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Summary: The standardized programme of erectrical stimulation was applied to the control and

denervation atrophied muscle of dog. Canis domesticus and the pattern of changes in the

carbohydrate metabolism was analysed in the control (C). denervated contro I (DC). control

stimulated (CS) and denervated stimulated (OS) gastrocnemius muscles. The programme of

electrical stimulation of the control muscle has elevated glycogenolysis. glycolysis and increased

the level of operation of TCA cycle with decreased mobilization of carbohydrates into hexose

monophosphate pathway. indicating the setting in of trained condition. Sciatectomy. on the other­

hand. lowered the revel of operation of glycogenolysis and decreased the utilization of carbo­

hydrates thrOugh hexose-mono and di-phosphate pathways and TCA cycle. The programme of

electrical stimulation applied to the denervated muscle has restOred the utilization of carbohydrates

through hexose mono and diphosphate pathways and oxidative metabclism indicating the applicability

of this programme of electrical stimulation in the treatment of muscular atrophy.
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Electrical stimulation has been widely employed to induce exercise in the muscles
(10. 11, 16). Repeated muscle exercise induced through electrical stimulation was
shown to improve muscular performance along with setting in of training cOnditions in the
frog (20, 15). Sciatectomy. disuse and atrophy of the muscle was widely known to lead
to dystrophy and muscle wasting leading to impaired structural and functional organiza­
tion (6. 8). Our earlier studies on the impact of electrical stimulation on the protein
metabOlism of atrophic muscles have indicated improved structural organization of
atrophic muscles (5, 12). In the present study the impact of such programme of electrical
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stimulation on the carbohydrate metabolism of normal and atrophied muscle of dog,
Canis domesticus was analysed.

MATE-RIAL AND METHODS

The proposed study was undertaken utilizing twelve healthy male mongrel dogs,
Canis'domesticus aged 3-4 years weighing 11-16 kgs. The dogs were initially
dewormed and maintained under identical experimental conditions. The dogs wem
randomly divided into four groups of three animals each, i.e.,

Group

Group II

Group III
Group IV

Normal sham-operated dogs - ContrOl (C).

Electrical stimulation for normal animals for 15 days - Control

stimulated (CS).
Sciatic denervation - Denervated control (DC).
Electrical stimulation for denervated animals for 15 days
Denervated stimulated (DS).

Sciatic denervation : The dogs were placed in right lateral recumbency and
anaesthetized by administration of thiopentane sodium, intravenously at a dose rate of
5 mg/kg body weight. The dogs were then connected to Boyle anaesthetic apparatus
to maintain surgical plane of anaesthesia using ether, nitrous oxide and oxygen mixture.

The left hip joint area was prepared for aseptic surgery. A 3 cm long cutaneous
incision was made in line with and posterior to the summit of the trochanter major. The

. sciatic nerve was isolated in the vicinity of the hip joint, where it turns distal. Sciatic
neurectomy was performed by severing 2 cm of nerve. The overlying muscles were
opposed ~ith No. 1 chromic catgut. The skin incision was closed using No. 2 black
braided silk. The surgical wound was dressed with Tr. Benzoin. No antibiotics were
administered to the dogs following denervation.

Electrical stimulation: A special chamber has been designed to restrain the
animals during electrical stimulation. The gastrocnemius muscle of intact conscious
'control and denervated (after 15 days of sciatectomy) animals was stimulated for 30
minutes daily for fifteen days using an Electrical Stimulator (INCO/CSIO-Research
Stimulator - Ambala, India). Biphasic pulses of 10V ; 100 ms duration and 2 cps were
'applied to stimulate the muscles.

On sixteenth day the dogs were sacrificed using thiopentane sodium. The
gastrocnemius muscle was collected and the homogenates were prepared for the
estimation Of, biochemical parameters.

..
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The glycogen content was estimated by the method of Carroll et al. (3). Phos­
phorylase activity (a., b & ab) was assayed by the method of CorL Illingworth and
Killer (4). The glucose content was estimated by Mendal et at. (14). Aldolase activity
was assayed by the colorimetric method of Bruns and Bergmeyer (2) in which the triose
phosphates fOrmed were estimated with 2, 4-dinitro-phenyl hydrazine. Lactic acid in
the tissue was estimated by the method of Barker and Summerson (1). Pyruvate was
estimated by the method of Friedman and Hangen (7). The activity levels of SDH. MDH,
GDH and LDH were estimated by the method described earlier (19). The activity level
of G-6-PDH was determined by the method of Bruns and Bergmeyer (2).

RESULTS

The data presented in the Tables I to IV reveal the impact of repeated electrical
stimulations on carbohydrate metabolism of control and deneravation atrophied muscle
of dog, Canis domesticus.

