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Fast to slow transformation of denervated and electrically
stimulated rat muscle

A. Windisch, K. Gundersen * §, M. J. Szaboles, H. Gruber and T. Lgmo *

Institute for Anatomy, Division 111, University of Vienna, Wihringerstrasse 13, A1090

Vienna, Austria, *Institute of Neurophysiology, University of Oslo, PO Box 1104,
Blindern, N-0317 Oslo, Norway and T Department of Biology, University of Oslo,
PO Box 1051, Blindern, N-0316 Oslo, Norway

(Received 19 November 1997; accepted after revision 25 March 1998)

Denervated fast extensor digitorum longus (EDL) muscles of adult rats were stimulated
electrically for up to 4 months with a ‘slow’ pattern resembling the activity in soleus (Sol)
motor units and examined with antibodies against myosin heavy chains (MHCs).

The normal EDL contained, on average, 45 % type 11 B, 29% type 11X, 23 % type IL A and
3% type I fibres. All type IIB and almost all type 11X fibres disappeared during the first
3 weeks of stimulation. They were replaced by type II A and type I fibres, whose percentages
increased to about 75 and 15, respectively. Type ITA fibres remained at 75% for nearly
2 months and were then gradually replaced by type I fibres during the next 2 months. The
transformation occurred sequentially in the order IIB/II X — II A — 1, the first step
(IIB/II X — IT A) occurring after a short delay (2 weeks) and the last step (IIA —1 in
originally IIB or II X fibres) after a long delay (> 2 months). During the transformation
coexpression of MHCs occurred.

It appears that the transformation to type I fibres occurred in pre-existing type 11 fibres
since no signs of fibre damage or regeneration were observed.

Normal EDL was also stimulated through an intact nerve with the same pattern for up to
37 days. The effects on fibre type distributions were identical to those observed in the
denervated EDL. The result indicated that the Sol-like pattern of evoked muscle activity,
rather than nerve-derived trophic influences or denervation per se, was primarily responsible
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for the fast to slow transformation.

Hindlimb skeletal muscles of most adult mammals, including
rodents, consist of up to four main types of muscle fibres:
IIB, IIX (or IID), IT A and I (or g/slow). These fibre types
contain correspondingly named myosin heavy chains (MHCs)
encoded by separate MHC genes and occur in different
combinations in individual muscles (for reviews see Pette &
Staron, 1990; Schiaffino & Reggiani, 1996). Muscle fibres
adapt to different usage by undergoing transformation from
one type to another and such transformations can occur
after cross-reinnervation (Buller, Eccles & Eccles, 1960; Close,
1969), during electrical stimulation of peripheral nerves or
muscles (Salmons & Vrbovd, 1969; Lemo, Westgaard &
Dahl, 1974; Salmons & Sréter, 1976; for reviews see Pette &
Vrbovd, 1992; Schiaffino & Reggiani, 1996; Gundersen,
1998) and, to a smaller degree, during exercise (Schantz &
Henriksson, 1983) and postnatal development (Kugelberg,
1976).

Several questions remain unresolved with respect to the
mechanisms underlying these transformations. One question
concerns whether the transformation can be complete in the

