
Chapter II

Background Information

Calcium and c e l l  function

The c ru c ia l  ro le  of calcium in the  regu la tion  of c e l l  
functions has been appreciated  fo r a long tim e. However, in  th e  la s t  
decade th is  f ie ld  has undergone an explosive growth. This i s  so mainly 
because of the  enormous advance in  the knowledge of th e  biochem istry of 
the  e f fe c ts  of calcium . I t  i s  made possib le  by th e  discovery of the  
widely d is tr ib u te d  in tra c e l lu la r  calcium-binding p ro te in s th a t  mediate 
most of the  e f fe c ts  of calcium. The study of the  c e l lu la r  e f fe c ts  of 
calcium has become a c e n tra l  sub ject in  physiology, biochem istry, and 
c e l l  biology.

The messenger ro le  of calcium

I t  i s  now w ell estab lished  th a t  c e l ls  increase  th e ir  cy to so lic  
leve ls of calcium ions in  response to  many stim u li and th a t  an increase 
i s  th e  primary event th a t  tr ig g e rs  the  c e l lu la r  response. No case is  
known in  which th e  response to  a stim ulus leads to  a decrease in  the  
cy to so lic  concentration  of calcium ions (K retsinger, 1981). Cytosolic 
calcium ions th e re fo re  ac ts  as a "second messenger" th a t d e liv e rs  to  
the  e ffec to r  system by the  s ig n a l of the  stim ulus. In eukaryotic c e l l s ,  
the  ro le  of calcium ions as a second messenger is  as im portant as the
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more widely known messenger ro le  of cAMP. The nucleo tide and calcium 
ions may mediate responses to  d if fe re n t s tim u li, but frequen tly  the 
responses to  both are  coord inated , and in  some cases, cAMP and calcium
ions a f fe c t in  d if fe re n t ways in the  same e ffec to r  system. The
s u i ta b i l i ty  of calcium ions chemistry fo r the  ro le  of calcium ions as a 
second messenger as compared w ith th e  more abundant monovalent cations 
has been examined by Urry and coworkers (1982) who postu la ted  th a t  i t  
derives from the  g rea te r  r e s t r ic t io n s  fo r the  movements of calcium ions 
across the  c e l l  membrane and i t s  g rea te r a f f in i ty  fo r binding to
p ro tien s and polypeptides. The main experim ental support fo r the  ro le  
of calcium ions as a second messenger comes from stu d ies th a t ะ (1)
demonstrate a co rre la tio n  between the  changes in  the  cy to so lic  calcium 
ions and the  time course of a stim ulus, (2) show th a t  a c e llu la r  
response can be reproduced in  the  absence of i t s  physio logical stim ulus 
by a r t i f i c i a l l y  ra is in g  th e  cy to so lic  leve l of calcium ions, and (3) 
show a d ire c t dependence on calcium ions of an enzyme or other 
in tra c e l lu la r  system.

The mechanisms of the  increase  of cy to so lic  calcium ions stim ulated  
c e l l

Depending on the  c e l l  and on the  stim ulus, cy to so lic  calcium 
ions concentration  may increase , e ith e r  as consequence of the  inflow of 
e x tra c e llu la r  calcium ions or because calcium ions are  re leased  from 
in tra c e l lu la r  s to re s  (Somlyo, 1984). In the  f i r s t  case, th e  response 
to  the  stim ulus disappears when the  c e l ls  are  suspended in  a
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calcium -free medium, whereas in  the  second case, th e  stim ulus may be 
e ffe c tiv e  fo r  long periods of time even in  the  complete absence of 
e x tra c e llu la r  calcium ions. I t  seems lik e ly  th a t re lea se  from 
in tra c e l lu la r  s to re s  i s  th e  p referred  mechanism in  th e  large c e l ls  and 
when the  whole c e l l  must respond simutaneously.

Somlyo (ใ984) suggested th e  idea th a t  in  most c e l ls  th e  main 
in t ra c e l lu la r  s to re  of messenger calcium ions i s  th e  endoplasmic 
reticulum  ra th e r  than the m itochondria. This is  in  keeping w ith the 
fa c t  th a t  th e  cy to so lic  calcium ions concentration  in  stim ulated  c e l ls  
is  usually  below th a t  needed to  switch on h igh-capacity  and re la t iv e ly  
lo w -affin ity  mitochondria calcium ions tran sp o rt system.

