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Electrical stimulation partly reverses the muscle insulin resistance caused
by tenotomy
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It was shown that 15-min electrical stimulation of the rat sciatic nerve greatly increases the in vitro measured sensitivity of lactate formation, glucose

transport, and glycogen synthesis to insulin, impaired by previous tenotomy. The insulin sensitivity of all these processes was, however, still below

that found in the stimulated intact soleus muscle. Extending the stimulation up to 30 min did not cause any further changes in insulin sensitivity
either in tenotomized or in intact muscles.

1. INTRODUCTION

Insulin resistance is a state in which higher than
normal concentrations of the hormone are required to
produce a given biological effect. This occurs e.g. in
obesity, thyroid hormone deficiency, aging and in most
cases of non-insulin-dependent diabetes meliitus. Insu-
lin resistance may be caused by the presence of antibod-
ies to the hormone, production of abnormai, less effec-
tive insulin as well as by decreased responsiveness or/
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Skeletal muscles are probably in quantity the most
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especially during enhanced physwal activity. On the
other hand, restriction of physical activity is known to
impair considerably glucose tolerance in spite of an ex-
cessive response of insulin secretion to glucose load [9].
These observations are consistent with the rapid reduc-
tion of the whole body insulin sensitivity in trained
individuals following their subsequent inactivity lasting
for 10 days [7]. Similar results have been reported in
experimental animals after immobilization [12,16]. This
effect can be attributed to decreasing skeletal muscle
mass [17], although immobilization causes also a
marked reduction in the activity of mitochondrial oxi-
dative enzymes, decreases muscle capillary density
which may lead to a reduced rate of glucose utilization
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In studies of Myllynen et al. [11] it was found that the
insulin resistance persists for a few months after starting
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remobilization, and during this time improvement of
insulin sensitivity is only slightly less than in control
subjects.

Our previous studies [1] have shown that muscle inac-
tivity, caused by tenotomy, results in a prompt decrease
of the rat soleus muscle sensitivity to insulin estimated
on the basis of lactate production in vitro. Since there
is evidence that both acute exercise and physical train-
ing improve insulin sensiiivity and glucose metabolism
in skeletal muscles, most probably due to locally re-
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2. MATERIALS AND METHODS

Male Wistar rats (body weight 160-180 g) were kept in a tempera-
ture controlled room at 22°C with a light period from 06.00 to 18.00
h and received standard laboratory chow and water, ad libitum, except
for the 12-hours before sacrifice when food was withdrawn. Tenotomy
(Achilles tendon cutting) was performed in one hindlimb under light
ether anesthesia, 12 h before isolation of muscles. Both the intact and
tenotomized muscles were stimulated via the sciatic nerve for 15 or 30
min before sacrifice.

2.1. Electrical stimulation in vivo

Rats were anesthetized by an intraperitoneal injection of sodium
mamt o cliit ama (80 mmalla bads, mraiahtl Tha obis g o acrnd Fonaen
PUIILUUQI vnuouc (vv lllyl\s UUUy Wclslll}. 4110 OAIIL Wad 1CINUYLU [TUlll
a hindlimb, the sciatic nerve was prepared for stimulation and then
the gastrocnemius-soleus-plantaris muscle group was prepared for
1sometric contractions as described by Gorski et al. [6]. The nerve was

stimulated with supramaximal tetanic pulses (7 V, 0.05 ms duration,
delivered in 100 ms trains at 100 Hz) with one nu!ge ner second