TABLE I: Levels of glycogen, phosphorylase 'a'. 'b' & 'abO activities, glucose. aldolase and lactate
in gastrocnemii of control (C) and contrOl stimulated (CS) dcgs. Each value
represents the mean of 6 observations. Mean±S.O.:+and-indicate percent increase and
decrease over the contra I muscle. 'P' denotes revel of significance and 'N.S:
nonsignificance.

S. Component Control Control muscle
No. muscle (C) stimulated (CS)

1. Glycogen 3.98 -2.01 3.9

(mg/g wet wt) ±0.14 N.S. ±0.23

2. Phosphorylase 'a' ±0.72 -1-133.33 1.68

(iJ.moles pi formed/mg protein/h) ±0.04 P<0.001 ±0.13

3. Phosphorylase 'b' 1.1 -45.45 0.60
(Il-moles pi formedtmg prCltein/h) ±0.07 P<0.001 ±0.04·

4. Phosphorylase' ab' 1.8 + 26.66 2.28
(Il-moles of pi formed/mg protein/h) ±0.12 P<0.001 ±0.14

5. Glucose 1.24 +15.32 1.42
(mg/g wet wt) ±0.16 P<0.05 ±0.14

6. Aldolase 1.45 +55.17 2.25
(iJ.moles of FOP cleaved/mg protein/h) ±0.08 P<0.001 ±0..16

7. Lactate 4.03 +37.72 5.55
(mg/g wet wt) ±0.36 P<0.001 ±0.43
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TABLE II Levels of LDH. Pyruvate. GDH. SOH. MDH and G-6-PDH in the gastrocnemii of
contror (C) and control stimulated (CS) dogs. Each value represents the mean of 6
observations. Mean ± S.D.; + and - indicate percent increase and decrease over
the control muscle. 'po denotes level of significance.

Control vs control stimulated muscles (Tables I and II) The differences
in the mean level of glycogen in the muscles of control and control stimulated
were observed to be nonsignificant. Mean muscle glucose and lactic acid
contents were found to be significantly higher in the control stimulated dogs. The
activity levels of phosphorylase 'a' and 'abo were significantly elevated. while a significant
decline was observed in phosphorylase 'b' activity. Similarly aldolase activity level was
significantly elevated with a decrease in the pyruvic acid content. The activity levlels
of LDH, GDH. SDH and MDH were significantly elevated in CS muscle with a significant
decrease in G-6-PDH activity_

Control vs denervated muscles (Tables 11/ and IV) Significant increase in
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the glycogen and glucose contents were recorded in sciatectomized gastrocnemius muscle.
The mean activity levIes of phosphorylase 'a' and 'ab' and aldolase WEre significantly
depleted along with increased lactate end pyruvate contEnts. The activity lEvels of lactate,
glutamate, succinate, malate and glucose 6-phosphate dehydrogenases were depleted
significantly in the denervated muscles.

Control vs denervated stimulated muscles (Tables III ar.d IV) Glycogen content
of the denervated stimulated muscle attained the mean level observed in control muscle.
The activity level of phosphorylase 'a' of OS muscle was elEvated significantly ever
that of control muscle, with a decrease in that of 'b' and no significant change in 'ab'.
The contents of glucose, lactate and pyruvate were observed to increase significantly in
OS muscle. The activity levels of aldolase and lactBte dehydroger.ase WEre mOre or
less same, both in the control muscle and OS muscle. Glutamate and malate dehy­
drogenases were elevated significantly with a decrease in the activitiES of succinate and
glucose-6-phosphate dehyrogenases.

TABLE III: Levels of glycogen, phosphorylase 'a', 'b' & 'abo activities. glucose. aldolase and factllte
in the gastrocnemii of denervated control (DC) and denervated stimulated (OS) dogs.
Each value represents the mean of 6 individual obse:vations. Mean ± S.D.: +and­
indicate the percent increase and decrease over the control (C) and denervated contrOl
(DC) muscle. ,p' denotes the level of significance and 'NS' nonsignificance.