ะ Calcium ion channels in  ex c itab le  membranes

Regardless of the  source, th e  flow of calcium ions in to  the  
cy toso l th a t  follows the  stim ulus i s  a net flow down an electrochem ical 
p o te n tia l  g rad ien t. In most cases, th is  probably i s  th e  consequence of 
a tra n s ie n t increase  in  the  perm eability  to  calcium ion s to re . 
E lectrophysio logical s tu d ies  have shown unequivocally th a t  th e  plasma 
membrane of c e l ls  th a t  respond to  stim u li w ith changes in  membrane 
p o te n tia l  channels th a t  se le c tiv e ly  allow th e  entry  of calcium ions 
down i t s  electrochem ical p o te n tia l  g rad ien t (Reuter, ใ 983). These 
channels have two main functions ะ to  allow th e  p a r tic ip a tio n  of 
calcium ions cu rren ts in  the  r is in g  phase of th e  ac tion  p o te n tia l;  and 
to  allow the  inflow of e x tra c e llu la r  calcium ions th a t  leads to  the
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Calcium ion channels a re  co n tro lled  by voltage-dependent
g atin g , th a t i s ,  th e i r  opening or closing  k in e tic s  a re  a consequence of 
changes in  membrane p o te n tia l . In re s tin g  c e l l s ,  th e  channels are  
closed . The p ro b ab ility  th a t a channel w il l  open increase  steep ly  with 
d ep o la riza tio n . The channels show both tim e- and voltage-dependent 
in a c tiv a tio n . Usually they open a t  more p o s itiv e  membrane p o ten tia ls  
than the  sodium ion channels which p a r tic ip a te  in  the. r is in g  phase of 
the  ac tion  p o te n tia l . The calcium ion channels a re  one of the  most 
se le c tiv e  of sev era l kinds of channels which can be detected  in 
ex c itab le  membrane. For example, the se le c tiv e ly  fo r sodium ions of the 
sodium ion channels is  a t  le a s t one order of magnitude less than the  
se le c tiv e ly  fo r calcium ions of calcium ion channels.

Although calcium ion channels a re  p rim arily  regula ted  by 
th e  membrane p o te n tia l, th e ir  p ro p ertie s  a re  modulated by 
neu ro transm itte rs , hormone, and drugs. In some cases, modulation seems 
to  imply phosphorylation of the  channels or of membrane p ro te in s 
c lo se ly  associated  w ith i t .

ะ C ell membrane phospho- and polyphosphoinositides and 
receptor-m ediated calcium ions m obilization

A v a ria ty  of b io lo g ica lly  ac tiv e  substances ac ting  a t
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recep to rs on the  plasma membrane provoke the  increase in  the  turnover 
of membrane phosphoinositides (PI) and polyphosphoinositides (P is ) . 
PI have one phosphate group in  the in o s i to l  rin g , whereas Pis 
have one or two ad d itio n a l phosphate groups. Polyphosphoinositides 
include p h osp h atid y lin osito l 4-phosphate(PIP) and p h osp h atid y lin osito l
4 ,5-bis-phosphate (PIP2) (Somlyo, า984). The increase in  turnover of 
these compounds is  associated  with th e  m obilization  of in tra c e l lu la r  
calcium ions and not w ith the  synthesis of cAMP. Stim ulation of 
turnover dose requ ire  e x tra c e llu la r  calcium ions and is  unaffected by 
changes in  in t ra c e l lu la r  calcium ion concentration .

Receptors involved in th is  type of response include the 
m uscarinic receptor fo r ace ty lcho line , the alpha-1 adrenergic recep to r, 
the  thrombin receptor of p la te le ts ,  and one type of recep to r fo r 
vasopressin .

Calcium binding p ro te in s ะ Calmodulin

The best-known and more generally  d is tr ib u te d  calcium binding 
p ro te in s is  calmodulin, which mediates calcium messages in  most 
eukaryotic c e l l s .  The concentration  in  most tis s u e s  v aries between 2 to  
40 micromole/kg wet weight (Cheung, 1979; Klee e t a l . ,  1980). I t  i s  a 
sm all ac id ic  p ro te in  ( is o e le c tr ic  po int around 4 ), composed of a s in g le  
polypeptide chain of 148 amino acid residues with a high content of 
alpha h e lix . Calmodulin i s  extremely r e s is ta n t  to  h ea t, ac id , and other 
treatm ents th a t  promote p ro te in  dénatu ration . Since calmodulin has a
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highly f le x ib le  te r t i a r y  s tru c tu re ; a fe a tu re  which may be re la te d  to  
i t s  a b i l i ty  to  in te ra c t  w ith very d if fe re n t ta rg e t p ro te in s (Klee e t 
a l . ,  1980). The f i r s t  complete amino acid sequence of calmodulin was 
reported  by Watterson e t a l .  (1980)