sense that, for example, a fast type I1B fibre in the adult
extensor digitorum longus (EDL) muscle can acquire all the
properties of slow type I fibre in the adult soleus (Sol) muscle
and vice versa. The question is important because if the
answer is no, adult fast and slow muscle fibres would
probably be intrinsically different and belong to differently
determined cell lineages. Existing data suggest that
transformations can be complete for some properties but not
for others. It has therefore been proposed that contractile
properties adjust to different usage within intrinsically
different adaptive ranges that may overlap to different
degrees for different properties (Westgaard & Lomo, 1988).
For example, the Sol may become as fast as the EDL with
respect to the isometric twitch time to peak but not with
respect to isotonic intrinsic maximum shortening velocity
(Vinax) or IIB MHC expression after reinnervation by EDL
motoneurones or direct electrical stimulation with an EDL-
like pulse pattern (Close, 1969; Gutmann & Carlson, 1975;
Eken & Gundersen, 1988; Schiaffino, Ausoni, Gorza, Saggin,
Gundersen & Lomo, 1988; Westgaard & Lamo, 1988; Ausoni,
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Gorza, Schiaffino, Gundersen & Lgmo, 1990; Hamildinen &
Pette, 1996). The EDL, on the other hand, may become as
slow as the Sol with respect to MHC expression (type I) and
intrinsic V,,,, after reinnervation with Sol motoneurons but
not with respect to the isometric twitch time to peak, which
remaing considerably faster even 3 months to more than a
year later (Close, 1969; Gutmann & Carlson, 1975; Mira,
Janmot, Couteaux & D’Albis, 1992). Intermittent slow-
pattern electrical stimulation of the denervated or
innervated EDL for up to two months similarly induces an
intermediate twitch speed (Eken & Gundersen, 1988;
Westgaard & Lomo, 1988) but fails to induce type I MHC
expression or a Sol-like intrinsic V,,,, (Eken & Gundersen,
1988; Termin, Staron & Pette, 1989; Ausoni et al. 1990,
Delp & Pette, 1994). On the other hand, continuous low
frequency stimulation of the nerve to the EDL over a
comparable time does induce variable amounts of type I
MHC expression (Mayne, Mokrusch, Jarvis, Gilroy &
Salmons, 1993). At present, it is not clear whether such
differences and signs of incomplete transformation are
related to the presence or absence of innervation, pattern of
stimulation, or duration of experiment.

A second question dates back to Buller et al. (1960) and asks
whether non-junctional properties, such as extrajunctional
acetylcholine receptor (AChR) expression or contractile
proteins, are controlled by nerve-derived trophic factors
and/or electrical muscle activity. Evidence for trophic factors
acting independently of electrical muscle activity has been
reported (e.g. Salviati, Biasia & Aloisi, 1986; Witzemann,
Brenner & Sakmann, 1991) but so has evidence against
(e.g. Pasino, Buffelli, Arancio, Busetto, Salviati & Cangiano,
1996). To separate the effects of nerve-derived trophic factors
and electrical muscle activity one may stimulate denervated
muscles electrically but this approach has been questioned
because the effects may reflect more the denervation per se
than the stimulation (Al-Amood, Finol & Lewis, 1986). To
use indirect stimulation through the nerve may also be
questioned because nerve stimulation may affect the
production and delivery of trophic factors to the muscle.

The present work addresses both these questions with respect
to MHC expression in adult rat EDL muscles. In one series
of experiments we denervated the EDL to remove influences
derived from the nerve and stimulated the EDL directly
with a pulse pattern comparable to that generated by Sol
motoneurones in freely moving rats (Hennig & Lemo, 1985).
Since Sol motoneurones appear to fire approximately
normally after innervating antagonistic muscles (O’Donovan,
Pinter, Dum & Burke, 1985; Gordon, Stein & Thomas,
1986), cross-reinnervated and electrically stimulated EDL
muscles would be expected to undergo equivalent
transformation if activity pattern is the responsible factor.
To find out if the failure to induce type I MHC expression
reported earlier (Termin et al. 1989; Ausoni et al. 1990;
Delp & Pette, 1994) was due to stopping the stimulation too
early, we extended the duration of stimulation from 2 to 4
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months. We also examined the time course of the effects of
stimulation to see if the changes in MHC expression occur
sequentially in directly stimulated denervated muscles as
they do in muscles stimulated through the nerve (Pette &
Vrbovd, 1992). Finally, we stimulated the EDL indirectly
through the peroneal nerve with an identical stimulus
pattern to see if the effects of stimulation obtained after
denervation could be accounted for by an effect of
denervation per se.

The results show that long-term electrical stimulation of
innervated and denervated EDL muscles has similar effects
and that transformation from type II B to type I MHC can
occur sequentially in the absence of innervation, indicating
that pattern of electrical muscle activity rather than nerve-
derived trophic factors is responsible for fast to slow
transformation in the adult rat EDL.

