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Abstract  :  During skeletal  muscle  contract ion funct ional  di la tat ion (FD)
i s  a  we l l  e s t ab l i shed  phenomenon ,  which  i s  usua l ly  l inked  to  the
accumulation of various vasodilator metaboli tes.  The present study aimed
to establish the role of calcium ions (Ca++) in the functional dilatation of
skeletal muscle microvessels especially during single & few twitches. The
FD was  s tud ied  in  u re thane  anaes the t i zed  ra t s  whose  sp ino t rapez ius
musc le  was  p repared  fo r  in t rav i t a l  mic roscopy .  Af te r  s t imula t ing  the
muscle with few twitch (1 & 3 Hz) and tetanic frequency (40 Hz), muscle
con t rac ted  and  showed  d i l a t a t ion .  However  the  d i l a to r  r e sponse  was
quickest (1 Hz : 10 ± 0.40, 3 Hz : 02 ± 0.47 sec and 40 Hz : 02 ± 0.10 sec)
and maximum in magnitude (1 Hz : 25 ± 0.30%, 3 Hz : 35 ± 0.49% and 40
Hz : 55 ± 0.39%) in terminal arteriole and with tetanic frequency. Calcium
channel blockade by Diltiazem abolished the FD response except for tetanic
st imulat ion contract ion.  Findings suggested possible  involvement  of  Ca++

movement  in  funct ional  di la ta t ion which was ini t ia ted by passive eff lux
of Ca++ from smooth muscle of vessel  and then maintained during higher
frequency s t imulat ion by re lease  of  local  metabol i t ies .

Key words  : func t iona l  d i l a t a t ion func t iona l  hyperaemia
skele ta l  muscle  micro  vesse ls ca lc ium channel  b locker

*Corresponding Author : Phone No. : 0135-2412027 (R); Email : sunitasanjeevmittal@yahoo.co.in

o f  microc i rcu la t ion  in  response  to  neura l
stimulation of rat spinotrapezius muscle and
concluded that venules and veins also dilate
ac t ive ly  dur ing  musc le  con t rac t ion  (6 ,  7 ) .
However, the degree of vasodilator response
var ied  amongs t  d i f fe ren t  sec t ions  o f
microvesse l s ,  i . e .  a r te r io les  responded
quicker in comparison to venules in response
to same frequency of  s t imulus.

The  cause  of  th i s  func t iona l  d i la ta t ion
(FD)  of  microvesse l s  has  been  a t t r ibu ted
to  re lease  o f  vasodi la to r  metabol i t i es ,

INTRODUCTION

Funct iona l  hyperaemia  in  ske le ta l
musc le  ( increased  b lood  f low which
accompanies muscle contraction) has been a
sub jec t  o f  ex tens ive  s tudy  (1) .  I t  i s  we l l
known f rom many s tud ies  tha t  there  i s  a
decrease  in  musc le  vascu la r  res i s tance  in
response  to  musc le  con t rac t ion .  This  has
been  a t t r ibu ted  to  d i la ta t ion  of  a r te r io les
and arteries (2,  3,  4,  5).  In 1984, Marshall
and Tandon made a direct observation of the
changes in diameter occruing in each section
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i . e .  inorgan ic  phospha te ,  l ac ta te ,  K +,
hyperosmolar i ty ,  changes  in  PO 2 and  pH
(7, 8,  9,  10, 11, 12).  It  appears l ikely that
these factors may play a role in causing FD
when muscle  i s  s t imula ted  br iskly  or  wi th
te tan ic  f requency  s ince  th i s  would  a l low
suff ic ient  accumulat ion of  the  metabol i tes .
But  the  cause  of  FD in  microvesse l s  in
response to single twitch or few twitches is
still unclear. For the same, we hypothesized
tha t  Ca ++ ion  grad ien t  may  p lay  a  ro le  in
FD in  ske le ta l  musc le  and  the  s tudy
proposed to  examine whether  Ca ++ channel
blockade, by Diltiazem, would attenuate FD
dur ing  graded  con t rac t ions  in  response  to
microe lec t rode  s t imula t ion .

MATERIAL AND METHODS

The study was carried out in Department
of  Phys io logy ,  GSVM Medica l  Col lege ,
Kanpur  on  25  male  Sprague  Dawley
ra t s .  The  ins t i tu t iona l  gu ide l ines  fo r  the
care  and  use  of  l abora tory  an imals  were
fol lowed.  The rats  were anaesthet ized with
subcutaneous  Ure thane  (d ie thyl  carbamate ;
1.25 ml of a 20% solution/100 g body weight)
fol lowed by the cannulat ion of  the t rachea
with a ‘L’ shaped polyvinyl cannula (6).

