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ABSTRACT \1 

" Il 
1. 

Rats vitamin D def1c1ent from utero were compared to vitam1n D, 

replete controls to test for vitamin D dependent calc1um b1nd1ng- proteins 1 

'; • ---- Il ~ 

C r 
in the soluble (100 000 X 9 supernatant) fraction from cerebellum, spinal 

cord and sciat1c nerve. The prote1ns were sUbjected tOI po1yacrylamide gel 

electrophoresis (P/{GE) and stained with a carbocyanine dye. Calcium 
~ 

binding proteins form J" complexes with the dye and appear as blue bands on 

polyacrylamide gels (Campbell, Maclennan and Jorgensen, 1983) . 

• Samp les prépared from three anteroposterior divi s ions, 
Cà 

p.. 

"cervica1", "thoracic" and "1umbar" of the spinal cord, showed six blue 
. 

s"ta1r)ing bands of molecu~ar weight: 107, 101, 80, 75, 60 and ~ .14 

k11o'da1fons. The rat younger tnan 49 days postpartum did not show thts 80 

k11odaltons band on carbocyanine dye stained gels. All the blue bands' 

present in the spinal cord PAGE profile except the 80 kiloda,ltons band wê're 

also found in the sciaiic nerve. The cerebellum has four blue staining 

bands of the following molecular we1ghts: 116,51,28 and ~ 14 

k11odaltons. In this study blue sta1n1ng Bands were found ta represent' 

ac1d1c prote1ns which can be precipitated w1th barium sulfate as can 

calcium binding proteins of plasma and bone (Malhotra, 1979),' After 

removal of sod~um dodecyl sulfate (SOS) from gels, calcium ligating, bands 

were located by a radioautographic method (Anthony and Babitch, 1984). The 
• 0 cerebellum conta1ned a 28 and a 14 kilodaltons band detectable 1.n th1s , 

way. This 28 'kl1odaltons calcium bindin'g band may represent the 28 

Idlodaltons calcium bind1ng protein (CaBP ) of rat kidney and brain 
28K 

(Ba1mbridge, Miller and Parkes, 1982; Schreiner, Jande, Parkes, lawson and 

'. 
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. 
T"homâsset' 1983)' for which vitam1n 0 dependence has been shown 1-n the 

1 • k1dney (Thomasset, Parkes and Cuisinier-Gleizes. 1982), On1y one calcium . . 
b1nding band' of 14 kilodaltons moleculat-"we1ght was found in the spinal . 

\. l' 

cord or the sc1at1c nerve. Neither the 28 nor the l1._k~lodaftons bands , 
could, be shown to be vitamin 0 dependent, 

~ 

The results of this study show that blue sta1ning by th'e , 

e can not !le used as'a re11able ind1cator of calcium b1nd1ng 
, 

prôteins and suggestA that CaBP 'does not exist in the sp1na-l cord or 
28K 

sc1atic nerve of th~ rat, 

.' ' . . ' 

-. 

- - , . 
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, t RESUME 

.. 

la présence de protéines liant le calcium a été comparée dans 

la fraction soluble (100 000 X g) d'extraits de cervelet, de moelle 

ép1nière et 'de nerf sciatique entre des rats_ carencés en vitamine D dès le 

début de' la vie intra-utérine, et des rats témoins non carencés. Les 

proté1nes de ces fract1onOont été ,arées sur gel po1yacry1amide il 

électrophorèse puis colorées au carbocyanine. Les protéines liant le 

~ calcium forment des 6omp1exes en forme de J avec te colorant e\ 

apparaissent sous forme de bandes bleues sur des gels ~de polyacrylamide 

(Campbell, MacLennan and Jorgensen, 1983). 

- le'~ échantillons préparés à partir des régions "cerxica1e", 

"thoracique" et "lombaire" de la moelle épinière, montrent six' bandes 

bleues dont'les poids moléculaires sont: 107. 10'-. 80. 75,60 et ~ 14 • 
kl1odaltons. Les échantillons prélevés de rats âgés de moins de 49, jours 

- ~ après la naissance ne montrent pas la bande~de 80 kilodaltons sur les gels 

~colorés à la carbocyan1ne. A l'exception de cette bande de 80 kilodaltons, 

toutes les autres' ba(ldes bleues pr~sentes dans le patron élect~ophorétique 

~ de la moelle épinière SOrtt aussi retrouvées dans celui du' nerf sciatique-. 

Le cervelet a Quatre bandes bleues correspondant aux poids moléculaires 
o • 

suivants: 116. 51, 28 et ~ 14 kilodaltons. 
" 

Dans "cette étude., il est 

apparu Que les bandes bleues représentent des protéines. acides. lesQuelle"s 

peuvent être précipitées par le sulphate de barium tout comme les pfotéines 

liant le calcium provenant du sang et des tissus osseux (Halhotra, 1979). 
1 

Après l'élimi~ation du sulphate de sodtum dOdécylé des ~els, les bandes 
~ 

o 
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---- --'liant le calciûm ont été révélées par radioautographie (Anthony and 
\1\ 

Babitch, 1984). Par cette méthode, des bandes de 28 et 14 kilodaltons ont 

été mises en évidence dans le cervelet. Il est poss~ble que la bande de 28 

kilodaJtons liant le calcium soit la m~me. protéine Que celle (CaBP - ) 
\ 28K 

retrouvée dans le rein et le cerveau du rat (Ba1mbr1dge, Miller and Park~s, 

1982; Schreiner, Jande, Parkes, lawson and Thomasset, 1983) et pour 

laquelle une dépendance à la vitamine 0 a été démontrée dans le rein 

(Thomasset, Parkes' and Cuisinier-Gletzes, 1982).. Une seule bande de 14 

k110da1tons liant le calcium a été retrouvée dans la moélle. épinière ainsi 

que dans le nerf sciatique. Aucune des deux bandes de 28 ou de 14 

kilodaltons n'a montré de dépendance à la vitamine 0./ 
........ 

les résultats de cette étude montrent que, la coloration bleue 

1 obtenue avec le colorant carbocyanine ne' peut être utilisée corrme 
1 . 

indicateur fiable pour l'identification des protéines liant le calcium. et 

suggèrent que la protéine CaBP n'existe pas tant au niveau de la~moelle 
, 28K 

épinière Que dans le nerf sciatique du rat . 

. . 
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STATEMENT Of THE PROBLEM 

~ - . 
Only two soluble calcium b1nding prote1ns are known to be 

vitam1n 0 dependent. They are the 28 k1loda~tons prote1n (CaBP ) first 
- ., 28K 

di scovered in chi ck intesNne (Wasserman and Taylor, 1963; Wasserman, 1980) 

and the manrna11 pn intestinal 9-10 kl1odaltons calcium bind1ng protein 

(CaBP91<) (Warembourg, Perret and Thomasset, 1985). Inmunoreact1v1ty to 
, , . 

both these proteins exist in the rat k1dney, and the ant1gen 15 vitam1n 0 
( 

dependent J (Thomasset, Desplan and Parkes, 1983). In the brain' there 15 

1nrnunoreactiv1ty to the 28 kilodaltons prote1n but it 1s not vitam1n 0 

dependent (Taylor. 1974; Thomasset, Parkes and Cu1sin1e'r-Gle1zes. 1982). 
~ 

Inabi lit Y to demonstrate a vitami n 0 dependence for CaBP in 
28K 

the brain, has been attributed to the fact that central nervous system 
... 

neurons do not div1de after embryonic development (Taylor, 1974). Cells of 
~~ . 

the intestlnal mucosa and the' k1dney continue to div1de dur1ng the life of 

the rat (Messier and LeBlond, 1960). The implication of Taylor's 

hypothesis is that; whether a cell will have vitamin 0 dependent calcium 
1 

bi nding protei n 1 n the G state or not 1 s dependent on whether the gene 
o --, 

coding for this prote;n is induced 1n- the preced1ng G
l 

period of the cell 

cycle. 