METHODS

Young adult male Wistar rats were used, obtained from
Mollegaards Breeding Centre Ltd (Skensved, Denmark) and
weighing 250-300 ¢ at the beginning of the experiment. All
operations described below were carried out under full anaesthesia
with Equithesin (42:5 mg chloral hydrate and 9:7 mg pento-
barbitone in 1 ml solution, 0-4 ml (100 g body wt)™, 1.p), as assessed
by the absence of reflex muscle contractions and limb withdrawal to
squeezing the skin during surgery. The muscles were removed
under full anaesthesia as above and the animals given additional
Equithesin and killed by cervical dislocation.

Denervation and chronic stimulation

The sciatic nerve was cut in the thigh and its proximal end reflected
and sutured to the subcutis to prevent reinnervation. A longitudinal
opening through skin and fascia was made along the lateral aspect
of the tibialis anterior muscle (TA) and the TA belly moved
medially with small hooks to expose the underlying EDL. The ends
of two flexible, multistranded steel wires (AS 632, Cooner Sales
Wire Co., Chatsworth, CA, USA) with their Teflon insulation
removed for the distal 20—25 mm were placed obliquely across the
EDL in a proximo-distal direction, one wire on the anterior side,
the other wire on the posterior side distal to the first, making sure
that the uninsulated wires touched muscle fibres and not tendons as
they ran across the entire muscle without possibility of contact
between them. Each wire was fixed to the tissue a few millimetres
away from the EDL with a thin supramid thread which was placed
just above a small knot on the insulated part of the wire to prevent
the wires from being pulled away from the EDL at later times. TA
was then moved back to its normal position. Through openings in
the skin on the back and head the insulated wires were pulled
under the skin to the head and from there through protective
plastic tubes (0.d., 0:6 mm) to rotating contacts fixed about 0-5 m
above the rat. Along the back the wires made a loop, several
centimetres long, to slacken the wires and prevent their distal ends
from being pulled away from the EDL as the animal grew during
the course of the experiments (up to 4 months). On the head the
connective tissue over the bone was removed and three stainless
steel bone screws (no. 40-77-8, Frederick Haer & Co, Brunswick,
ME, USA) inserted such that there was just room for the protective
tube between them. The exposed bone was cleaned of blood, allowed
to dry, and covered with a thin film of dental glue (Scotchbond, 3M
Dental Products Division, St Paul, MN, USA). Dental cement
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(Simplex Rapid, Austenal Dental Products Ltd, Harrow, UK) was
then placed on the bone with the screws and the protective tube
pushed into the cement before it cured. The distal end of the tube

contained two short pins which had been pushed through its wall.

These pins became lodged in the cement and prevented the tube
from being pulled out of the cement. By keeping the protective
tube relatively slack, the rat could move freely within the cage
while being unable to reach the tube and break the connection to
the stimulator placed on a shelf above.

Stimulation started on the day of denervation in thirty animals
and lasted from 6 to 124 days. The stimulus was bipolar with a

duration of 0-2 ms and an intensity of 10—15 mA in each direction.

The stimulation pattern was 20 Hz for 10 s every 20s. A master
stimulator delivered the stimulus pattern to a series of custom-built
operational amplifiers through which the current intensity could be
adjusted individually for each rat. The stimulus output from each
of these amplifiers went through a corresponding number of 100 £
resistances, each resistance in series with one of the two
stimulating electrodes in each rat. By measuring the potential drop
across this resistance for each rat the current intensity passing
through each EDL was monitored daily on an oscilloscope screen
and adjusted to an intensity (10—15mA) above the apparent
maximum palpable contraction in the anterior muscle group. By
reading the potential across one resistance after another it was easy
to check regularly the stimulation circuit for each rat and often to
repair it if breaks occurred. Contralateral innervated or denervated
EDL muscles served as controls.