2.2. Soleus muscle isolation and incubation procedure

Immediately after sacrifice, soleus muscles were isolated from both
hind limbs and each of them was dissected longitudinally to produce
two halves of a similar weight as described by Crettaz et al. [4). The
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muscle strips were tied under tension to stainless steel clips and imme-
diately put into the preincubation medium. The whole procedure did
not exceed 1 min. The muscle strips were preincubated for 15 min at
37°C in 5 ml of modified Krebs—Ringer bicarbonate buffer (pH 7.4)
containing 5 mM glucose and 1.5% (w/v) defatted serum albumin.
Next, the muscles were transferred to Erlenmeyer flasks containing
fresh incubation medium plus 0.5 £Ci of [U-"*Clglucose - ml™" and
insulin at various concentrations (1-10,000 4U - ml™!). The flasks were
gassed continuously with O,/CO, (19:1) during the preincubation and
for the first 45 min of the 60 min incubation period. At the end of
incubation, the muscles were removed from the flasks and freeze-
clamped. The incorporation of [U-**Clglucose into glycogen was as-
sayed as described by Challiss et al. [3]. The concentrations of lactate
(LA) in the incubation medium were measured enzymatically using the
commercial kits (Boehringer Diagnostica, Mannheim, Germany)

For the assessment of glucose transport (glucose phosphorylation)
in separate experiments the labelled 2-deoxy[2,6-*H]glucose (0.4
uCi - ml™") was added to the incubation medium, instead of radiola-
belled glucose. After 60 min of incubation, muscle strips were removed
from the flasks, frozen and homogenized in 4% (w/v) HCIO,. After
neutralization deoxy[*H]glucose-6-phosphate was separated from
deoxy[*H]glucose by Dowex-2 (formate form) ion-exchange chroma-
tography [3] and radioactivity was measured.

The sensitivity of glycolysis, glycogen synthesis and 2-deoxyglucose
(2-DG) transport to insulin was expressed as the concentration of
insulin (ECs,) required to produce a half-maximal effect. The final
EC,, values, obtained by computer transformation of the relationship
between insulin concentrations in the medium and the rates of the
above processes into a log-logit plot were presented either as loga-
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rithms of insulin concentrations (means * S.D.) or as their antiloga-
rithms (geometrical means).

Total glycogen content in the soleus muscle was determined accord-
ing to Carroll et al. [2].

2.3. Statistical analysis

The rates of LA production, glycogen synthesis and 2-DG transport
at different concentrations of insulin, insulin sensitivity of these proc-
esses as well as glycogen content in the muscles were compared be-
tween groups by means of a two-way analysis of variance for non-
repeated measures followed by the Duncan test. The null hypothesis
was rejected when P < 0.05. The insulin sensitivity values, expressed
as logarithms of insulin concentration, were compared using the Dun-
can test.

3. RESULTS AND DISCUSSION

Tenotomy significantly decreased the rates of 2-DG
transport and glycogen synthesis at all insulin concen-
trations, whilst the LA production rates were markedly
increased. In tenotomized muscles after a 15 min electri-
cal stimulation the rates of 2-DG transport as well as
glycogen synthesis were enhanced, and the rate of LA
formation was not affected. In the contralateral intact
hindlimb muscles, identical stimulation caused a
marked increase in the rates of these three processes.

Table I

The effect of tenotomy and electrical stimulation of sciatic nerve on the rates of LA production, 2-deoxyglucose transport and glycogen synthesis
measured in the soleus at different insulin concentration