Preparat ion  o f  micropipet te

Micropipe t tes  were  p repared  f rom
Corning g lass  capi l la ry  tubes  ( id  :  1  mm)
a t tached  to  a  ver t i ca l  microp ipe t te  pu l le r
fitted in adjusted palmer stand. The capillary
was  made  to  pass  th rough  a  hea t ing  co i l .
The tip of pipette was broken under microscope
aga ins t  re f lec t ing  sur face  of  g lass  rod  to
obtain a patent  t ip of  3–6 µm diameter .

Preparat ion  o f  microe lec trode  for  motor  uni t
s t i m u l a t i o n

Microe lec t rodes  were  p repared  f rom
sta in less  s tee l  wi re  (0 .3  mm th ick) .

Straightening was done by applying 1 kg/m
tens ion  for  24  hrs  fo l lowing  which  equa l
p ieces  of  5  cm were  cu t  and  subjec ted  to
elect rode e tching using di lute  hydrochlor ic
acid. The sharpened electrodes with uniform
tips (2–4 µ) were selected under microscope
and finally coated with epoxy-resin and kept
for  24  hrs  in  an  oven  a t  80°C to  become
ready to  use.

The s teps  of  each exper iments  were  as
follows :

1) In vivo  preparation of spinotrapezius muscle

2) Musc le  s t imula t ion

3) Drug – microdroplet  Applicat ion

In  v ivo  preparat ion  o f  sp inotrapez ius  musc le

The  le f t  sp ino t rapez ius  musc le
(predominant ly  a  fas t  musc le  as  90%
capi l l a r ies  a re  s t ra igh t )  was  d i ssec ted  ou t
us ing  techniques  a l ready  va l ida ted .  The
whole  p repara t ion  was  t rans fe r red  to  a
special Perspex platform that was then fitted
to a Hertel and Reuss binocular microscope
stage for transil lumination.  Measurement of
internal  diameter  ( i .d . )  of  the microvessels
was  done  by  a  p reca l ib ra ted  micrometer
eyepiece (1 unit = 14 µm with × 10 objective
eye  p iece) .  The  working  d is tance  of  ×  10
object ive  was  1  cm.  Dur ing the  d issect ion
and throughout the experimental  period the
musc le  was  super fused  wi th  a  modi f ied
Kreb’s  solut ion [composi t ion (g/I)  :  Nacl –
4 .8 ,  KCl – 0 .35 ,  NaH 2PO 4 – 0.35 ,  NaHCO 3 –
1.7,  Glucose – 1.4 and MgSO4. 7 H2O – 0.15
at 37°C] (13, 14).

The  b lood  vesse l s  in  the  musc le  were
def ined  on  the  bas i s  o f  the i r  re la t ive
posi t ions and their  internal  diameters  (16) .
The ent i re  muscle  was observed to  have 3
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groups of arterioles branching from the main
artery, namely primary (1° A, id : 22–50 µm),
secondary (2° A, id : 13–18 µm) and terminal
arterioles (TA, id : 07–13 µm) which finally
fed  the  cap i l l a r ies .  The  cap i l l a r ies  had
internal diameter of 4–5 µm at their arterial
end and 6–7 µm at  the i r  venous  end.  The
capil laries from adjacent terminal arterioles
converged to form collecting venules (CV, id :
9–18 µm), which drained into the secondary
venules (2° V, id : 18–30 µm) and then into
the  pr imary  venula r  ne twork  (1°  V,  id  :
40–60 µm) the  pr imary  venules  eventual ly
formed main vein.

Muscle  s t imulat ion

Stee l  microe lec t rodes  were  mounted
on  microe lec t rode  manipu la tor  and
microscopically guided into the desired area
of  the  sp ino t rapez ius  musc le .  The  s t imul i
were  de l ivered  th rough  a  research
st imulator  (Techno Electronics ,  India)  a t  a
cons tan t  vo l tage  of  2  vo l t s  and  cons tan t
pulse  width of  0 .1  ms.  St imulat ion evoked
cont rac t ion  of  a  smal l  bundle  o f  ske le ta l
musc le  f ib res .  At  th i s  pu lse  wid th  and
vol tage ,  i t  had  been  es tab l i shed  tha t  on ly
motor  nerve  terminals  ge t  exci ted  whereas
the  sympathe t ic  t e rmina ls  remained
unaffected (5, 15, 16).