Indirect stimulation via the nerve

Electrodes identical to those used for direct muscle stimulation (see
above) were fixed by sutures on each side of the common peroneal
nerve at the level of the knee. The electrodes did not touch the
nerve. Stimulation and monitoring were as described above except
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that the intensity was much lower, usually around 0:5 mA. Nine
animals were stimulated in this way from 8 to 37 days.

Fibre typing

Serial transverse cryosections of control and stimulated muscles
were incubated with monoclonal antibodies against different MHCs
and bound antibody was visualized by immunoperoxidase staining
as previously described (Gorza, Sartore, Thornell & Schiaffino,
1986). The following monoclonal antibodies (a gift from §.
Schiaftino) were used: BF-F3 against type IIB MHC, dilution
1:100; BA-71 against type IIA MHC, 1:10; BF-35 against type
IIB, ITA and T MHC, 1:10; BA-D5 against type I MHC, 1:10;
and BF-G6 specific for embryonic MHC, 1:20 (Schiaffino, Gorza,
Sartore, Saggin & Carli, 1986; Schiaftino et al. 1989). BF-35, which
labels all fibre types in EDL except 11X, was used to identify pure
II X fibres. Percentages of fibre types were determined either by
counting all of the fibres in whole muscle cross-sections stained with
a particular antibody, or by counting fibres in randomly selected
fields from about 30% of the cross-section. The antibody against
embryonic MHC was used to identify regenerating muscle fibres
(Sartore, Gorza & Schiaffino, 1982). The hematoxylin/eosin and
Van Gieson reactions were used to assess the histological
appearance of the muscle tissue.

The experiments involving chronic muscle and nerve stimulations
had been inspected and permitted by the Norwegian Experimental
Board and Ethical Committee for Animal Experiments and were
overseen by the veterinarian responsible for the animal house.
During the experiments the animals were checked daily and did not
behaviourally respond to the stimulation or appear to suffer any
pain. The animals moved about in the cage and appeared to have
the same eating, drinking and sleeping behaviour as unstimulated
animals.

Figure 1. Long-term 20 Hz stimulation of denervated EDL muscle induces appearance of slow
type I fibres

Cross-sections of EDL muscles that had been denervated plus stimulated for 124 days (4), denervated for
80 days (B), or was normal (C'). The sections were stained with the BA-D5 antibody against type I MHC.
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Figure 2. Denervated EDL contains mainly slow type I fibres after 4 months of 20 Hz
stimulation

Serial cross-sections of an EDL muscle that had been denervated and stimulated for 124 days and then
stained with antibodies against type I (4), ITA (B) and II B (D) MHCs. The section in ' was stained with
the BF-35 antibody which reacts with types I, I A, and 11 B, but not II X MHCs.
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RESULTS

Denervated EDL muscles: effects of direct stimulation

Long-term effects. Figure 14 shows an example of the end
result after 4 months of denervation plus stimulation. All
the fibres reacted with the type I antibody, except for some
fibres along the top edge of muscle which reacted with the
type IIA antibody. In contrast, both the denervated
(80 days, Fig. 1B) and the normal (Fig. 1C) EDL contained
only a few scattered type I fibres, the others being type II.
The denervated muscle was very atrophied and contained
type I fibres that were considerably larger in diameter than
the type 11 fibres, as previously described (Niederle & Mayr,
1978).

After 4 months of denervation plus stimulation the fibres
appeared histologically normal, as illustrated by a
representative field at larger magnification in Fig. 2. All the
fibres in this field were labelled with the antibody against
type IIA +1IB 4+ 1 MHC (Fig. 2C) and unlabelled with
the antibody against type IIB MHC (Fig. 2D). Therefore,
these fibres were neither solely type IIX nor ITB. Three
fibres were positive only for type IIA MHC (Fig. 2B). All
the other fibres were positive for type I MHC (Fig. 24) and
were therefore pure type I fibres.

Sequential changes in fibre type composition. The muscle
shown in Fig. 34 had been denervated and stimulated for
10 days. The majority of fibres (89 %) were labelled with the
antibody against type II A+ IIB+1 MHC (not shown).