Calcium reg u la te  in  endo- and exocytosis

Recent experiment evidence strong ly  suggests th a t calcium has 
an important ro le  in  the  processes th a t lead to  the  formation of endo- 
and exocytic v e s ic le s . Although l i t t l e  is  known about the  d e ta iled  
biochem istry of these  processes, i t  seems th a t the  e f fe c ts  of calcium 
are mediated by the  calcium-calmodulin complex. Endo-and exocytic 
v es ic le s  have, in  th e ir  ex te rn a l regions, s i te s  th a t  bind calmodulin 
or calcium-calmodulin. The e ffe c ts  of calcium and calmodulin a re , a t 
le a s t in  some cases, mediated by the  phosphorylation of membrane 
v e s ic le s . For example, the  processes of exocytosis in  the  re lea se  of 
neuro transm itters from the  nerve term inal a t  synapsis. In these 
s tru c tu re s , the depo lariza tion  was ca rried  by the  ac tion  p o te n tia l  
opens voltage-dependent calcium channels in  the  nerve term inal allowing 
the  entry  of e x tra c e llu la r  calcium ions with the  consequent r i s e  in 
cy to so lic  calcium ions (L linas e t a l . ,  1981). Calcium and calmodulin 
bind to  th e  synaptic v es ic le s  and i n i t i a t e  a s e r ie s  of biochemical and 
morphological events whose u ltim ate  re s u l t  i s  th a t v es ic le s  fuse  w ith 
th e  plasma membrane and re lea se  th e ir  contents in to  space th a t nerve 
ending and th e  postsynaptic region (Shulman and Greengard, 1979; Chiese 
and C ara fo li, 1983). An e s se n tia lly  s im ila r process probably occurrs a t
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th e  neuromuscular ju n c tio n . An increase  in  calcium concentration  also  
tr ig g e rs  catecholamine sec re tio n  from chromaffin c e l ls  of th e  adrenal 
m edulla. Calmodulin binds w ith high a f f in i ty  to  chromaffin granule 
p ro te in s and th is  promotes the  binding of o ther cy to so lic  p ro te in s 
(Geisow and Burgoyne, 1983). There i s  a lso  evidence fo r the
p a r tic ip a tio n  of calcium and calmodulin in  exocytosis from nonneural 
c e l l s .  I t  i s  known th a t  calcium p a r tic ip a te s  both in  p la te le t
aggregation and in  the  re lea se  through exocytosis of substances which 
cause vasoconstric tion  and rapid  c lo tt in g  of th e  blood (Kaibuchi e t 
a l . ,  1983).

Renal handling of calcium

ะ Proximal convoluted tubule

L assite r and co-workers (1963) f i r s t l y  showed th a t  the  calcium 
concentration  along th e  proximal convoluted tubule remained sim ila r to  
th a t in  the  glomerulus, ind ica ting  th e  reabsorption  of 59-60 percent of 
th e  f i l t e r e d  calcium along th is  segment. Calcium absorption in  the 
proximal tubule may be ac tiv e  and tra n s c e llu la r  or passive v ia  the  
t ig h t  ju n c tio n s. Passive calcium absorption could be secondary to  f lu id  
absorp tion , as a re s u l t  of so lvent drag, while passive d iffu s io n  could 
be secondary to  a concentration  grad ien t (lumen > p e ritu b u la r space) 
(Brenner and Rector, 1986). Microperfusion techniques have been 
employed to  in v es tig a te  proximal calcium reabso rp tion . Frick and 
co-workers (1965) measured the  efflu x  of calcium from p erfusa te
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containing high calcium concentrations and the  in flu x  of calcium in to  
calcium -free p erfu sa te , and they observed s tr ik in g  s im ila r i t ie s  in  the  
tran sp o rt c h a ra c te r is t ic s  of calcium compared w ith those of sodium, 
suggesting the  sim ila r mechanisms of transtu b u le  tra n sp o rt of these  
ions. Parathyroid hormone did not in fluence calcium reabsorp tion  in  
the  proximal tu b u le . Murayama and asso c ia tes (1972) stud ied  
b id ire c tio n a l fluxes of calcium in  th e  perfused r a t  proximal tubule and 
observed th a t ,  as fo r  sodium (Morel and Marayama, 1970), backflux in to  
the  tubu la r lumen was approximately th ree  times th e  n e tflu x , 
in d ica tin g  th a t  th e  proximal tubule i s  highly permeable to  calcium.