Unlike vitam1n D defjcient animal models u5ed in the pasto The 
,. 

rats in this study have not been exposed to vitam1n 0 dur1ng develoPlJlent in 

the! womb Q.r throughout thei r 'postp~tl:'m l1fe. .~he exper,iments described in 

this thesis were designed to determine 1f any soluble (100 000 )( 9 

supernatant) calci um bi nding protei ns ,present in the nervo~s system of 
, 

vitam1n 0 replete rats are absent From these vitam1n D defic1ent an1mals. 



- l ' 

INTRODUCTION 

1.1.1 Source"Fate and Action of 1,25-Dihydroxycholecalc1ferol in the Rat. 

" ' 

Cholecalc1f.ero1 (vitamin 0
3

) regulat~s calcium and Piosphorus 

homeostas1s in the rat and other spec1es (Oelu,ca and Schnoes, 19'83; Deluca, 

1985; Karsenty, Lacour, U1mann, Pilerandrei and Drueke, 1985). In vitamin 

o deficiency, the intestinal absorption of calcium and phosphorus is 
3 

reduced, producing a drop in the product of calcium and phosphorus in the' 
" 

extracellular f1uid (Weinstein, Underwood, Hutson and Deluca, 1984). 
, 

Symptoltrs' of neuromuscular irritability, tetany and sometimes se1zures are 

produced; bone minera~ization ;s impa;red and growth is retarded (Deluca, 

1984) , 
; 

-..../ 

t 
,/ 

Vitqmi n o ' 
3 

is thought to be deri ved From 

7-dehydrocholecalcifero1 by a photochemical reaction in the malpighian 

"layer of skin (Lawson and Davie, 1979; Bonjour, Trechsel, Muller" and 

. Scholer, 1985). Ultraviolet irradiation of, 29lJ-"320 nm wavelength splits 
" 

the bond between carbon atoms 9 and 10 in 7-dehydrocholecalciferol 

(Uskokovic, Partr1dge, Narwid and Baggiolini, 1980). The product is a 

previtamin 0, that slowly equilibrates with cholecalciferol (Holick, 

Fronrner, McNeill and Potts, 1977; Oeluca, 1985). Conversion to 

cholecalcifer:01 requires the rotation of ring A by .180° around the single 

bond between ca rbon atoms 6 and 7, and the format 1 on of a doub 1 e bond 

between carbon atoms at positions 10 and 19 (Uskokovic, Partridge, Narwid 

and Baggiolini, 1980). Presumably cholecalciferol is absorbed into the 
, 

subepidermal microcirculation and transported to the liver via the plasma 
. 

(Norman, 1979; Stanbury, Mawer, Taylor and de Silva, 1980). Ta date, 

" . 
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, ,- 2 

regulation of the photochemical reaction has not been demo~strated (OeLuca, 

1985) . . . 
Cholecalcifero1 1s inactive and must be metabo11zed to its" 

active form, 1.25-dihydroxycholeca1cife.rol, via an intermediate metabol1te' 

25-hydroxycholecalciferol (DeLuca and Schnoes, 1983;" DeLuca, 1985). Two 

systems are capable of hydroxylating cho1eca1cifero1 at carbon 25; "one a 

50 ki10daltons. 'microsomal, mixed function monoxygenase dependent on 

flavoprotein . and a cytochrome P-450 (Yoon and DeLuca, 19ào; Hayashi, 

Noshiro and Okuda, 1986), the other a mitochondrial system which , 
~ 

hydroxylates' choleca1ci fero1 and other sterols at carbon 25 (B)orkhem, 

Holmberg, Oftebro and Pederson, 1980). Which of the two 1s physiolo9"cally 

most important has been a controversal issue '(Fraser:.-1980; Henry, 1980) 
" 

and a lot of worl< ha) be'èn done to support one system or the other. 0- The 

picture that emerges From these reports is that tt'le m1tochondrial 

hydroxy1ase is of Uhigh capacity, low affin1ty " and the microsomal 

hydroxy1ase 1f1ow capac'ity, high affinityll (Fukushima, Nishil, ~uzuld. and 

Suda, 1978; Bjorkhem and Ho1mberg, 1979). This being true, it wou1d be 
, 

logical to conc1ude that the microsoma1 system is more important when the , 

concentration of cho1eca1ciferol is low land the mitochondrial system 1s 

important when the concentration 1s h1gh (Bjorlchem, Holmberg, Oftebro and 

Pedersen. 1980; DeLuca, 1985). 

The rate limiting reaction in the synthesis of 1,25-d1hydroxy-

choleca1cifero1 is the l-hydroxylation, the site of wh1ch in the 

non-pregnant rat is the kidney (Henry, T9'80; DeLuca, 1985). The 

l-hydroxylase i s a m1tochondrial enzyme, and the data compiled thus far 

support either a mixed function oxidase or a perox1dase mechan1sm for 

cytochrome P-450 1n catalaz1ng th1s hydroxy1at1on (Warner, 198~). The 

l-hydroxylase act1v1ty 1s regulated in response to the organ1sm l s 
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'" requirement for calcium and phosphorus (Oeluca, 1984). At least eleven 

dffferent factors have been implicated in contro11ing the 1-hydroxyJase 

activUy (Henry, 1980; Fraser, 1980; Kumar, 1984). These inc1ude plasma 

levels of: calcium, phosphorus, parathyroid hormone, l,25-dihydroxycho1e-

calcifero1 and other hormones. 

When synthesis of l,25-dihydroxycho1eca1cHero1 1s suppressed, 

the 24-hydroxylation of 25-hydroxycho1eca1cifero1 1s- activated and 

')24-hydroxylation is inhibited when l,25-dihydrqxycholeca1cifero1 synthesis 
" 

1s s'timu1ated (Deluca, 1985). No bio10gica1y significant role has been 

found for the 24-hydroxy1ated metabo1ite (Jarnagin, Brommage, Oeluca, 

Yamada and Takayama, 1983: Bronmage, Jarnagin, Oeluca, Yamada and 

Takayama, 1983; Deluca, 1985). 

1 ,25-dihydroxycho1ecalcifero1 enter~ the plasma where 1t 1s 

transported by vitamin D binding protein (DBP) (Cooke, 1986). 

l,25-dihydroxycho1eca1cifero1 is taken up by intestine, bone, kidney and 

possib1y other tissues in which it may a1so have a function (Stumpf, Sar, 

Reid, Tanaka and DeLuca, 1979; Stumpf, Sar, Clark, lieth and OeLu-ca, 1980; 

Jande, Haler and Lawson, 1981; Peterfy and Tenenhouse, 1982; DeLuca and 

Shnoes, 1983; Tsoukas, Provedini and Hanolagas, 1984; Costa, B1au. and 
, . 

Féldman, 1986; Warembourg, Perret and Thomasset, 1986). The action of 
, 

1.25-dihydroxycholecalc1ferol has been best studted in the intestine, where 
\ 

the' honnone binds to a high affinity (K
d 

= 5x10-11 H) and 10w capacity, 

cytoso11c receptor that is like1y to be required for the translocation of 

the honnone into the nu~leus (Kream and Oeluca, 1977; Wa1ters, Hunziker ~nd 

Norman, 1980). The importance of thi s receptor has been clemons trated in 

man. lndividuals defective in the cytosolic receptor (vitamin D3-dependent. 
--===------

r1ckets type II) are hypocalcem1c and have secondary 
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hyperparathyroidism although plasma levels of l,25-dihydroxycholecalciferol 

may e~en be higher than normal in so'me cases (Pike, Allegretto, Kelly, 

Oonaldson, Marion, Mangelsdorf and Haussler, 1984). 