Myosin expression during stimulation 627

The remaining non-labelled fibres were therefore type 1IX.
Many of the labelled fibres (25 %) were also strongly labelled
with the antibody specific for type IIA MHC (Fig. 34) but
not with the antibodies specific for type IIB or I (not
shown). These fibres were therefore probably pure type IT A
fibres. Other fibres labelled by the antibody against type
IT A + II B + I MHC were only weakly labelled by the anti-
body against type IIA MHC and not by the antibodies
against type IIB and I MHCs. Therefore, these fibres
probably contained type 11 X MHC in addition to relatively
small amounts of type II A MHC. Figure 3B and C illustrates
that after intermediate and long periods of denervation plus
stimulation (43 and 124 days, respectively) the EDL
contained very many (Fig. 3B) and very few (Fig.3C) type
IT A positive fibres, respectively. The fibres negative for IT A
were instead labelled by the antibody against type I MHC
(not shown).

Fibres labelled by both type I and IIA MHC (type 1IC
fibres) were not observed in the normal EDL but appeared
at low percentage (3—8%) from the second week until the
end of the experiment in both denervated and denervated
plus stimulated muscles. Fibres labelled by both type ITB
and IT A antibodies were not observed.

Figure 4 summarizes the effects of denervation and
denervation plus stimulation on the distribution of type
IIB, IIX, ITA and I fibres. After denervation alone, the
percentage of IIB fibres slowly declined to a low value
(<10%) over a period of about 2 months, while 11X

Figure 3. Transient appearance of type II A fibres in denervated and 20 Hz stimulated EDL
muscles

Cross-sections of EDL muscles after 10 (4), 43 (B), and 124 (C) days of denervation plus direct stimulation.
The sections were stained with the BA-71 antibody against type I A MHC.
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disappeared between 3 and 8 weeks. Corresponding to these
declines, the percentage of IT A fibres gradually increased
from about 25 to 90% and then stayed at this high level,
while the percentage of type I fibres remained low (< 5 %).
In contrast, within 3 weeks after denervation and onset of
stimulation, the type IIB fibres disappeared, while the
percentages of type II A and type I fibres increased to
around 75 and 20 %, respectively. Subsequently, type 11 A
fibres dominated until type I fibres started to replace them
after 2 months of stimulation, in sharp contrast to the
absence of changes in type IT A and type I fibres between 2
and 4 months after denervation alone. With respect to IT X
fibres, denervation alone and denervation plus stimulation
had similar effects except that their disappearance appeared
to be somewhat faster during stimulation.

Transformation of pre-existing fibres. All the muscles
were inspected for signs of fibre damage, degeneration or
regeneration, as indicated by accumulation of interstitial
cells in sections treated with hematoxylin and eosin,
presence of necrotic fibres as indicated by ragged outlines
and invasion of mononuclear, presumably phagocytotic cells,
and presence of small fibres reacting with the antibody
against embryonic myosin and containing central nuclei. At
no time after denervation and onset of stimulation were
such signs of degeneration observed (Fig. 2) except along
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restricted parts of the surface in some muscles where,
presumably, the stimulating electrodes had been lying.
Furthermore, at no time did the fibres react with the anti-
body against embryonic MHC, except, again, along restricted
parts of the surface of some muscles, as previously described
for the denervated and directly stimulated rat Sol muscle
(Gorza, Gundersen, Lgmo, Schiaffino & Westgaard, 1988).
Denervation and denervation plus stimulation did not change
the number of fibres per muscle significantly and the number
did not change during treatment. The mean number of
fibres + 95 % confidence limits was 3929 + 165 (n= 30) in
denervated plus stimulated muscles, 3913 4+ 209 (n=10) in
denervated unstimulated muscles, and 3148 + 573 (n=6)
in normal muscles. The variability was large for the normal
group because one muscle had an unusually low number.