ะ Loop of Henle

Rocha and co lleages (1977) found in  iso la te d  perfused segments 
of ra b b it nephron th a t the  th in  descending and ascending limbs of 
Henle’s loop were re la t iv e ly  impermeable to  calcium, the  recent study 
of Bourdeau and Burg (1979) employing in  v itro  m icroperfusion of the  
iso la te d  c o r t ic a l  th ick  ascending limb of th e  ra b b it; confirms th a t 
th e re  i s  an important component of passive net calcium flu x  could 
driven by the  voltage in  th is  segment. In more recent experiments, 
(Bourdeu and Burg, 1980) parathyroid  hormone was shown to  increase  
calcium reabsorp tion  in  th e  ascending limb, presumably by increasing  
calcium perm eab ility . Suki and colleagues (1980) have reported  th a t 
parathyroid  hormone stim u la tes calcium reabsorption  only in  the  
c o r t ic a l  segment while c a lc ito n in  stim ula tes absorption only in  the  
medullary segment of th e  th ick  ascending limb (Suki and Rouse, 1981).



ะ D i s t a l  c o n v o lu t e d  t u b u le

Free-flow micropuncture s tu d ies  have shown th a t  า0-15 per cent 
f i l t e r e d  calcium i s  normally delivered  to  the  s u p e rf ic ia l  d i s ta l  
tubu le , although less  than 2 per cent reaches the  f in a l  u rin e .

Costanzo and Windhager (1978) in  free-flow  micropuncture and 
d ro p le t m icro in jection  s tu d ie s , confirmed th a t calcium is  ac tiv e ly  
reabsorped along th e  su p e rf ic ia l  d i s ta l  tubule and th a t  th is  segment is  
highly impermeable to  calcium, with in s ig n if ic a n t backflux in to  the 
lumen. Futhermore, th e  high a f f in i ty  Ca-Mg-ATPase (Doucet and Katz, 
1982) i s  a lso  p resent a t  i t s  h ighest a c tiv ity  in  th ese  segments and may 
be responsib le  fo r a c tiv e  calcium extrusion from the  e p i th e l ia l  c e l l s .  
The d i s ta l  tubule plays a major ro le  in  modulating u rinary  calcium 
ex c re tio n .

ะ C ollecting  duct

The co lle c tin g  duct probably plays only a minor ro le  in 
determining calcium excretion . A m icrocatheterization  study of the  
inner medullary co lle c tin g  duct demonstrated absorption of 1.4 per cent 
of th e  f i l t e r e d  load along th is  segment, which was apparently not 
a ffec ted  by parathyroid  hormone (Bengele e t a l . ,  1980).
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E ffects of hypercalcemia on cardiovascular functions

I t  i s  known th a t  calcium may increase th e  c o n tr a c t i l i ty  of 
both the  h ea rt (Shiner e t a l . ,  1969) and the  p erip h e ra l blood vessels 
(Overbeck e t a l . ,  1961; Frohlich e t a l . ,  1962; Haddy et- a l . ,1963; 
Marone e t a l . ,  1980). I t  i s  a lso  observed in  coronary vascular beds 
(S co tt e t a l . ,  1961). In previous stud ies in man, acute hypercalcemia 
was reported  to  cause a slowing of heart ra te  (Shiner e t a l . ,  1969). 
Moreover, sev era l lin es  of evidence suggest th a t  th e  lev e l of plasma 
calcium may plays a ro le  in  th e  regu la tion  of blood p ressu re (E a rll  e t 
a l . ,  1966; Coburn e t a l . ,  1969; Rosenthall and Roy, 1972; Weidmann et 
a l . ,  1972; Marone e t  a l . ,  1980; B ianchetti e t a l . ,  1983), which show a 
s ig n if ic a n t co rre la tio n  between the  elevation  in  plasma calcium and the  
increase  in  blood pressure (p<0.001) (Weidmann e t a l . ',  1972; Marone e t 
a l . ,  1980; B ianchetti e t a l . ,  1983).