In  a l l  the  exper iments ,  af ter  measur ing
the  con t ro l  in te rna l  d iamete r  ( id ) ,  the
microelectrode t ip was inserted into muscle
fibres which traversed a region containing a
te rminal  branching  sys tem of  microvesse ls
so that it  lay 100–200 µm from the nearest
a r te r io les  & venules  and  e lec t r i ca l
s t imula t ion  wi th  the  chosen  parameters
evoked contract ions  in  a  bundle  of  muscle
fibres, 300–500 µm in width (Fig. 1).

The  musc le  was  s tmiu la ted  a t  the
frequency of 1 Hz, 3 Hz and 40 Hz (tetanic

f requency)  fo r  1  second  fo l lowing  which
magni tude  of  d i la ta t ion  i . e .  % increase  in
in te rna l  d iameter  compared  to  con t ro l
in te rna l  d iameter  and  t ime  to  onse t  were
measured .  I t  was  imposs ib le  to  make  any
measurement  dur ing  the  per iod  of
cont rac t ion  because  of  movement  in  the
viewed f ield but  so this  was done as  soon
res t ing  s ta te  re tu rned  (2–4  s  in te rva l ) .
Measurements could be confirmed later ,  by
means  of  photomicrographs  taken  wi th  a
Leica MdA camera via a beam spli t ter  and
showed the  accuracy  of  the  measurements
to  be  be tween  2% and 5% of  the  in te rna l
d iameter .  S t imul i  t ra ins  o f  d i f fe ren t
frequencies were always applied in a random
order and id of different microvessels were
also measured in random order. A period of
5–8  min  res t  was  a l lowed be tween

Fig.  1 : A schemat ic  d rawing ,  made  f rom ac tua l
p repara t ion  to  i l lus t ra te  the  e f fec t  o f
con t rac t ion  o f  a  bund le  o f  ske le ta l  musc le
f ib res  on  the  t e rmina l  vascu la tu re  o f  r a t
spinotrapezius muscle.  The star  shows a point
of placement of electrode. Stimulus at this site
evoked  con t rac t ion  o f  musc le  f ib res  o f
unshaded  a rea  bu t  no t  those  o f  shaded  a rea .
There  was  no  change  in  d iamete r  o f  these
vesse l  wi th in  the  shaded  a rea .
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consecu t ive  s t imula t ions  when  the  musc le
was superfused with Kreb’s  solut ion.

I f  the  vesse l s  fa i l ed  to  re tu rn  to  the
control  diameter  or  s igns of  t issue damage
was present ,  the electrode was moved to a
new s i te  near  ano ther  sys tem of  t e rmina l
branching  vesse ls .

Drug –  microdrople t  appl ica t ion

In 15 experiments, Diltiazem hydrochloride
(Sigma)  was  d isso lved  in  modi f ied  Kreb’s
solution and i t  was applied in a form of a
microdroplet in the concentration of 1 n mol
th rough  the  g lass  microp ipe t te  f i t t ed  to  a
micromanipula tor  on  muscle  surface  where
cont ro l  d iameters  o f  microvessels were
measured. The Microdrop le t  sp read  on  the
muscle surface within a 1–2 sec and thence
immediate  responses  were  noted down.

After 80–120 sec,  when response of the
drug  apparen t ly  van ished ,  musc le  f ib res
were stimulated with 1 Hz, 3 Hz and 40 Hz
frequencies for 1 sec.

Stat i s t i ca l  eva luat ion

A smal l  change in  in ternal  d iameter  of

vessel may be physiologically highly significant
though it may appear insignificant statistically.
Hence  the  da ta  was  no t  sub jec ted  to
convent ional  s ta t i s t ica l  procedures .

R E S U L T S

Under  res t ing  condi t ions ,  the  f low
through  a l l  a r te r io la r  and  venula r  vesse l s
was  fa i r ly  s teady  bu t  the  f low through
capi l l a ry  was  in te rmi t ten t .  There  were
some cap i l la r ies  th rough  which  b lood  was
f lowing  a t  d i f fe ren t  ra tes ,  some conta ined
s ta t ionary  ce l l s  and  o thers  appeared  to  be
e m p t i e d .

The  e f fec t  o f  bo th  twi tch  (1  Hz  and
3 Hz) and tetanic (40 Hz) contractions was
tha t  immedia te ly  a f te r  con t rac t ions  there
was vasodilatation, not only of arterioles but
a l so  of  the  venules  which  c rossed  or  ran
a longs ide  the  ac t iva ted  musc le  f ib res .
Accompaning the vasodilatation, the velocity
of  b lood f low was  not iceably  increased in
the capi l lar ies  supplied by di lated ar ter ies .
The  f low became cont inuous  in  those
capillaries in which it had been intermittent
and often commenced in those that  had no
flow at  rest .