Innervated EDL muscles: effects of indirect
stimulation

EDL muscles with intact innervation were stimulated
through the peroneal nerve for 8-37 days. During this
period the effects on fibre type distribution (Fig. 5) were
indistinguishable from those observed during direct
stimulation of the denervated muscle (Fig. 4). As in
denervated plus stimulated muscles, fibres coexpressing
type I and ITA MHCs were rare (3—8%). There was no
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reaction with the antibody against embryonic MHC and
histological signs of fibre damage were absent, indicating
that the transformation occurred in pre-existing fibres in
muscles stimulated through the nerve, in agreement with
earlier reports (Delp & Pette, 1994). There were 3642 + 267
fibres per muscle (n=19), which is similar to that in
denervated and denervated plus stimulated muscles.

DISCUSSION

The present results show that electrical stimulation of the
denervated EDL with a pattern comparable to that
generated by slow Sol motoneurones transformed the EDL
into a muscle containing predominantly slow type I muscle
fibres. In the absence of stimulation, no such upregulation of
type I MHC occurred. If a pattern comparable to that
generated by EDL motoneurones is applied, type IIB
expression (Ausoni et al. 1990) and fast contractile properties
(Eken & Gundersen, 1988)
transformation from type II B to type I MHC occurs in EDL
muscles after cross-reinnervation by Sol motoneurones (Mira
et al. 1992). After self-reinnervation by EDL motoneurones,
on the other hand, the EDL retains its normal fast
properties (Close, 1969). These similarities between direct
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muscle stimulation with slow and fast stimulus patterns on
the one hand and reinnervation by slow and fast
motoneurones on the other indicate that the pattern of
muscle impulse activity and not putative nerve-derived
trophic factors is responsible for fast to slow transformation
in the EDL of the rat.

Slow type I fibres in normal EDL and Sol muscles have
different isometric twitch times to peak, the time to peak of
slow fibres in EDL being intermediate between that of slow
Sol and fast EDL fibres (Close, 1967; Eken & Gundersen,
1988; Westgaard & Lgmo, 1988). EDL muscles cross-
reinnervated with the Sol nerve also express an
intermediate isometric twitch time to peak although they
acquire type I MHC (Close, 1969; Mira et al. 1992). Thus,
cross-reinnervation by the Sol may induce complete fast to
slow transformation of the EDL if comparison is made with
type 1 fibres in the normal EDL but not if comparison is
made with type I fibres in the normal Sol. Electrical
stimulation of denervated rat EDL muscles for 2 months
slows the twitch time to peak to the same intermediate
value (~21 ms) as in normal slow and cross-reinnervated
EDL muscle fibres (Close, 1969; Eken & Gundersen, 1988;
Westgaard & Lemo, 1988). Whether longer periods of

stimulation would have slowed the twitch to values typical
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Figure 5. Time course of changes in fibre types during 20 Hz stimulation of the nerve to EDL

muscles

Percentage of different fibre types in innervated EDL muscles plotted against the length of time of
stimulation through the peroneal nerve. The broken line is the same curve as in Fig. 4 and represents the

effects of stimulating denervated EDL muscles.
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of the normal Sol (37—40 ms) is not known but appears
unlikely since reinnervation with the Sol nerve fails to do so
within 1+5 years when the EDL stays in its own bed (Close,
1969) or within at least 3 months when the EDL is
transplanted to the bed of the Sol (Gutmann & Carlson,
1975). Failure to induce a slow, Sol-like twitch in EDL is an
example of a property that is difficult to induce in one
muscle but is normally present in the other. Another
example is the difficulty to induce II B MHC expression and
an EDL-like intrinsic V,,,, by electrical stimulation or cross-
reinnervation of the Sol (Close, 1969; Eken & Gundersen,
1988; Schiaflino et al. 1988; Ausoni et al. 1990; Hamaldinen
& Pette, 1996). In the present experiments on the EDL,
type I MHC started to appear in the majority of the fibres
only after 2 months of slow-pattern stimulation. Thus,
many EDL fibres showed marked resistance to expressing
type I MHC, which explains why earlier experiments based
on up to 2 months of slow-pattern stimulation of the EDL
failed to show transformation to type I MHC (Termin et al.
1989; Ausoni et al. 1990; Delp & Pette, 1994). Available
evidence, therefore, supports the concept that rat EDL and
Sol muscles are intrinsically different muscles that adjust
their properties to different types of activity within adaptive
ranges that may fully overlap with respect to some of these
properties but not with respect to others (Westgaard &
Lgmo, 1988).