E ffects of hypercalcemia on ren a l functions

The e ffe c ts  of hypercalcemia on ren a l functions are  complex 
and have been stud ied  ex tensively . A reduction in  GFR has been noted in 
numberous s tu d ie s  (Ewards e t a l . ,  1974; Vanherweghem e t a l . ,  1976) and 
th e  mechanism was in v estiga ted  by Humes and colleageues (1978). In the  
r a t ,  in fusion  of calcium ch lo ride  was shown to  re s u l t  in  a f a l l  in  both 
single-nephron and whole-kidney GFR, owing to  a f a l l  in  c a p illa ry  
u l t r a f i l t r a t io n  c o e ff ic ie n t (K^) , but only in  th e  presence of
parathyroid  hormone. Parathyroid hormone independently causes a

0 8 9 9 9 ?
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decrease in  Kj; and in  GFR, (Ichikawa e t a l - ,  1978) and both receptors 
fo r p a ra th y ro id -sen s itiv e  adenyl cyclase (Imbert e t a l - ,  1974) have 
been demonstrated in  glom eruli. I t  has been suggested th a t  these 
changes in  Kp could be secondary to  changes in  c o n tra c ti le  s ta te  of 
mesangial c e l l s ,  which could a l te r  the  glomerular c a p illa ry  su rface 
area (Humes e t a l . ,  1978).

Since calcium ions mediated in  the  vasoconstric tion  (Overbeck 
e t a l . ,  1961; Frohlich e t a l . ,  1962; Haddy e t a l . ,  1963) re su ltin g  to  
decrease both e f fe c tiv e  ren a l plasma flow and e ffe c tiv e  re n a l blood 
flow (Brian e t a l . ,  1974; Chomdej e t a l . ,  1977) and lead to  decrease in  
th e  p a ra l le l  of glomerular f i l t r a t i o n  ra te  in  hypercalcémie s ta te s  
(Humes e t a l . ,  1978).

Several stu d ies have ind icated  th a t hypercalcemia and 
hypocalcemia have d ire c t  e f fe c ts  upon tubule calcium tra n sp o rt. In the  
parathyroid  in ta c t  anim al, such e ffe c ts  may be mediated by parathyroid  
hormone (Edwards e t a l . ,  1974; Le Grimellec e t a l . ,  1974). However, 
even in  th e  parathyroidectom ized animal, calcium in fusion  increases 
abso lute and f ra c tio n a l  calcium excretion (Massry e t a l . ,  1968; Coburn 
e t a l . ,  1970). A f a l l  in  proximal f lu id  reabsorp tion  in  response to  
hypercalcemia has been observed in  many stu d ies  (DiBona , 1971 ; 
Edwards e t a l . ,  1974) and n a tr iu re s is  commonly occurs as a r e s u l t  of 
in h ib itio n  of tubule sodium reabsorption  (Massry e t a l . ,  1968; Suki e t 
a l . ,  1969). However, calcium clearance i s  g rea te r  any lev e l of sodium 
clearance than i s  observed with sa lin e  in fusion , (Massry e t a l . ,  1968)
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a find ing  co n sis ten t w ith se le c tiv e  in h ib itio n  of d i s t a l  calcium 
tra n sp o rt, which in  these  s tu d ies  may be re la te d  in  p a rt to  
parathyroid  hormone suppression. In micropuncture experiment i s  the 
thyroparathyroidectom ized dogs (Sutton e t a l . ,  1985) a r i s e  in  
single-nephron f i l t e r e d  calcium load re su ltin g  from a r i s e  in  plasma 
calcium from subnormal to  normal levels had an in h ib ito ry  e f fe c t on 
loop calcium reabsorp tion  th a t  was not observed when a s im ila r change 
in  f i l t e r e d  calcium load re su lted  from a change in GFR. These data 
suggested th a t plasma calcium leve l per se may in fluence tubule calcium 
reabsorp tion  and th i s  has been shown d ire c tly  in  the  in  vivo perfused 
loop of Henle of r a t  (Quamme, 1982) as w ell as in  the  in  v itro  perfused 
c o r t ic a l  th ick  ascending limb of the  ra b b it (Shareghi and Agus, 1982). 
These d ire c t e f fe c ts  of the  plasma calcium lev e l on calcium tran sp o rt 
in  the  th ick  ascending limb may be very important in  determ inating the 
f in a l  u rinary  calcium excreting  in  h ea lth  and d isease  (Sutton , 1983).
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