences between the groups were, however,
not statistically significant. The number of
capillaries in contact with type I fibres relative
to type I fibre area was significantly lower
(p < 0 005) in the patients than in the controls.

In the polio patients the mean levels of citrate
synthase and phosphofructokinase were sig-
nificantly lower (p < 0 05) than in the controls,
while the oxoglutarate dehydrogenase and lac-
tate dehydrogenase levels, although displaying
the same tendency, did not differ significantly
between the groups (fig). In addition, there was
a marked variation in levels of citrate synthase,
oxoglutarate dehydrogenase and phosphofruc-
tokinase in the patients, but not in the controls.
The average (SD) value for total muscle
protein was identical in the patients and the
controls [0-14 (0 03) g x g-' wet wt in both
groups]. There was no significant correlation
between enzyme levels and type I fibre percen-
tage in the polio patients. In the controls, the
type I fibre percentage correlated with themean
level of citrate synthase (r = 0O92, p < 0 01)
and correlated inversely with lactate
dehydrogenase (r= -085, p < 005).
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Figure Individual and mean ( ) enzyme levels in
the anterior tibial muscle biopsy specimens from the prior
polio patients and controls in respect of
phosphofructokinase (PFK), lactate dehydrogenase
(LDH), citrate synthase (CS) and oxoglutarate
dehydrogenase (OGDH). Values in pmol x g-' (wet
wt) x min-' at 2S'C. The scale for oxoglutarate
dehydrogenase is magnifiedfourfold (right y-axis).
Citrate synthase and phosphofructokinase were
significantly lower in the patients than in the controls
(p < 0 05, two-tailed Wilcoxon rank-sum test).

Discussion
The prior poliomyelitis patients in this study
exhibited almost exclusively type I muscle
fibres in the anterior tibial muscle, while the
controls had 81% type I fibres, which is within
the normal range compared with findings in
healthy individuals. 6 Furthermore, these fibres
had an increased cross-sectional area. These
findings corroborate earlier studies by Borg et
alt and were assumed to be due to a muscle
fibre transformation from fast-twitch type II to
slow-twitch type I muscle fibres as a result of
increased use of the remaining anterior tibial
motor units in analogy with the muscle fibre
transformation described in animal experi-
ments using long-term electrical stimu-
lation. '7-'9

High-resistance training has been shown to
increase muscle fibre size, most prominently the
fast-twitch muscle fibres.202' Depending on the
pretraining state ofmuscle strength, endurance
training may also increase the muscle fibre size
of all muscle fibre types" or mainly the slow-
twitch fibres.22 Edstrom and Ekblom,20
however, reported equal fibre sizes in long-
distance runners and sedentary controls whilst
Houston et al23 reported a reduced fibre size in
the gastrocnemius muscle of marathon run-
ners. Andersen and Henriksson" found an
increase in capillary density during endurance
training and concluded that this type of train-
ing was a powerful stimulus for capillary
proliferation. Schantz24 showed that the num-
ber of capillaries per muscle fibre and the
muscle fibre area increased equally during
heavy-resistance training and thus resulted in
an unchanged capillary density. Tesch et al25
reported a lower number of capillaries per mm2
in strength-trained subjects than those that
were not trained. The number of capillaries per
muscle fibre was similar to that in controls in the
study by Tesch et al,25 and agrees with other
studies by Schantz.26 It thus seems as if this
form of training does not stimulate or, at most,
only weakly stimulates capillary neoformation.

In the prior polio patients there was a
decrease in capillary density and in the number
of capillaries in contact with the muscle fibres
relative to the fibre area. In all probability, this
was secondary to the fact that the muscle fibres
had an increased cross-sectional area. Thus the
number of capillaries in contact with the type I
fibres was not significantly different in patients
and controls. In the polio patients, all remain-
ing anterior tibial motor units were activated
sufficiently for fully fused power in each step
cycle, at least during short-distance walking.'
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This might resemble to some degree the activa-
tion pattern in individuals performing weight
training involving high resistance but a
relatively low number of repetitions. In terms
of the muscle fibre hypertrophy and the result-
ing "dilution" of muscle capillaries, the
muscles of the polio patients bear some re-
semblance to the muscles of individuals doing
high-resistance training.2425 A lowered oxi-
dative and glycolytic potential, as found in the
muscles ofthe prior polio patients ofthis study,
is not a regular finding in strength-trained
individuals,26 but there are reports of a
decreased concentration of mitochondrial
(oxidative) enzymes.""
Although the increased use of the remaining

anterior tibial motor units in the step cycle by
the polio patients evidently does not result in
increased capillary proliferation or mitochon-
drial oxidative enzyme synthesis, it constitutes
a powerful stimulus for muscle fibre transfor-
mation as well as for hypertrophy (see above).
A fibre type transformation has not been detec-
ted after high-resistance training in normal
individuals29 and the muscle fibre transforma-
tion described in animal experiments following
long-term electrical stimulation (see above) is,
contrary to our results, accompanied by
several-fold increases in the muscle content of
mitochondrial enzymes. A connection between
slow-twitch (type I) fibre preponderance and a
high oxidative potential could have been expec-
ted, since normal type I muscle fibres have
higher levels of oxidative enzymes than type II
muscle fibres.'03 During endurance training
the oxidative enzyme levefs increase in both
fibre types.12 32
The combination of almost type I slow-

twitch-fibre predominance and reduced oxi-
dative enzyme content, as observed in this
study, therefore appears to be a unique feature
of prior polio muscle. This apparent paradox
may be explained by the abnormal motor-unit
activation pattern that has recently been de-
scribed.'533 It was shown that all remaining
anterior tibial motor units are activated at high
frequencies (20-40 Hz) more than 10 times per
step cycle during short-distance walking but
that the gait pattern is changed so that the strain
on the anterior tibial muscle decreases during
long-distance walking. Thus although there is
an overuse of high-threshold units in most step
cycles, the overall muscle usage may be low,
thereby resulting in a low content of metabolic
enzymes. The conventional myofibrillar
ATPase staining in this case slightly under-
estimates the muscle content of fast myosin
since up to 1/10 of the type I muscle fibres may
contain both slow and fast myosin isoforms
(promiscuous fibres, 5). From the EMG
results,5 it is also evident that part of the
structurally identified type I fibres in this
patient group belong to motor units that have
high threshold and high axonal conduction
velocities. In accordance with our findings, an
abnormally low oxidative enzyme activity in
the vastus lateralis of the quadriceps femoris
muscle was recently described in prior polio
patients34 and was ascribed to a low level of
physical activity. The oxidative enzyme
activity increased after training.35

The reduced capillary supply in relation to
fibre area in the polio patients indicates a
decreased diffusion capacity in the muscle fibre
due to an increased diffusion distance. This
might lead to a shortage of substrate during
muscle work, an assumption which is further
supported by the low oxidative and glycolytic
capacities of the muscle fibres. These factors
might be important for the development of
muscle fatigue, especially the post-exercise
fatigue, myalgia and transient decrease in
strength which are commonly occurring
symptoms in patients who have had polio.34
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