Insulin conc. Controls Controls after Controls after Tenotomized Tenotomized after Tenotomized after
v -ml'") 15 min stimulation 30 min stimulation 15 min stimulation 30 min stimulation
Lactate production (umol - g - h™")
1 6.05 £ 0.65 (10) 9.31 £ 0.56 (10)* 9712038 (8)* 11.12+0.80 (10)** 11.20+ 1.08 (10)** 10.99 + 0.55 (8)*
10 6.01 £0.66 (10) 10.33x0.71 (10)* 10.63+£0.29 (8)* 1097 £0.68 (10)* 11.58 +0.69 (10)* 11.88+0.42 (8)*
100 9.54+0.61 (10) 13.27£0.92 (10)* 13.82%£0.41 (8* 12331097 (10)* 13.53+0.83 (10)** 13.80 + 0.58 (8)**
1,000 13.04 £ 0.83 (10) 16.28 £ 0.63 (10)* 16.58 £ 0.49 (8)* 15.02+£0.78 (10)* 15.17 £ 0.67 (10)* 1545+ 0.61 (8)*
10,000 13.07 £0.76 (10) 1694+ 0.76 (10)* 17.02+0.33 (8)* 1493+ 0.77 (10)* 15.51 £ (.84 (10)* 15.62 £ 0.49 (8)*
log ECs, 2.01 £0.07 (10) 1.62 £ 0.10 (10)* 1.65 % 0.09 (8)* 2,51 £0.13 (10)**  1.93+0.08 (10)**  1.89 £ 0.05 (8)
2-Deoxyglucose transport (umol - g - h™')
1 1.42 £ 0.10 (5) 2.61 £0.18 (5* 2.59 +£0.23 (5)* 0.52 £ 0.11 (5)* 1.44 £ 0.24 (5)** 1.62 £ 0.19 (5)**
10 1.70 £ 0.05 (5) 3.22+0.16 (5* 341 +£0.25 (5* 0.57 £ 0.10 (5)* 1.74 £ 0.25 (5)** 1.73 £ 0.25 (5)**
100 2.52£0.16 (5) 3.54 £ 0.13 (5)* 3.62 +0.18 (5)* 1.11 £0.16 (5)* 243+£0.13 (5 2.68+0.39 (5)**
1,000 324 £0.14 (5) 402+ 0.14 (5)* 4.22 +0.29 (5)* 2.05+0.13 (5* 3212019 (5% 3411018 (5™
10,000 3.44 £ 0.12 (5) 391 £0.16 (5)* 4321 0.15 (5)* 2.46 £ 0.11 (5)* 325+0.19 (5)**  3.53+0.27 (5)**
log ECs, 1.99 £ 0.08 (5) 1.46 £ 0.10 (5)* 1.39 + 0.08 (5)* 2.77 £0.12 (5)* 2.04+0.21 (5"  2.010.18 (5)**
Glycogen synthesis (umol - g - h™")

1 1.10 £ 0.28 (10) 2.30 £ 0.40 (10)* 229+0.39 (8)* 0.58%0.29 (10)** 1.72 £ 0.61 (10)* 1.91 £ 0.42 (8)*
10 1.27 £0.28 (10) 2.56 £ 0.38 (10)* 2.59+028 (8)* 0.62:0.35(10)** 1.84 £0.50 (10)* 1.99 + 0.39 (8)*
100 2.20£0.30 (10) 3.26 £ 0.31 (10)* 3.34£031 (8)* 1.14 1041 (10)** 245+ 0.46 (10)* 2.55 £ 0.42 (8)*
1,000 3.23+£0.31 (10) 3.37 £ 0.37 (10) 3.39+£0.25 (8) 2.59 £ 043 (10)**  3.05%0.42 (10) 3.18+£0.35(8)
10,000 342 £0.37 (10) 3.39 £ 0.33 (10) 3.52+0.38 (8) 2.70 £ 0.47 (10)**  3.12+0.46 (10) 3.19+ 043 (8)
log ECs, 2.06 £ 0.07 (10) 1.41 £0.07 (10)* 1.59 £ 0.11 (8) 2.30 £0.05 (10)**  1.95%0.07 (10y**  2.01 £ 0.09 (8y"*

Results are presented as means * S.D. The values significantly different (P < 0.05) from controls (intact, unstimulated muscle) are indicated by
*, from controls 15 min stimulated by *, and from tenotomized unstimulated by *.
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Table 11

Effects of tenotomy and electrical stimulation on the level of glycogen (umol of glucose - g™') in soleus muscle of rats

Controls after Controls after

15 min stimulation

Controls

30 min stimulation

Tenotomized after
30 min stimulation

Tenotomized after
15 min stimulation

Tenotomized

29.72 £ 1.51 (10) 22.50 £ 2.52 (5)*

22.17+£2.97 (5)*

3642+ 3.19 (5)** 24.98 + 1.57 (5)** 24.12 + 227 (5)**

Results are presented as means * S.D. The values significantly different (P < 0.05) from controls (intact, unstimulated muscles) are indicated
*, from controls 15 min stimulated by *, and from tenotomized unstimulated by *.

Neither in tenotomized nor in intact muscle did exten-
sion of stimulation by up to 30 min cause further change
in the rates of LA production, 2-DG transport or glyco-
gen synthesis in vitro (Table I).