S. Component Denervated OS (Vs) DenervatEd DC (Vs) OS (Vs)
No. Muscle (DC) DC muscle C C

stimulated (OS)

1. Glycogen 4.77 -15.77 4.02 +19.84 + 1.006
(mg/g wet wt) ±0.17 P<0.001 ±0.17 P<0.001 NS

2. Phosphorylase' a' 0.325 +221.84 1.046 -54.86 +45.27
(lJ.mol pi/mg protein/h) ±0.02 P<0.001 ± 0.12 P< 0.001 P< 0.001

3. Phosphorylase 'b' 1.135 -44.14 0.634 +3182 -42.36
(iLmol pi/mg protein/h) ±013 P<00.001 ±0.04 NS P<0.001

4. PhosphOrylase 'ab' 1.46 +15.07 1.68 -1889 -6.66

(iLmol pi/mg protein/h) ±012 P<0.01 ±013 P<0.001 NS

5. GlucOse 1.73 -14.45 148 +39.51 +19.35

(mg/g wet wt) ±013 P< 0.01 ±014 P<0.001 P<0.02

6. Aldolase 1.206 +28.19 1546 -16.83 +6.62

(iLmoles of FOP cleaved/mg protein/h) ±0.17 P<021 ±S18 P< 0.001 NS

7. Lactate 6.14 -22.96 4.73 +52.35 +17.37

(mg/g wet wt) ±0.52 P<O.01 ±032 P<0001 P.<0.01
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TABLE IV: Levels of LDH. pyruvate. GDH, SDH. MDH and G-6-PDH in the gastrocnemii of control
(C), denervated control (DC) and denervated stimulated (DS) dogs. Each value
represents the mean 'of 6 observations. Mean±S.D.; +and-indicatE: percent increase
and decrease over the control (C) and denervated control (DC) muscles. 'P'denotes
the level of significance and' NS' nonsignificance.

S.
No.

Component Denervated OS (Vs)
muscle (DC) DC

Denervated
muscle DC (Vs)

st;mulated(D 5) C
os (Vs)

C

1. LDH

(!J.moles of formazan formed/mg
protein/h)

2. Pyruvate

(~oles/g wet "'t)

3. GDH

(!J.moles of formazan formed/mg
protein/h)

4. SDH

(!J.moles of formazan formed/mg
protein/h)

5. MDH
(!J.moles of formazan formed/mg
protein/h)

6. G-6:PDH

(!J.moles of formaz.n formed/mg
prOtein)

7. MDH/SDH

0.053

±0.004

3.11

±0.14

0.064

±0004

0.565

±0.03

0.066

±0.004

1.053

±0.1

0.116

+28.3

P<O.OOl

-5.79

P<0.05

+73.44

P<O.OOl

+42.48

P<O.OOl

+43.94
P<O.OOl

+2497

P<O.OOl

+1.69

0.068

±0.005

2.93

±013

0.111

±0006

0.805

±0.006

0.095

±0.005

1316

±006

0.118

-24.28

P<O.OOl

+17.42

P<O.OOl

-24.7

P<O.OOl

-59.29

P<O.OOl

-23.25

P<OOOl

--44.25

P<O.OOl

+46.87

-2.86

NS

+ 10.98
P<O.Ol

+30.58

P<O.OOl

-26.01

P<. 0.001

+ 10.46
NS

-30.33

P<O.OOl

+3305

Denervated control (DC) vs denervated muscle stimulated (DS) (Tables III and IV)

The DS muscle in relation to DC muscle showed significant decreflse in the
glycogen and glucose contents. Phosphorylase 'a' and 'ab' activity levels were elevatEd
signifiCflntly with a decrease in that of 'b' activity level. The mean acti",ity of aldolase
was elevflted significantly with an associated decrease in lactflte and pyruvate contents.
The activity levels of ell dehydrogenases studied were significantly elevated in the DS
muscle over thOse of DC muscle.

DISCUSSION

Electrical stimulation of stflndardized voltage, frequency, duration and period
of stimulation for a period of 15 dflys was applied to the control (CS) muscles and the
pattern of carbohydrate metabolism was studied in it. The control stimulated muscle
can be compared with thet of trained muscle reported earlier (20. 15). Such training
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programme of electrical stimulation was applied to the denervation atrophied muscle

to fi nd out its impact on the atrophy.

Contro! vs contro! stimu!ated musc!es The increase in the mean activity of
phosphorylase 'a' and 'ab' in the CS muscle suggests increase in the de novo synthesis
of the enzyme which might have contributed to increased glycogenolysis leading to depletion
in the tissue glycogen content (18). Elevated aldolase activity and increased lactate
content suggest the steppedup glycogenolysIs in the muscle tissue subjected to electrical
st'mulatlon. These observations were in agreement with the reported elevation of
glycolysis of the gastrocnemius muscle of frog trained through electrical stimulation (21).
Increased activity level of NAD de~endent lactate dehydrogenase along with decreased
pyruvate content suggests the lactate oxidations and subsequent mobilization of
pyruvate into the c'tric acid cycle. Elevated activity level of NAD dependent glutamate
dehydrogenase reveals the increased oxidative deamination and possible induction of keto­

acids into the citric acid cycle as intermediary substrates. The enzymes of citric acid
cycle (SDH and MDH) might have been elevated as a result of this increased mobilization
of lactate. pyruvate and deaminated amino acids. This increase in citric acid cycle opera­
tion indicates the increased oxidative potential of the CS muscle. Similar increase in
the oxidative potential was reported in the muscles. trained through whole body exercises
(17. 13) and electrical stimulation (15,21).