Termi nat; on of l, 25-dihyd roxycho l eca1ciferol act 1 on 1 s by 

conversion, mainly in the liver, kidney and intestine, to inactive 

\ metabo1ites (Kumar, 1984). Within a 24 hour period, 25-30% of a 

l,25-dihydroxycholecalciferol dose will be oxidized to calcitr01c acid 

(9,10-secocholesta-5,7,10(19)triene-24,25,26,27-tetranor-1Q,3~-23-oate) and 
~ , 

• 
excreted in the bile (Onisko, Esvelt, Schnoes -tmd DeLuca, 1980). Of the 

• l, 

rema i nder, about 10% will be hydroxylated to 1 ,24,25-

tr1hydroxycholecalciferol by renal mitochondria (Kleiner-Bossal1er and 

DeLuca, 1974; Kumar, 1984) and 20-25% will be excreted Vn th'e bile as 

glucuronide and sulfate metabolites (Kumar,' Nagubandi, Mattox and 

Londowski, 1980). 15-20% of the glucuronide derivative, is probably reused 

by the rat after hydrolysis ~o the free vitamin (Kumar, 1984). 

In mucosal cells of the intestine, l,25-dihydroxychol~ 

calci"fer'ol' induces the synthesis of a specifie calcium b;'nding protei~n 
, 

(CaBP ) (Wasserman, Corradino and Taylor, 1968; Thomasset, Parkes and 
9K 

• Cuisinier-Gleizes, 1982). 

1. 2. l The caBP9K and CaBP • of Rat. 
, 28K' 

Constituting 2% of the soluble proteins in the âbsorpt1ve layer 

of the duodena1 mucosa in the rat (Marche, Le Guern and Cassier, 1979; 

Taylor, Gleason and lankford, 1984; Warembourg, Perret· and ,Thomasset, 

1985), is a 7 500 - l~ 500 daltons molicule (taBP9K) w1th two high aff1n1ty 

(K
d 

= 1 x .10-8 - l x 10-5 M) c~lc1um b1nd1ng sites (Thomasset, Desplan, 
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Mqukhtar and Mat~ieu, 19,81; Desp1an, Heidmann, Llllie, ,Auffray and 

ThQmasset, 1983). Ca8P is a1so found in the Jejunum, ileum and cecum but 
(J ' 9K , 

in less than one fifth the amounts of the duodenum (Thomas set, Parkes and 

,Cuisinier-Gleizes, 1982). The function of CaBP remains unknown. 
9K 

It was 

\ demonstrated that l,25-dihydroxycholecalciferol mediated calcium transport 

1s 1ndependent of ,de nova protein synthesis (Bikle, Zolock, Morrissey and 

Herman, 1978) indicating that CaBP cannot be directly responsib1e for the 
, 9K 

1,25-d1hydroxycholecalciferol stimulated transport. 

'Antibod1-e-s raised 'against CaBP will inrnunoreact with antigens 
9K ' 

in the ,segments distal to the loop of Henle and proximal to the m1d 

colletting duct in the rat renal cortex (Schreiner, Jande, Parkes, Lawson 
u 

and Thomasset, 1983). The/distribution of this immunoreactivity correl~tes 

well with thé location of renal cells that have been shown to take up 

1,25-dihydroxycholecalcifero1 into the nucleus (Stumpf, Sar, Narbaitz, 
v 

Reid, DeLuca and Tanaka, 1980; Manillier, Farman, Bonjour and B'onvalet, . ( 

1985). Ano.:1her investigation found no correlation between cells that take 

up 1, 1,25-dihydroxycholecalciferol and the distribution of the 

immunoreactivity (Kawashima and Kurokawa, 1982), probably because they . 
, 

cou1d not distinguish between specifie nuc1ear uptake and non-specifie 

cytoso1ic uptake in their homogenates ($chreiner, Jande; Parkes, Lawson and 

'Thomasset, 1983). A study uSing cytosol from whole kidney has demonstrated 

a 3.3 $ high affinity binding component for l,25-dihydroxycho1ecalciferol '\ 

wh1ch is believed to be the cytosolic receptor for the hormone (Chandler, 

P1ke and Haus.s1er, 1979). l '\ 

In the rat k1dney and cerebel1um there is a cytosolic 28 

k1lodaltons calcium binding prote1n (Ca8P ) with four high aff1nity 
28K 

calcium b1nd1ng sites (K
d 

= l x 10-8 - 1 x '10-5 M) (Ba1mbr1dge, Miller and 
... 

Parkes, 1982; ~homasset , Oesplan and Parkes, 1983). CaBP 
28K 
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b1nds alkaline earth metals, in order of decréas1ng affinity, as follows: 

èalchÎm> stronti,ûm > barium > magnesium (Taylor, 01980). It also exists . 
in duodenal enterocytes but in smal1er amounts (Moriuchi, Yamanouchi and 

Hosoya, 1975; Thomasset, Parkes and Cuisinier-Gleizes, 1982; Schreiner, 

Jande. ~arkes, Lawson and Thomasset, 1983). This 28 kl1odaltons prote1n'15 

localized in the renal cortex and is found almost excl~siv~ly in the distal 
"-

convolut~d tubule with some: amounts detectable in the co11ect1ng duct, 
~ ~ 

(Schreiner, Jande, Parkes t Lawson and Thomasset, 1983). The kldney and 

cerebellar CaBP have been compared: they are identical 1nmuno1og1caJy 
2BK 

and behave similarly· 'on two dimensional isoelectr1c focus 1 ng/ 

electrophoresis, they are acidic (pl = 4.3) and have very s1milar amino 
J ' 

ac1d compositions with a high content of aspartic and g)utamic ac1d 

residues (Van Eldik t Zendegui, Marshak 
, 

and Watterson, 1982; Intrator, 

Baudier, [lion, Thomasset and Brehier t 11985). The peptide maps obta1ned 

after tryptic and chymotryptic digestion, in the absence of calcium. are 

identital and the amino terminal sequence of both proteins is identica1. 
• "f 

The major difference is the1r vitamin 0 dependence; the ~dney 

protein is dependent on the vitam;n 0 status of the animal and the 

cerebellar protein is not (Thomasset t Parkes and .Cuisinier-Gleizes, 1982). 

1 Thirty day old vitarwin 0 'defic1ent rats have in their ce.rebellum CaBP 
. 28K 

eQual in quantity to controls and the amount does not change after the rats 

are injected intraperitoneally with . 100 ng/100 9 body we1ght of 

" 25-di hydroxycholeca l citerol (Thomasset, Par.kes and Cui s1n1 er-Gleizes, 
;co. 

1982-). The serum calcium concentration in the treated animals rose from' 

about 7 to 12 mg/dl and the CaBP in the gut and the kidney rose ta 
28K 

normal levels. When the distribution of radio labe lled 

l,25-dihydroxycholecalcHerol,' in the brain, 1s compared ta Jhat of 
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1nmunoreact1ve CaBP there is a poor relationship (Jande. Haler and 
28K 

lawson. 1981). Notably no detectable 1.25-d1hydroxycho1ecalciferol or its 

receptor has been reported in. the cerebellum where CaBP is found in 
28K 

.large amounts (Stumpf. Sar, ,C'lark, Lieth and DeLuca, 1980; Thomasset, 

Parkes and Cuisinier-Gleizes, 1982). 

In the brain CaBP is specifie to rreurOllS, with the highest 
28K 

quantities in the Purkinje cens of the cerebe llum (15 lJ9/mg total soluble 

cerebellum prote'!n) and the dentate gyrus of the hippocampus (1.71 lIg/mg 

total soluble protein) (Baimbridge, Miller and Parkes, 1982). The CaBP 
28K 

concentration increases linearly from embryonic day 17 to a maximum at post • 
gestationa1 day 30, remains constant until day 70 and has dropped markedly 

by day 210 (Thomasset, Parkes and Cuisinier-Gleizes, 1982). Ther~ 1s no 

correlation between the period over which the concentration of this 

cerebellar protein rises and the period in which Purkinje cells 
-

pro life rate. 1 The Purkinje cell population or; g1nates on emtyyon1c day, 14 
6 • 

(Rodier, 1977) . 
,'. 