It is important to know whether transformation of fibre
types occurs in original fibres that maintain their integrity
throughout the period of transformation or is the result of
generation of new fibres. In the present work, signs of fibre
degeneration or regeneration were not observed at any time
during the period of transformation, except occasionally in
superficial regions near the stimulating electrodes. This
finding strongly suggests that the fast to slow transformation
occurred in pre-existing fibres and was not the result of
formation of new fibres. In agreement with this conclusion
previous work has shown no histological evidence of fibre
degeneration and regeneration in the rat EDL during
chronic low frequency stimulation (5—20 Hz) (Mayne et al.
1993; Delp & Pette, 1994), whereas such evidence is reported
for the fast-twitch tibialis anterior muscle in the rabbit
(Maier, Gambke & Pette, 1986).

The transformation from type IIB and II X fibres to type [
fibres occurred in two stages, an early rapid stage to type
IT A fibres and a late stage to type I fibres starting after
about 2 months. The early stage took place during the third
week when type IIA MHC replaced type IIB and IIX
MHCs. Given a half-life for IIB MHC of about 15 days
(Termin et al. 1989), the rapid disappearance of type 11B
and IIX fibres suggests that the stimulation blocked the
expression of IIB and IIX MHCs very rapidly, if not
immediately. In the absence of specific antibodies against
IIX MHC it was not possible to demonstrate coexpression
of II B/II X or ITX/II A MHCs. During the transformation,
however, many fibres that did not stain for type II B or type
I MHCs stained only very weakly for ITA MHC, suggesting
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that they coexpressed type IIX MHCs. Coexpression of
IIX and ITB MHC was more uncertain because the anti-
body specific against II B MHC stained II B fibres relatively
weakly. However, coexpression of type IIB/IIX and
IIX/ITA MHCs is well documented both in normal and
indirectly stimulated fast-twitch muscles (Termin et al. 1989;
DeNardi et al. 1993; Delp & Pette, 1994). Coexpression of
type IIB and IT A MHCs was not observed, in agreement
with earlier reports.

The percentage of type I fibres increased from about 3 % to
15% during the third week of stimulation and again
towards 100% after 2 months. We interpret the early
increase as occurring in original type IT A fibres and the late
increase as occurring in type ITA fibres that originally
were type IIB or IIX. If this is correct, fast to slow
transformation occurs along the sequence IIB/IIX —
II A — I in such a way that the switch from the originally
active gene to the next originally inactive gene in the
sequence is rapid, while activation of the last gene in the
sequence is much delayed. For IIB fibres it could not be
determined whether the transition to ITA fibres passed
through a stage of II X coexpression after the stimulation
had started. If a less rapidly acting slow stimulation pattern
is applied to intact EDL axons (see below), original 11 B
fibres do coexpress the 11 X gene (Delp & Pette, 1994).