Decreased glucose-6-phosphate dehydrogenase activity level suggests the reduced
level of mob'lization of carbohydrates through hexose monophosphate shunt in the control

sti mu lated muscles.

Contro! vs denervated control muscles: Accumulation of glycogen and glucose
in the muscles of neurectomized animals might be due to the retardation of glycogenolysis
and glycolysis. The inhibition of glycogenolysis and glycolysis can be substantiated
from the observed decrease of phosphorylase and aldolase activities. Accumulation of
mean lactate and pyruvate contents inspite of decreased glycogenolysis and glycolysis.
might be attributed to a conspicuous decrease in lactate oxidations as observed in the
activity of LDH. The decrease in the TCA cycle activity could also be attributed to the failure
of introduction of the intermediary products like pyruvate and amino acids into the citric
acid cycle because of the lowered LDH and GDH activities respectively observed in the
present study. Similar decrease in the glycogenolysis, glycolysis and oxidative metabo­
lism was reported in denervatlon atrophied muscles in various animals (22). The observed
decrease in the mean activity of Glucose-6-phosphate dehydrogenase suggests the
lowered mobilization of carbohydrates into hexose monophosphate shunt in the DC

muscles.
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Control vs denervated stimulated muscles: The restored level of glycogen in
the OS muscle to that of control muscle indicates either decreased glycogenolysis or
increased glycogenesis. Elevated activity level uof phosphorylase 'a', on the otherhand,
suggests increased glycogenolysis. Hence, restored level of muscle glycogen inspite
of elevated glycogenolysis must be due to increased glycogenesis. Restored level of
aldolase and NAD-LOH from the decreased activity levels observed in DC muscle indi­
cates increased glycolysis and subsequent mobilization of lactate towards citric acid
cycle, since NAO-LDH in muscle is indicative of mobilization of lactate ir.to TeA cycle
(9). Increased activity level of GOH in the OS muscle suggests the increased oxidative
deamination of amino acids and addition of intermediary substrates into TCA cycle.
Inspite of increased mobilization of citric acid cycle intermediaries, SDH activity was signifi­
cantly depleted with restored activity level of MOH in the OS muscle. This differential
changes in the activity levels of SOH and MOH with a raise in the MOH/SOH ratio
indicates the operation of glyconeogenesis (9). Prevalence of such a mechanism in
the OS muscle might lead on to increased contents of glycogen and glucose, inspite of
elevated glycogenolysis and glycolysis. Lowered activity level of G-6-POH in the OS
muscle over the control muscle indicates the incom,:;lete restoration of the enzyme in the
OS muscle.

Denervated vs denervated stimulated muscles: Electrical stimulation to the
denervated muscle resulted in the restoration of glycogenolysis and glycolysis from the
low levels observed in denervated-controls. This can be substantiated from the observed
decrease in the mean levels of glycogen and glucose contents and by the increased
activity levels of phosphorylase and adolase. Electrical stimulation applied to the
denervated muscles restored the quantitative introduction of lactate and !=yruvate into
TCA cycle. This conclusion appears to be logical because of the observed decrease of
lactate and pyruvate in the OS muscle over the OC muscles. The observed elevation in
the mean levels of LOH, SOH and MOH also substantiates the above hypothesis. Elevated
GOH acti\oity indicates the increased level of introduction of keto acids also into the citric
acid cycle As e result of this, the TCA cycle turnover might have been increased
indicating the increased oxidative metabolism of OS muscle.

Increased mean activity level of G-6-POH suggests the elevated level of utiliza­
ion of carbohydrates through HMP shunt also in the OS muscle, oriented either towards

lipogenesis or towards nucleic acid synthesis, probably to counteract the atrophic effects
of sriatectomy.

In conclusion, it can be stated that electrical stimulation given to a degenerating
muscle, restored the utilization of carbohydrates through hexcse mono-and di-phosphate
pathways and oxidative metabolism, In view of imlllreved carbohydrate utilization
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towards energy release in CS and OS muscles, this programme of electrical stimulation
can be utilized for the treatment of atrophic muscles.

REFERENCES

1. Barker, S.B. and W.H. Summerson. The colorimetric determination of lactic acid in biologica I material.
J. Bioi. Chem.• 138 : 535·554, 1941.