A role that has been suggested for CaBP 
28.K 

in the centra 1 

nervous system 1s one of intracel1ular buffer for calcium (Jande, Haler and 

lawson, 1981; Baimbridge and Miller, 1984) .. In attempting to correlate 

CaBP level:; wi th hyperexcitabi l ity of neurons, Baimbridge and Miller 
28K 

conducted the following series of experiments. When l<indling stimuli via 

electrodes chronically implanted in the midHne conmissural pathway were 

given to rats, CaBP 
28K 

content decreased progress i ve ly and was 

s1gnificantly lower (16.6%, P < 0.01) than' contro1s after only 10 kindling 

trials (Baimbr1dge and Miller, 1984). In the hippocampus CaBP is founlt 
, • ,1 28K 

e,xclusively in the dentate granule and CA1/CA2 pyramidal cells, toqether 

w1th scatte-red .', 1nterneurons ( Ba1mbridge and M111er, 1984) . . ~ 

\ 
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Conrn1ssural k1ndled rats loose CaBP selectively From dentate granule 
28K 

cells (Miller and Baimbridge, 1983). It 1s sign1f1cant that t,he major 
, 

projection of the dentate gyru's is to the C-A3/CA4 pyramidal region wh1ch 15 

a focus for epileptiform activity (Wong, Traub and Miles, 1984). It needs 

to be determin d however, whether the drop in CaBP fol1ow1ng k1nd11ng is 
-' 28K 

a causative fa tor or a consequence-to the seizure act1vity. 

1.3.1 Solubl? itamin 0 Related Calcium Bind1ng Proteins of the 

NervOus System. 

Four low molecular weight, soluble calc1~m b1nding prote1ns: 

parvalbumin, ca lmodul in" CaBP ,and the heterogenous group of protei ns 
, 28K 1 

designated $-100 (the acronym signifies their partial solubl1ity in 

saturated ammonium sulfate at neutral pH, Van Eldik, Zendegui, Marshak and 

-Watterson, 1982). are known to exist in the nervous system of't.he rat. 

Other than CaBP ,for wh; ch vitam; n D-'dependence has been shown in the 
28K 

r 
Iddney, ther~ is no evidence that they are vitamin 0 dependent (Van Eld1k, 

Zendegui, Marshak and Watterson, 1982). Nucleotide sequence homologies 

'. within the g~~es coding for these four calcium bind1ng proteins suggests 
, 

that they have evolved ,From a conmon progenitor (Desp1an, Heidmann, Ullie, . . 
Auffray and Thomasset, 1983; Epstein. Heans and Berchto1d, 1986). 

They share a calcium binding structure designated an EF hand 

that was orig1nally described in parva1bumin (Kretsinger, 1981). This 
r'j;. 
domain 1s formed by two h~11ca1 regions, which in parvalbum1n are, the' . . 
E-he1ix. the f-helix. and a twelve amino acid loop connect1ng them. 

CaBP contains an additiona1 calcium b1nd1ng structure that d1ffers From 
28K 

the EF hand by the nature--of the calcium l1gat1ng atoms (Seamon and 

Kretsinger. 1983). In the EF hand 1t 1s main1y oxygens From am1no ac1d 
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s1de cha1ns that Ugate the calcium and in the second type of calcium 

b1nd1ng site in CaBP the calcium chelating atoms of oxygen are der.ived 
, 28K , 

from carbonyl groups in the peptide backbone (Van Eldik, Zendegui, Ma'rshak 

and Watterson, 1982). 

1.3.2 Parvalbumin. 

Parvalbumin is a 12 kilodaltons, acidic, calcium binding 

protein wh1ch in 'malJlTlals is found in h1gh concentrations in fast twitch 
1 

muscle (Blum, Lehky, Kohler, Stein and Fischer, 1977; Heizmann, 1984). , 

An immunologically identical protein has been found in the 

central nervous system (Gosselill-Rey, Piront and Gerday, 1978; Celio and 

ç1\.-- Heizmann, 1981). Very small inmunoreactive neurons and positive punctate 

"structures can be seen in Rexed Jamina lIb of.- the spinal cord dorsal 

horns. 
/7 

.J Motoneuron terminals in the ventral horns and mye1inated axons in 

the dorsal funiculi were a1so labelled. In spinal ganglia, illlnunolabelling 

was restricted to the large cells and in the peripheral nerves to large 

d1ameter axons (Celio and He;zmann, 1981). Ouring development, brain 

'parvalpumin beg1ns to ;ncrease at postnatal day 5, rmhes a maximum at 

postnatal day 20 and remains constant thereafter (Berchtold and Means, 

1985). The .increase during development 1s only slight and the maximum 

parvalbumin leve1 is much lower than ;n fast ~witch muscle. 

Type three parvalbum~ ;s the best studied, the properties of 

the others are assumed to b~ \ndistingUiSha~le from the carp muscle 

protein. Carp parvalbumin binds two calciums with a dissociation constant 

of 1 x 10-7M. The dissociation constant fo~ magnesium is 1 x 10-4 and that 

-2 
for sodium is l x 10 H (Van E1dik, Zendegui, Harshak and Wa~,terson, 

1982). The parva1bumin mo1ecu1e consists of six alpha he1ical regions 
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denoted by letters A-F. Calcium ions are bound by the peptide reg10ns 
. )~', 

between helices C and 0 and .between,· helices E and F (Epste1!l. "eans and 

Berchtold, 198&). 
1 

'.. ;-;7" 
;:, ' .,.1 ' 

The CO and EF hands each form octahe~al calcium b1nd1ng 

·structures that are related, to each other by an approximate 2 fold axis· 

(Seamon an? Kretsinger, 1983). The six ligands in the octahedral structure 

are ma1nly side chain oxygen atoms of the protein (aspartafé-90, 

aspartate-92. aspartate":94 and glutamate-10l). A peptide carbony1 oxygen , . 
Jlysine-9&) is the ligand at on~ vertex, and water bonded to glycine-98 is 

the oxygen li.gand at the other vertex of the loop (Van Eldik, Zendegui, 

Harshak and Watterson. 1982). A lthough a lot i s known about the thr-ee 

dimensional structure of parva1~umin. its function in the central nervous 

system is still obsc~re (Berchtold and Means, 1985). 

1.3.3 Calmodulin. 

Calmodul1n, a monomeric protei(l, has been pur1fied and 

characterized from several manmalian sources including brain (Klee. Crouch 

anQ Richman. 1980; Means, Tash and Chafouleas, 1982). It is a 148 res1due, 

1& 790 daltons, acidie protein (pl = 3.9-4.3) containing ·27 glutam1c· ac1d 

and 22 aspartic acid residues (Watterson, Shar;ef and Vanaman. 1980; 

Cormier, 1983). Partition of calmodul1n between the soluble and 
') 

~ particulate fractions in bqtin, depends on the presence of calcium or 

ethylene glycol-bis (aminoethylether)N,N'-tetraacetic aCid\ (EGTA) in the 

homo~en;zing medium. In rat brain 58% of the total calmodu11n 1s 

particulate in the presence of 0.1 mM calci-um chloride, versus 78% in the 

presence of 2 ~ EGTA (Kak1uch1 et al, 1978),' 

" ) 



... 

! 

• 

o 

11 

--
Ca1modu11n 1 s res 1stant to e1evated temperatures. A solution 

~onta1n1ng calmodu11n can be heated for 5 minutes at 90°C with no 

apprec1ab1e 10ss of bio1ogical activity, as assessed by the abi1ity to 

st1mu1ate phosphod1esterase or myos1n light chain kinase (Heans, Tash and 

Chafouleas, 1982). A1though calmodulln is heat resistant. it is not tru1y 

heat stable. The half 1He of the protein at 100°C is 7 minutes (8eale, 

Dedman and Heans, 1977). In the presenc'e of calcium, calmodulin will 

res1st denaturation by 8 molar urea or 1% sodium dodecyl sulfate (Oedman. 