TABLE 1 : Funct iona l  d i la ta t ion  responses : t ime to onset (rapidity)  and magnitude of dilatation
(% increase  in  in terna l  d iameter  in  d i f ferent  segment  of  microvesse ls  a f te r  muscle
st imulat ion at  lower  (1  Hz and 3 Hz)  and higher  (40 Hz)  f requencies .

F u n c t i o n a l P r i m a r y S e c o n d a r y T e r m i n a l Col lec t ing S e c o n d a r y P r i m a r y
d i l a t a t i o n arter io le ar ter io le ar ter io le v e n u l e v e n u l e v e n u l e

(1°A) (2°A) ( T A ) (CV) (2°V) (1°V)
M e a n ± S D M e a n ± S D M e a n ± S D M e a n ± S D M e a n ± S D M e a n ± S D

Time to 1 Hz 2 0± 0 .81 1 5± 0 .64 1 0± 0 .40 2 2± 0 .82 No response
onset  (sec) 3 Hz 1 5±0 .90 1 3±0 .71 0 2±0 .47 1 7±0 .70 2 0±0 .90 2 2±0 .60

40 Hz 0 8±0 .78 0 5±0 .61 0 2±0 .10 1 0±0 .90 1 2±0 .82 1 5±0 .53

Magni tude  o f 1 Hz 1 0± 0 .62 2 2±0 .53 2 5± 0 .30 1 5± 0 .75 No response
di la ta t ion  (%) 3 Hz 1 8± 0 .73 2 5±0 .42 3 5±0 .49 3 2±0 .63 2 2±0 .67 1 2±0 .59

40 Hz 2 5±0 .86 2 8±0 .59 5 5±0 .39 3 8±0 .92 2 8±0 .83 1 2±0 .72
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The  d i la to r  responses  were  f requency
dependent  (Table  I ) .  FD was  qu icker  in
‘onset’ and larger in ‘magnitude’ in case of
40  Hz  ( te tan ic  f requency)  s t imula t ion  in
comparison to 1 Hz and 3 Hz in all sections
of  microvesse l s .  Termina l  a r te r io les
genera l ly  reached  maximal  d i la ta t ion  to  a
given twitch frequency a few seconds earlier
and  wi th  l a rger  percen tage  increase  in
d iamete r  than  o ther  a r te r io les ,  whi le
co l lec t ing  venules  were  o f ten  qu icker  to
reach  a  peak  wi th  more  magni tude  than
other venules (Table I) .  Having achieved a
peak, all vessels showed a plateau phase and
then  began  to  re tu rn  to  the i r  con t ro l
d i a m e t e r s .

Appl ica t ion  of  Di l t i azem microdrople t
p roduced  cons i s ten t  responses .  I t  r esu l ted
in constriction in TA within 3–4 sec to the
ex ten t  tha t  f low in  these  vesse l s  s topped
comple te ly .  The  cor responding  cap i l l a r ies
revealed the stagnation of flow and feeding
venules were also constricted to nearly zero
diameter  (Fig 2 :  a ,  b ,  c ,  d) .  The response
stayed for  as  long as 80–120 sec and then
re turned  to  con t ro l  va lue .  Now,  on

Fig.  2 : a ,b ,c ,d : The ser ies  of  microphotographs ,  taken
at  1  sec  in terval .
Pane l  a – con t ro l  d iamete r s  o f

t e rmina l  a r t e r io les  (TA)
and  co l l ec t ing  venu les
(CV)

Panel b, c, d – progressive vasoconstriction of TA & CV after
superfusion of  Di l t iazem (10 –6) .

s t imula t ing  muscle  f ibres  a t  the  same s i te
wi th  1  Hz  and  3  Hz  f requenc ies ,  the
ar te r io les  and  venules  d id  no t  show any
functional dilatation. In contrast,  the tetanic
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i t  was  of  la te  onset  and lesser  magni tude.
This  c lea r ly  sugges t s  tha t  re lease  o f
vasodi la to r  metabol i t es  was  no t  the  on ly
mechanism involved in  FD.  I t  seemed that
the absence of FD was closely linked to the
blockade of the movement of Ca++ ions across
the arteriolar and venular walls in response
to application of Dil t iazem.