The present results are in general agreement with previous
reports of sequential activation of MHC genes during
stimulation-induced fast to slow transformation in the rat
(Termin et al. 1989; Delp & Pette, 1994) but differ in degree
and speed of transformation. The present transformation
occurred faster than in the work by Delp & Pette (1994) and,
with respect to type I MHC, later than in the work by
Mayne et al. (1993). For example, in Delp & Pette (1994) the
number of IIX fibres first increased and then slowly
declined, whereas in the present work there was only an
early rapid decline. The effects on IT A fibres were also
different, the relative content of II A fibres increasing
gradually over a 2 month period in the work by Delp & Pette
(1994) but rapidly to maximum levels during the third week
in the present work. In Mayne et al. (1993) biochemical
analysis showed significant amounts of type I MHC in some
muscles after 2 months of stimulation, whereas in the
present work and that by Delp & Pette (1994) only a modest
increase in type I fibres was observed after 2 months. We
attribute these results to differences in stimulus patterns.
Mayne et al. (1993) stimulated continuously at 10 or 20 Hz,
which may be more efficient than intermittent 20 Hz. Delp
& Pette (1994) stimulated at 10 Hz for 10 h each day so that
14 h of inactivity separated each period of stimulation
compared with 10 s in the present experiments. Increasing
duration of inactive periods markedly reduces the efficiency
of electrical stimulation on extrajunctional ACh sensitivity
in denervated rat Sol muscles even when the total amount of
stimulation per day is kept constant (Lemo & Westgaard,
1975). The efficiency of the effect of stimulation on myosin
expression may be similarly dependent on activity pattern.
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The innervated EDL muscles were stimulated for only up to
37 days but this was sufficient to compare the effects of
stimulating denervated and innervated muscles with
respect to the disappearance of 11 B and 11X fibres and the
appearance of a major component of ITA fibres and a
smaller component of type I fibres. In all these respects the
effects were identical. This may appear surprising since the
two types of muscles received different pulse patterns, the
innervated EDL receiving an unknown pattern from intact
EDL motoneurones in addition to the low frequency
stimulation. Amount of activity rather than frequency is the
main activity factor controlling MHC expression and
shortening velocity (Kernell, Eerbeek, Verhey & Donselaar,
1987; Gundersen & Eken, 1992). Any pattern, regardless of
frequency, which imposes large amounts of activity on a
muscle results in fast to slow transformation. Therefore, if
the large amount of activity imposed by stimulation already
saturates the mechanism for fast to slow transformation,
then any additional activity will have no further effect. That
electrical stimulation of denervated and innervated muscles
had the same effects argues against the possibility that
denervation per se accounts for the observed transformation
of fibre types.

Denervation alone increased the percentage of type IT A
fibres at the expense of type II B and 11X fibres. This change
in the slow direction may also be caused by altered muscle
activity, which is strongly affected by denervation. After
denervation, the EDL no longer receives the high-frequency,
low-amount activity typical of many EDL motor units
(Hennig & Lemo, 1985) but instead becomes subject to low-
frequency fibrillatory activity, which can be substantial
(Purves & Sakmann, 1974). In contrast to the effects of
denervation alone, denervation coupled to slow-pattern
stimulation (1) markedly accelerated the denervation-induced
decrease in I1 B MHC, (2) eventually suppressed II A MHC
expression, which remained up-regulated after denervation
alone, and (3) resulted in upregulation of type I MHC,
which remained at a low level after denervation alone. The
stimulation also appeared to accelerate a denervation-induced
decrease in type II X fibres.

In conclusion, it appears (1) that the effects of electrical
muscle stimulation after denervation are specifically different
from those of denervation alone, (2) that denervation alone
leads to a partial fast to slow transformation that may be
reasonably attributed to the altered muscle activity caused
by the denervation, and (3) that the effects of stimulating
the denervated EDL with a Sol-like pattern are very similar
to the effects of stimulating the innervated EDL with the
same pattern, which again are very similar to the effects of
cross-reinnervating the EDL with the Sol nerve. It thus
appears that neither denervation per se nor neurotrophic
factors can account for the transformation to type I fibres
observed during electrical stimulation of the denervated
EDL with a Sol-like stimulus pattern. Instead, the evidence
obtained in this and previous experiments on denervated
and electrically stimulated muscles suggests that most, if
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not all, of the changes induced by cross-reinnervation can
be attributed to differences in the electrical activity of fast
and slow motoneurones. Finally, electrical stimulation of
denervated muscle in vivo appears to be a suitable model
both for distinguishing between nerve-derived trophic factors
and electrical impulse activity in the control of muscle
contractile properties and for studying how these properties
depend on patterns of electrical muscle activity.
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