Potter, Jackson, Johnson and Heans, 1977). 

It is established 'that calmodulin contains four meta1 ion 

bind1ng sites of the EF hand type (Van Eldi~, Zendegui, Harshak and 

Watterson, 1982). These calcium binding sites are in domains 1 (beginning 

at the NH -terminal port1on) through IV (t~ COOH-terminal portion of the 
2 

prote;n) (Watterson, Sharief and Vanaman, 1980). About 70% of the amino 

acid5 ;n domains 1 and III are. ident1cal and a similar homology exists 
l 

between domains II and IV (Heans, Tas~ an~ Chafouleas, 1982). Reports on 

the affinity and speclficity of the bihding sites for calcium vary 

conslderab1y (Klee. Crouch' and Richman 1980; Prozialeck and Weiss, 1985). 

The 1atest model predicts that: the four sites are equal, bi'nd both 

calcium and magnesium with positive cooperat1vity and have dissociation 

constants ln the mlcromolar and mi1l1molar range for ca1c'lum and magneslum 

respect1vely (Iida and Patter, 1986). 

In the absence of calcium, 40% of the protein exi~ts ln an 

o-helical configuration (Dedman, Patter. Jackson, Johnson and Heans. 

1971). The blndlng of calcium ~o ca1modulin increases the hellcity to 

greater than 50% and exposes a hlghly l1poph111c reg;cm- of the molecule 
\ 

(Tanaka And Hidaka, 1980). This change in conformation 15 mandatory for the 
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regulat10n of a11 ca1modu11n modulated molecules descr1bed thus far (Means, 

Tash and Cha~ouleas, 1982). Ca1modulin 1s v1ewed as an intracellular 

receptor for calcium, regulating the activity of various molecules in a 

calcium dependent manner (Kretsinger" 19B1). 
/ 

1 
1.3.4 $-100 (\ 

, 
$-100 describes a heterogenous 'popu1ation of ac1d1c (pl-· 4.1), low 

molecul,ar weight, calcium binding proteins, composed of two 'structural1y re1a­

ted subunits Q and ~ (Van Eldik, Zendegui, Marshak and Watterson, 1982) . 

. $-100b constitutes almost 90% of the $-100 protefns and 1s a dimer 

composed of two 10 500 daltons ~-subunits (Baudier,o labourdette and Gerard, 

-5 1985) . Each ~-subunit conta ins t one high affinity (Kd = 2xl0 M) and two low 
-4 - ' 

affinity (Kd = lx10 M).-calcium bind)~g sites of which the high affinity site 

1s of the EF hand type (Isobe, ,Ishioka and Okuyama, 1981,; Baudier. labourdette 

and Gerard, 19'85). $-lOOa protein 1s -a dimer of a and f3-subunits (Masure, 

Head_and Tice, ,1984). The 10400 da]tons a-subunit is character.ized by: the 
• 

presence of a tryptophan which is absent from the ~-subunit, and the presence 

of a single cysteine un1ike the f3-subunit which has two (Isobe. Ish10ka and 

Okuyama, 1981). Thr~~ percent of the S-100 proteins is formed.by S-100 wh1ch 
o 

1s an a-subunft dimer (Masure, Head and Tiee, 1984). 

Originally iso1ated from brain and thought to be specifie' to gU~l 
Y' 

ce11s, S-100 protein has now been reported to be present in a number of 

tissue'S ($uzuld, Nakajima and Kato, 1982). In the rat, the h1ghest 1evels of 
~ 

$-100 protein are found in the central nervous system, adipose tissue and the 

trachea whlle in the liver ft 1s absent (H1daka et al., 1983; Michett1, 

Dell 'Anna, Tiber10 and Cocch1a, 1983). The fol11cu1ostellate .ce11s of the 
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p1tu1tary (Nakajima, Yamaguchi and-Takahashi, 1980), satellite cells of the 

adrena1 medulla (Cocch1a and Michett1, 1981), and the sldn ($uzuki, Nakajima 

and Kata, 1982) contain lower amounts but significant1y higtrer than severa1 

other tissues that were tested from the rat (Hidaka et al., 1983). The larger 

portion of $-100 in the central nervous 'system 1s 1n g11a, although a sma11 

, amount exists in neurons (Packman, Blomstrand and Hamberger, 1971; Tabuch1 and 

Kirsch, 1975). In the peripheral nervous system, it 1s pr1marl1y a neuronal 

protein (Hlanl et al, 1972). .. 

The majority of these studies have used antlbodles ra1sed agalnst 

S-100 proteln and can not make a distlnction .between the distribution 'of 

S-100a from that of $-100b. The function of $-100 in these tissues 15 not 

Icnown (Suzuki, Nakajima and Kata, ~1982; Van Eldik, Zendegu1, nMarshak and 

Watterson, 1982; Baudier, Labourdette and Gerard, }985). 

, . 
" , 

,"-

\ 

... 
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METHODS 

... 
2.1.1 Exp~rimenta1 Anima1s. • 

Twenty-one day old fema le ~ptague Daw1 ey rats were mai ntained on a 

vitamin 0 free diet (ICN Nutr1tional Biochem1cals~ C1evaland, Ohio, d1et ~ 

AIN 76A to which vitamin 0 has not been. supplemented) for 8 weeks (Table 

2.1). These rats, termed the parental, generation, were then mated w1th 
( 

male Sprague Oawleys receiving Purina Rat Chow (#5012, Ra1ston Pur1na Co., 

U.S.A.) and all subsequent generations From these mat;ngs was kept on the 

vitam;n 0 fr.fe diet. The first fil'!tal generation (F ) females were mated 
-. 1 

with 'normal males ta produce the vitamin 0 deficient rats (F
2
) us-.ed ~n 

this study. Rats were housed in a colony room, 1s01afed fr,om external 

light and lit by an incandescent source f11tered for UV wavelengths. The 

vitam1n 0 deficient rats· used for experimentat10n were between 35 and 90 

days old. The Spragu~ Oawley controls were purchased From Charles River 
-

(Charles River Canada Inc., St-Constant, Que.) and ma1ntained on Purifia 

Rat Chow. Both experimental and control animals were on a 12, hour dark' , 
" and 12 hour 11ght schedule in rooms ma1nta1ned at 22°C. 

1 

2.2 Preparation of SampTes. 

2.2.1 Dissection. 

1 
Dur1ng the dissection speed and preventidn of contamination w1th 

• 

other tissues was a preoccupation. Rats l!iere exsangu1nated by 
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AMERICAN INSTITUTE OF NUTRITION 

AIN·76 SEMIPURIFID DIET, Rat or Mouse 
This dlet may be modifled bul will be IIsted os a modified AIN-76 
Semfpurified Di!!! ·~ad...-ltpendin9 

Composltfon: 
Casein Purified High Ni!rogen .•••..••..•...•.• 
DL-Methionine .....•......•••.....•......... 
Corn Storch . .. . ........•...••....••....•... 
Sucrose ..........................• " ...... . 
,Fiber (Alphocel non-nutritive bulk) ..••....•.... 
CornOil .........................•.....•... 
AIN Mineral Mi ............................. . 
AIN Vitomin Mix ...................•......... 
Choline Bitortrote ... - . . . . . . . . . . . . . . . . . . . . .. . a' 

20.0% 
0.3% 

15.0% 
50.0% 

5.0% 
5.0% 
3.5% 
1.0% 
0.2% 

The exoct formulation for this die! recommended by the American 
Inslilute of Nutrition is inlended for growlh and mOlnl.Èmonce dur­
ing Ihe first yeor of 'Ife Investlgators should be owore thol diets 
high in sucrase con be cariogenic, and thol same slrOInS of rois fed 
.such diels moy develop kldney Jesions ofter extended perrods. . . 
The diet hos been found ta be solisfoctory for reproduction ond 
loclolion in bath rars and mlce. 