In the intact, unstimulated muscles, the values of
EC;, for LA production, 2-DG transport and glycogen
synthesis, retransformed from logarithms were similar,
approximating to 100 U of insulin - ml™'. Stimulation
of the muscles for 15 min decreased EC;, for LA forma-
tion to 41.7 uU -ml™', for 2-DG transport to 28.8
4U - ml™', and for glycogen synthesis to 25.7 yU - ml™,
thus indicating a marked increase in the sensitivity of
these processes to insulin. Similar results were obtained
after a 30-min stimulation. In tenotomized muscles, in-
sulin sensitivity was dramatically reduced. The values
of EC,, for LA production, 2-DG transport and glyco-
gen synthesis were 323.6 U - ml™!, 588.8 xU - ml™! and
199.5 4U of insulin - ml™!, respectively. Electrical stimu-
lation of tenotomized muscles for 15 min considerably
improved their insulin sensitivity. After this procedure
the values of EC,, became similar to the control, un-
stimulated muscles (86.1 £U - ml™' for LA production,
109.6 uU - ml™' for 2-DG transport, and 89.1 U of
insulin - mI™! for glycogen synthesis). No further im-
provement in insulin sensitivity of these processes was
noted when the tenotomized muscles were stimulated
for 30 min (Table I).

As can be seen from Table II, after tenotomy the
soleus muscle glycogen content was significantly ele-
vated in comparision with the content of this substrate
in the contralateral intact muscle. Electrical stimulation
caused similar depletion of muscle glycogen in intact
and tenotomized muscles.

The present study confirmed the data obtained previ-
ously in this laboratory [1], indicating that for several
hours following tenotomy the rates of lactate formation
in the soleus muscle are increased. It may be connected
with some mitochondrial disfunction shown in immobi-
lized muscles [10]. It seems that the accelerated LA pro-
duction results from the enhanced glycogenolysis, since
the rates of glucose transport were diminished under
this condition. Similarly, as in the previous study,
tenotomy was shown to decrease considerably the mus-
cle insulin sensitivity.

The most important finding obtained in these investi-

gations is that a short (15 min) contractile activity of
tenotomized muscle is able to greatly improve the sensi-
tivity to insulin of LA production, 2-DG transport and
glycogen synthesis. Although the insulin concentrations
necessary to produce half of the maximal effects after
stimulation were still higher in the tenotomized muscles
than in the stimulated, intact ones, the net effect of
stimulation, i.e. the absolute difference in ECs, values,
was greater in the former.

It is of interest that when the nerve stimulation had
been maintained for a longer period (30 min) there was
no further improvement of the insulin sensitivity either
in the tenotomized or intact muscles, thus suggesting
that the maximal effect of muscle contractions on insu-
lin sensitivity might be achieved within 15 min of stimu-
lation. On the other hand, it was reported [8,13] that a
much longer time was necessary to increase the soleus
muscle insulin sensitivity when rats were running on a
treadmill at moderate intensity, and no beneficial effect
was achieved by repeated bouts of short-term exercise
performed by rats at the maximal speed [8]. The differ-
ences between the effects of electrical stimulation and
treadmill exercise might depend on the relatively lower
involvement of the soleus contractions during running.

The finding that even after 30 min of stimulation
insulin sensitivity of the tenotomized muscle and the
rates of 2-D@G transport were significantly below those
of the intact stimulated muscles suggests a decrease in
the total pool of glucose transporters [14], or some other
not so easily reversible changes occurring during the 12
h period of muscle inactivity.

The present data showing that extending of stimula-
tion from 15 to 30 min did not cause any further
changes in the content of muscle glycogen confirmed the
previously reported results [6]. The lack of accelerated
depletion of glycogen is most probably, due to an equi-
librium between glycogenolysis and glycogen synthesis.
It seems of importance that the rates of glycogen synthe-
sis and lactate production measured in vitro, increased
after stimulation in comparison with unstimulated mus-
cles, but they were not influenced by duration of stimu-
lation.
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