2. Bruns, F.H. and H.U. Bergmeyer. Fructose 1.6-diphophate aldolase. In: Methods of enzymatic analysIs.
Ed. Bergmeyer, H.U .• Academic Press. New York. London. 724-731.1965.

3. Carroll. N.V.. N.V. Longley and J.H. Roe. Glycogen determinaticn in liver and muscle by use of anthrone
reagent. J. BioI. Chem .. 220 : 585-593. 1956.

4. Cori G.T.. B. Illingworth and P.G. Killer. Muscle phosphorylase. In: Methods In enzymology. Eds.
Colowick. S.P. and N.O. Kaplan. Academic Press. New YOrk. 1 : 200-220. 1955.

5. David. E. Effect of in viVo electrical stimulations on muscular atrcphy. M. Phil. dissertc.tion submitted to
Sri Venkateswara University. 1983.

6. Drahota. Z. In: "The denervated muscle" by Gutmann. E. Czechoslovak Acade·my of Sciences. Prague.
P. 418.1962.

7. Friedmann. T.E. and G.E. Hangen. Pyruvic acid I cOllection of the blood for determination of lactic acid.
J. BioI. Chem.• 147 : 67-77.

8. Graff. G.L.A. AJ. HUdson and K.P. Striekland. BiOchemical changes in denervated skeletal muscle.
Biochem. Biophys. Acta.• 104 : 425. 1965.

9. Harper, AH. Review of physiological chemistry. Lange Medical Publications, Maruzen Asian edition.
Bombay-1, 1979.

10. Herbison. G. J .• C. Teng and E. Gordan. Electrical stimulation of reinnervating rat muscle. Arch. Phys.
Med., 5 (4): 156-160.

11. Hirche, H.J .• H.D. Longhour and U. Warcker. Lactic acid accumulation in working skeletal muscle. In:
Limiting factors of physical performance. Eds. Kuel. J. George Thieme Publishers. Stutrgort. 166-172.
1973.

12. Jayasree. V.. E. David. D.S. Vija'ydkumar. O. Ramakrishna. S. Govindappa and P. Reddanna. Eeffect of
in vivo electrical stimulation on normal and atrophied muscles of dog. Canis domesticus protein metaboiism.
Ind. J. Camp. A.7im. Physiol.• (in press).

13. Kavangh. T.. R. Shephard and U. Pandit. Marathon running after myocardial infarction. J. Am. Med.
Assoc.• 229 : 1602-1605.1974.

14. Mendal. B.. A. Kemp and O.K. Myers. A COlorimetric method fOr determination of glucOse. Biochem. J ..
56 : 639-645, 1954.

15. Narasimha Moorthy. C.V.. P. Reddanna and S. Govindappa. Muscular training through localized in vivo
electrical stimulations. Ind. J. Physiol. Pharmac.• 25 (3) : 1981.

16. Pette. D.. M.E. Smith. H.W. Statudte and G. Verbova. Effect of long term electrical stimulations on some
contractile and metabbolic characteristics of tasl rabbit muscle. Pflugers. Arch. Eur. J. Physlol.• 338 (3) :
257-272.1973.

17. Pollack, M.L. The quantification of endurance training programme. Sports Science Reviews.. 1 : 15 -188,
1973

18 posner. J.B .. R. Stern and E.G. Krebs Effect of electrical stimulations and epinephrine on muscle phOS­
phorylase. phosphorylase b' kinase and adenoisine 3'-5' phOsphate. J. BioI. Chem.• 240 : 982-985. 1965.

19. Reddanna. P. and S. Govindappa. Effect of in vivo muscular stimulations III some aspects of carbohydrate
metabOlism of cardiac tissue: Curro Sci.• 47 : 531-533. 1978a.

20. Rejdanna. P.. C.V.N. M:Jorthy and S. Govindappa. Effect of localized muscular exercise and training On
the renal protein metabolism. Curro Sc.• 49(6) : 221-223. 1980..

21. Reddanna. P.. C.V.N. Moorthy. V. Krishna Murthy. G. Vemananda Reddy. M. Bhaskar and S. Govindappa.
Skeletal muscle carbohydrate metabOlism during shOrt-term and prolongecd in vivo electrical stimUlatIons.
Ind. J. Physiol. Pharmacol.• 26 (4) : 260-268. 1982.

22. Swami. K.S. and K. Satyenarayana. Biochemical and metabolic changes in denervation atrophy of gastrocne­
mius muscle of frog. Rana hexadacryla. J. Sci. Ind. Res.• 3 : 386-415. 1976.