If used far deflciency sludies, modifications Will be necessory. If 
used in ultro·c1eon enviranment, severoltroce elements should bi! 
odded (Fed. Proe. 33, 1748, 1758, 1767, 177~, 1974). 

Note: See Second Report of Ihe ad hoc Commillee on Siondords 
for Nulrilional.Sludies. 

AIN MINERAL ,MIXTURE 76 

Composition: 
Calcium Phosphole, DlbaslC (CaHPO.) 

gm/Kg of mixture 

Sodium Chlorlde (NaCI) ............. , . 
Potassium Cilrate, Monohydrale -

(HOC(COOK)(CH.COOK).· H;Q ........... . 
Potassium Sulfale (K,SO.) ... , ....... ~ . 
Magnesium Oxide (MgO) .. . . .. .. . .. 
MongonousCarbonole (43-48% Mn) .... . 
FerricCitrate (16.17% Fe) .' ................. . 
Zinc Cor1;>onale (70% ZnO) .. . ............... . 
CUP~IC Carbonale (53-55% Cu) ...............•. 
Potassium Iodate (KIO,). .. .'. . .... :.. . .... . 
S~dium Selenite (No,SeO,· 5H20) ........... . 
Chromium POlassium-~ulfate {CrK(SO~J,. 12H20 .. 
Sucrose, finely powdered ....... ,.,." .•...... 

AIN VITAMIN MIXTURE 76 (' 

500.00 
74.00 

220.00 
52.00 
24.00 
3.50 
'6.00 
1.60 
0.30 
0.01 
0,01 
0.55 

118,00 

Composition: . per Kg of mixture 
Thiamine HCI ......... , ..•.... , •.•••.• , . . . . . 600.0 mg 
Ribbflavln ........... , ...•..•........... , . . . 600.0 mg 
Pyridoxine Hel ....... , .•...••..•..•... , . , . • . 700.0 mg 
Nicolinic Acid ........ , ...••.••.•• , • ,'. , . , . . • • 3.0 gm 
D-Colcium Panlothenote ..... , . , .•.•..... , .•• , 1.6 gm 
FolicAcid ..... " ...•.....•.•.. , .•••.. ,..... 200.0 mg 
D-Biofin ........... , .... , ....• ,., .•• , .... , . , 20.0 mg 
Cyanocobalamin (Vil. 6-12)' .. , " ....•. , .. , . . . . 1.0 mg 
Relinyl Palmitate (Vit. A), Pr~(250,OOO IU/gm) 1.6 gm 
dl-o-Tocoph~iyl Acetate 

Table 2.1 Composition of the vitamin 0 def1c1ent d1et. 

15 
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decap1tat1on after light ether anaesthesia. Using seissors, the vertebral 

column was separated from the animal and. the spinal cord removed. The 

cards were put into Sorval centrifuge tubes containing the appropriate 

medium rnd kept on ice. Approximately 400 mg of spinal cord was obtained 
~ 

1 
from a 250 gm rat and one spinal cord homogenized in 700 pl of medium 

produced a soluble fraction with a concentration of about 4.5 mg1/ml 

protein. 

2.2.2 Homogenizing Medium. 

250 II],M sucrose was used as the h0"\,Ogen1zing medium. It was prepared 

in 250 ml vol urnes a~d kept refrigerated. In the experiments where the 
. 

homogenizing medium was ch'ar:lged. the additives were pipetted from stock 
1 

solutions adjusted to pH 7.2. The protease inh1bitor PMSF 

(phenylmethanesulfonylfluoride) was purchased from Sigma Chemical Co., 

St.louis, U.S.A .. 

l' -
2.2.3 ' Solubl1J~ation .. ' 

c 

Using a Brinkman polytron set at maximum .speed, the tissue was 
, 

homogen i zed on ice with 4-5 strokes of about thr;-ee seconds each. The 

polytron tip was cleaned" after ~a"ch tube to prevent cross contamination. 

'" The homogenate was centrifuged; f1rst at 800 X 9 for 15 minutes then tw1ce -

at 100 000 X 9 for 60 minutes each. The supernatant was collected after 

each centrifugation step \and transferred to a new tube. 
\ 
\ 

The final 
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collected sample was about 250 pl in volume. This was pipetted into a 
\ 

glass tube, labelled and kept in the freezer (-20 0 e) if ft was not used 

inmediately. 

2.2.4 Concentrat 1 on of Samp 1 e's. 

--O~ly when necessary, samples were concentrated uS1ng vacuum 

dlalysls on lee with BOO nm pore slze (12 000 MW eutoff) eOllOd\" bags. 

_----IAo:u1u.though proteins smaller than the cutoff such as CaBP wou1d be lost 
9K ' 

during d1alysis, there was no apparent dHference between the PAGE proflle 

of concp.ntrated samples and those that were not dia1.ysed~_ 

.., 
2.3 Polyac r,l a:ide Gel El ectrophores is. 

2.3.1 Preparation and Running of Po1yacrylamide Gels. 

A d1scontinuous buffer system was used for sodium dodecy1 sulfate 

pOlyacrylamide gel -electrophoresis (SOS-PAGE) by _ the method of laenmli 

(1970)' as described by Hames and Ricwood (19B1) .. 250 pl samples were 

prepared in the following way: an aliquot of the cytosolic fraction was 

d1luted in' a solution of 2% SOS, J% OTT (dithiothreitol), 0.08% tracking 
<'1 

dye ibromophenol-b1ue), 10% glycerol and completed to 250 p' using 

reservoir buffer. The samp1es were inrnersed in boiling water for 5 

minutes and a-llowed ta cool ta room, temperature prior ta 10ad1ng into 

well s. " " 

Polyacrylaniide gels (1.5 nm thick) of 5% stacking and 10% separâting 

gel were prepared from 30% acrylamide stock solution, 0.38M Tris-Hel (pH 

8.8, separating gel buffer). O.125M Tris-Hel (pH 6.8, stacking gel buffer) 
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and SOS (0.1% in separating gel, 0.05% stacking gel). Po1ymerization was 

- 1 1 
catalyzed using TEMED (N,N,N ,N ,-tetramethylethylenediamine) and anrnon1um 

persulfate. 

The re.servoir buffer. contained 0.0075M SOS plus 0.41M glycine and was 

adjusted to pH 8.3 with Tris-Base. Ten well slab gels with 100 pl 

sample/well were run at 12.5 mA/gel through the stacking gel and 35 mA/gel 

through the separating gel. 

The following molecular weight standards (Biorad Chemical Division, 

Richmond, Cal. 94804) were used: phosphorylase B (92 500), bovine serum 
~ 

! 
albumin (66 200), ovalbumin (45 900), carbonic anhydrase (31 000.), 

soybean trypsin inhibitor (21 500), and lysozyme (14 400). 

2.3.2 Staining of Gels. 
1 

'<" 

The gels were fixed in solutions of 10% acet1c acid and 25% isopropyl 

alcohol for 24 hours, then with 10% acetic acid and 10% isopropyl alcohol 

for, 24 hours, and finally with 10% .isopropy1 alcohol for 12 hours. 

Duplicate gels were stained individually in solutions of Coomassie 

Bri1liai'lt Blue (Reisnét, Nemes and Bucholtz, 1975) or the l1ght sensitive 

carbocyanine dye (Stains-all) (Campbell, MacLennan and Jorgensen, 1983). 

The carbocyanine dye (Sigma Chemical Co., St..~ouis); was prepared as 

described by Campbell, Maclennan and Jorgensen (1983). Thi s procedure has 

been optimized for blue staining of calcium binding proteins. The gels 

were stained by shaking over:night in a plastic box' (19x14x16cm) contain1ng 

250 ml of solution and wrapped in aluminium foil. 