On the basis of control and Ca++ channel
b lockade  exper iments  we  a re  ab le  to
hypothesize the cause of  FD at  low twitch
and ear ly  phase  of  te tan ic  cont rac t ions  as
follows :

“Production of single or few twitches in
musc le  f ib res  t r iggers  the  re lease  o f  Ca ++

f rom te rmina l  c i s te rnae  of  sa rcoplasmic
reticulum which initiates muscle contraction.
This  may  be  assoc ia ted  wi th  t rans ien t
dec l ine  in  Ca ++ in  T- tubules  connec ted  to
ex t ra  ce l lu la r  f lu id  (ECF)  and  there fore ,
eventually produces decline in ECF Ca++ as
well.  The microvessels being surrounded by
ECF are very prone to ECF Ca++ decline and
dilate,  as very minute amount of Ca++ from
their  smooth muscle pass out  in ECF (19).
That  is  the probable reason how the entire
chain  of  events  can  s imply  be  s topped by
application of Ca++ channel blockade, which
caused prevent ion  of  Ca ++ ent ry  f rom ECF
to  ske le ta l  muscle  as  Bohle  T  repor ted  in
his study about paralysis of force and Ca++

currents in skeletal muscles in the presence
of  30  mmol  Di l t i azem appl ica t ion  (20) .
Thus  the  ECF Ca ++ wi l l  no t  dec l ine  and
Ca++ movement from smooth muscle cells to
ECF wi l l  no t  t ake  p lace  showing  no
di la ta t ion .  Never the less ,  the  t e tan ic
cont rac t ions  evoked  FD desp i te  o f  the
appl ica t ion  of  d i l t i azem as  a l though  Ca ++

e f f lux  component  i s  no t  p resen t  bu t
subs tan t ia l  accumula t ion  of  vasodi la to r

contract ion at  40 Hz resul ted in funct ional
d i la ta t ion  tha t  was  of  l esse r  magni tude
and  de layed  in  compar i son  to  con t ro l
experiments (Figs.  3,  4).

D I S C U S S I O N

Over  exper iments  conf i rmed  ear l i e r
observa t ions  tha t  e lec t r i ca l  s t imulus  o f
localized groups of skeletal muscle fibres of
ra t  sp ino t rapez ius  musc le  was  fo l lowed
by dilatation of both arterioles and venules
(6, 7).

Func t iona l  Di la ta t ion  (FD)  has  been
l inked  to  the  re lease  o f  vasodi la to r
metabol i t es  l ike  inorgan ic  phospha te ,
lactate, K+, hyperosmolarity, changes in PO2

and PCO 2 and pH (7–12) .  Recent ly  a lso  i t
was reported that  during systemic hypoxia,
adenosine released from endothelium, acted
upon endothelium AI receptors to open KATP
channels  and resul ted in  ni t r ic  oxide (NO)
re lease  which  caused  vascu la r  smooth
muscle relaxat ion (17) .

In  the  p resen t  s tudy  low f requency
(1  Hz  and  3  Hz)  s t imula t ion  of  ske le ta l
muscle led to FD in almost  al l  sect ions of
microvessels. This early dilatation could not
be  due  to  ‘ subs tan t ia l ’  accumula t ion  of
vasodi la tor  metabol i tes .

Suzuki  e t  a l  in  a  comprehens ive  s tudy
revea led  tha t  the  loca l  app l ica t ion  of
Diltiazem on mesentric arteries resulted into
depola r iza t ion  of  a r te r ia l  smooth  musc le
membrane  (18) .  This  can  a l so  expla in  our
f inding of  vasoconst r ic t ion af ter  Di l t iazem
appl ica t ion  in  ske le ta l  musc le  vesse te l .
Di l t i azem a l so  prevented  the  FD response
to  low f requency  s t imula t ion  of  ske le ta l
muscle. At 40 Hz, although FD was present,
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metabolites can occur so in total, magnitude
of dilatation is less.

This  hypothes i s  can  a l so  exp la in  the
ear l ies t  and  maximum FD in  te rmina l
a r te r io les  in  compar i son  to  secondary  and
primary ar ter ioles ,  as  the movement  of  the
Ca++ eff lux can be of  greater  magnitude in

TA because  musc le  l ayer  in  them i s
comparat ive ly  very  th in .

However ,  some more  sophis t i ca ted
exper iments  l ike  es t imat ion  of  smooth
muscle Ca++, ECF Ca++ and sarcotubular Ca++

levels during muscle contraction are needed
to confirm our hypothesis .
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