-
The duplicate gel was stained for 30 minutes with 200 ml 0.5% 

coomass,ie bril1iant b1ue (S1orad R-250) in a pyrex dish (22x12x5cm) and by 
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1 
Shak~. The coomass1e sta1ned gels were desta1ned us1ng 250 ml of 20% 

acet1c ac1d 10% methano1 solution, changed frequently over a 12 ~our 

period. 
~ 

l , 

2.3.3 Dry1ng of Gels. 

Gels were dJ1 d at BO°C us1ng the Biorad Slab Gel Oder. The drier 

was connected to a va~uum pump through a 1000 ml flas~ which was irTll'lf'rsed 

in methanol coole with dry ice. Biorad Filter Paper Backing was wetted 

and spread on the drier. The gel was placed onto the backing directly 
\ 

from thp. solution in which it ·was sitting and,covered with Biorad Oialysh 

Membrane Backing. 1 

2.3.4 Dens1tometry. 

G 
" Oensitometry of the carbocyanine dye stained gels were perfonned in 

the dark. The absorbance pattern at 605 nm, of ge 1 tracks were produced' 

us1ng an EC910, densitometer and a Phannacia pen recorder (Phannac1a, 

Uppsala, Sweden). Different proteins will b1nd the carbocyanine dye to 

dHferent extents, hence quaRtitat1ve detenn1nation of the amount of a 

part1cular protein after it is sta1ned requ;res a standard curve for that 
1 

prote1n. Because none of the prote1ns were purified, it was not poss1bl~ 

to produce a standard curve thus the rélat1ve quant1tation of prote;n" 

bands by this method 1s not precise. 

o 

o 
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2.3.5 Photography of Gels. 

Photographs were taken in the department us1ng gels -d1rect1y From 
-destaining (Coomassie Blue stained gels) or the carbocyanine dye 

solutions. Gels were i1luminated from beneath and during photography of 

the carb.ocyanine dye stained' gels all ambient l1ght was removed. 

Kodaco10r VR100 or Ektachrome 200 film was used with a yellow fl1ter. 

Processing of the film was done at a commercial photography laboratory. 

2.4.1 Calmodu1in, Parva1bumin and Radioactive Calcium. 

The radioactive ca1.cJum was purchased from ICN B10med1cals (ICN 

BiQmedica1s Inc., Irvine Ca1ifornia 92715). The radionuc1idic· purity is 

99+% and' the specifie activity of the lots that were used range From 

6.18-9.42 mCi/mg calcium. Ca1modulin (phosphodiesterase 3' :5-cyclic 
"1 

nuc1eotide activator From bovine brain) was bought from Sigma as was 

rabbit muscle parva1bumin. 

2.5 Assays and Molecu1ar Weight Determination. 
/ 

2.5.1 Determination of Protein Concentration . . 
... 

Protein concentrations were determined with a modified Lowry assay 

(Lowry, Rosel:\.rough, Farr and Randall, 1951). Two percent sodium 

carbonate in J 0 (solution A). 1% copper sulfate (solution B ), 2% sodium 
2 1 , 

citrate (solution 8
2
), lN sodium hydrozide, and ,phenol reagent di1uted 1:2 

with H 0 were 
2 

used. 200 of the protein sample d 11 ut ions 
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were made alkaline with 200 J,ll of lN sodium hydroxide. After 10 minutes, 

2 ml of solution C (98% ~lution A, 1% solution B ",1% solution B ) was 
,,1 2 

il 

added. 10 minutes later 200 J,I) of the folin reagent was pipetted and the 

absorbance was read at 750 nm 20 minutes afterwards. 

Serum As says. 

and phosphorus- in the serum were measured us1ng specifie 
..,.. 

diagnostic kits from the lancer division of Sherwood Medical, St. louis, .. 
MO. Serum parathy~oid hormone (PTH) was measured with the midmolecule 

radioimrnunoassay kit (Inrnuno Nuclear Corporation, Stillwater. MN). No-

serum assays for vitamin 0 were conducted. as this animal model has been 

repeat~dly tested in thi s laboratory for serum vitamin 0 and has been 

shown to be vitamin 0 deficient (Glijer, Peterfy anp Tenenhouse, 1985). 

2.5.3 Oetenm1nation of Protein Band Molecular Weights. 

1 :20 di luted Biorad 16w molecular weight protein standards were run 

adjacent to samples on e,ach gel. With the relative mobility (Rf=distanee 

m1grated by the band/distance migrated by the dye front) of these 

standards and the log of their known moleeu1ar weights. a linear 

regression program of the Hewlett Packard model 33E caleulator was used to 

form a standard curve. Using individual curves for each gel and the 

calculator program, the molecu1ar weight of identifiable bands was 

determined by their relative mobility. The mean of separate molecu1ar 

weight detenminations was used a~ the moleeu1ar we1ght of that band. 

\\ 
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2.6 Detection of Calcium Binding Proteins. 

2.6.1 Batch Chromatography. 

Batch chromatography was performed on 1ce. In a- Sorva1 tube 1.5 ml 

of OlAE Cellulose (~hatman) was equi11brated, to pH B.2 by. washing 10 times 

with 5 ml of phosphate buffer. 900 \Jg of prote.1n s~le (400 ).Il) was 

added. The tube was sealed with parafilm and inverted repeatedly over 10 " 

minfJtes to allow mixture of the sample with the gel. The mbture was 
) 

centrifuged (:::: l min, BOO X g) and the supernatant collected for 

analysis. This process was rep~ated with 500 lJl of 0.025,0.05,0.1,0.2 

and 0.5M sodium chloride solutions, the~ supernatant being collected each 

time for analysis. ' 

2.6.2 Barium Sulfate Precipitation of Prote1ns. 
,1 

Bar~um sulfate precipitation of proteins was performed on lce by a 

modification of the method of li and Ô1son (1967). 35 mg/ml of Barium 

sulfa.te was added to the 100 000 X g supernate in a conical tube, and 

covered with para film. The mixture was inverted intermittently over a 

period of 2 hours. The solution was transferred to a centrifuge tube and 

S1>un for 20 minutes at l 500 X 9 and 4°C. The pellet was w'ashed twice 

with 0.25 times supernate volume of O~lH potassium oxalate in 0.15M sodium 

chloride solution. Using a fine t1p spatu1a the pellet was st1rred in the 

potassium oxalate during each wash1ng and then centrifuged for 2 minutes 
, )" 

at 800 X g. The resultant pellet was washed twice, using - the same 

technique as above 1n 0.25 times supernate volumes of 0.15M sodium chloride , . 
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solution. protein was eluted from the Barium sulfate by a wash with 0.25, 

t1mes . supernate volume of 0.2M sodium citrate "solution. During this wash 

the pellet was disrupted ~~ing a ~e tip spatula and inverted 

\ 1 ntermi ttent ly over\ a 1 hour peri od. The mi xture was centrifl1ged at 800 X 

\ 
9 for 2 minutes and \the supernatant collected. 

45 ' 
2.6.3 Detection of Calcium Bindtng Proteins by Calcium Radtoautography • 

..J 
All incubations were done at room temperature with s'olutions prepared , 

that day. Following electroPhoresis' 45calcium binding was performed as , 

de'scribed by"Anthony and Babitch (1984) which is a modification of two 

previously reported methods (Schibeci and Martonosi, 1980; Maruyama, 

Mikawa and Ebashi, 1984). A non-s.tained gel was put 1nto a p.1astic box 

(19x14x6cm) and washed for 24. hours by shaking with 250 ml of 25% 

isopropyi alcohol-10% acetic acid: then with 250 ml of 10% ~sopropyl 

,alcohol-10% acètTc acid for a second 24 hours. A third wash was perfonned 

in 250 ml of H 0 for 30 minutes. For 60 minutes the gels were incubated 
2 

with 0.4mCi/l of 4\alcitim chloride with r1nstant shaking,. in non SOS 

reservoir buffer (pH 8.4) containing lmM magnesium chloride and O.lM 

potassium chloride. The gel( was, theh washed with non SOS btlffer, 

containing lmM magnesium chloride and O.lM potassium chloride, by shaldng 
, 

for 80 minutes. A final wash was performed in 250 ml of H 0 by shaldng 
/ 2 

for 10 mi nutes : The gels were dri ed and. exposed to Kodak X-AR film for', 

vaQl.1ng lengths of time (2-1 days). 

" 

. . 



'r­, 

o 

o 

o 

RESULTS 

3.1.1 Polyacrylamide Gel E1ectrophoretic Profile of the Rat Spinal Cord. 

Soluble protein From spinal cord was subjected to PAGE and sta1ned 

with the .carbocyan1ne dye to determine if any bands will stain blue. 
-

Female and male spinal cords from animals of ages between 21 and 90 days 

old were analyzed. Gels stained with the carbocyanine oye exh1bited both 

pink and b1ue bands although there were fewer bands apparent than on 

coomassie blue sta'ined gels. The bands that stain b1ue are be11eved to 

represent interaction of the carbocyanine dye w1th macromolecu1es in a 

one-to-one ratio of dye to anion site and have abso-rbance' maxima between 

600-615 nm (Bean, Shepard. Kay and Walwick, 1965; Campbell, MacLennan and 

Jorgensen,1983). Calmodulin was run on a gel and stained with the 

carbocyanine dye. It appears as a bluê band at the dye front (F1q.ure 3.1 

A) • 

Tissue obtained from male and female rats were indistingu;shable From 

one another on gels stained with either coomass;e blue or the carbocyanfne 

dye (Figures 3.1 and 3.?). Protein samples' from spinal cords of rats 

younger than 49 days show f;ve b1ue staining bands on gels stained with the 
, 

carbocyanine dye (Figures 3.1 Band 3.2 A). These bands are of the 

following e~timated mo1ecu1ar weights: 107, 101, 75. 60 and == 14 

kilodaltons. The molecular weights are the means calculated From a 

statistical sample of 222-260 rats. Samp1es From rats older than 49 days 

.exhibit an additional band of BO kilodaltons, but na 2B kllodaltons· b1ue 

5taln1ng band wa5 _ detected 1 n elther af;e group (FI gure 3.3 A,B). Dupl1 cate 

gels stained with copmassie blue show no difference between spinal cords 

from young or mature animals (Figures 3.1 C and 3.2 B). 
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Figure 3.1. A,B-,C. PAGE of the soluble fraction of spinal cord proteins 

from male rat, and of ca1modulin. These are 10% acry1amide gels (29:0.8 

ratio of acry1amide: bis-acrylam1d..e) and migration 15 toward the anode. 
o . 

,(A) Calmodul1n run adjacent to protein standards and stafned, with the 

carbocyan1ne dye. (8) Gel sta1ned w1th the carbocyan1ne dye. In 1anes l, 

2, 3 are samples from 21, 35 and 42 day old rats. In lanes 4 and 5 are run 
~ \--

samples from 49 and 56 day old rats. An BD kl1oda1tons blue band appears 
• 

in the 49 and ~6 day animal samples. (C) Coomass1e b1ue sta1ned 

~up11cate to the gel shown in Figure 3.1 A. 

" 
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Figure 3.2 A.B. Separation of female rat spinal cord' prote1ns as 

descr1bed in Figure 3.1. Lanes 1. 2. 3. 4. 5. 6. 1 and 8 represent 

samples From 21. 28. 35. 42, 49, 56, 63 and 10 day old rats respectively. 

(A) Gel sta1ned wtth the carboc~~~1ne dye. An 80 kilodaltons blue band 1s 
~ , 

present in samples From 49,56 and 63 day old rats. (B) Coomass1e blue --
sta1ned dupl1cate to the gel shown in Figure 3.2 A. 
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F1gure 3.3 A,e. _ Dens1tometric analysis of gels sta1ned with the 

carbocyan1ne dye. (A) Sample from a 31 day old male rat. (B) A sample 

taken from a 52 day old male rat, show1ng both BO and 75 kilodalton bands. 
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3.1.2 Effect Produced on the PAGE Profile by Different Homogenizing Media. 

Th.e original medium used was 0.25M sucrose a non-ionic solution-
. 
isotonie with plasma. Oivalent cations are known to affect the activity 

of hydrolytic enzymes (Fullmer, Wasserman. Hamilton. ~uang and Cohn, 1975; 
~-=---~ 

Van Eldik. Zen~egui, Marshak and Watterson. 1982) that alter the tertiary 

structure of the calcium binding proteins and divalent cations may. 

interFere with th~,.I staining of macromolecules by tne -carbocyanine dye 
, 

(taday and Steiner.- 1985). Once the PAGE profile of the spinal cord in 

;the absence of added cations was establ ished. experiments were conducted 

to determlne what effect adde~lons or chelatton of metal lons have on 

thIT profi le. ' 

Four divalent cations were tested separatelY: 1 mM calcium chloride, 

5 mM magnesium chloride, 5 mM manganese chloride. 1 mM barium chloride and 

th~ chelator of metal ions EOTA (ethylenediamine tetraacetate) was tested 

at 2 mM concentration. 

This experiment demonstrated that, the PAGE pattern of soluble 

extract From spinal cord tissue homogenized in medium without added 

divalent cations, is different From tissue homogenized with added cations 

(Figure 3.4 A.B). Samples of the 0.25M sucrose and sucrose with 2 mM EDTA 

media stain ident1cally. The 107 and 101 kilodalton bands are not vï"sible 

on gels stained with either the carbocyanine dye or coomassie blue. when 

divalent cations are added to the homogen1zing me,dium (lanes 2 and 4 in 
• 

Figure 3.4 A.B). When the tissu.e 1s homogenized~ with added d1valent 

cations. there 1s no appare~t blue band.at 75 kilodaltons when the gel is 

stained w1th the carbocyanine dye. and at 60 kilodaltons the blue sta1n1ng 

1s weaker on both caomass1e and carbocyan1ne dye sta1ned gels (lanes 2 and . 
4 in Figure 3.4 A and B). ,Of the media that were"tested 0.25 M sucrase 
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Fig,ure 3.4 A,B. The eftect produced on the PAGE profile of the spinal 

cord soluble fraction by di fferent ho~ogenizing media. Samples run in 

lapes 2, 3 and 4 had in the homogenizing medium, in addition to 0.25 H 

sucrose, 1 mM calcium chloride. 2 mM EOTA and 5 mM magnesium chloride 

respect1vely. (A) Gel stained with the carbo'cyanine dye. The 107, 101 

and 75 IdlodaTton blue bands are not visible and b1ue staining at the 60 . , 
, 

ki10daltons site is weaker in the samp1es té whtêh diva1ent cations were 

added to the homogenizing medium. (B) -Coomass1e blue sta1ned dupl1cate to 

the gel shown in A. The staining 1'n the 60 Idlodaltons area 1s reduced 

and the 107 and 101 kilodaltoQ bands have not stained in lanes 2 and 4. 
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and 0.25 M sucrose with 2 mM EOTA produced the greatest number of blue 

bands in carbocyanine dye stained gels. There was no apparent advantage 

t'o adding EDTA thlJS ~.25 M sucrose by itself was used as the homogen1z1ng 

medium. In this system too many bands are present to determ1ne if there 

1s a migration shift of any macromolecule as described by ~rgess and 

coworkers (1980) for calmodulin after 1t has bound calcium. 

3_1.3 Use of Protease Inhib1tor. 

Addition of the protease inhibitor PMSF (phenylmethane-

sulfonylfluoride) to produce a final concentration in the homogenization 

medium of 0.1 mM, did not alter the spi,nal cord soluble fraction pattern 

as seen on PAGE. The samples s.hown in Figure 3.4 A and Figure 3.4 B 

contain PMSF. Note that the sucrose lane profile 1s not 'dHferent from 

previous figures in which PMSF was n~t present, hence no PMSF was used in 

subsequent experiments. 

3.1.4 Spinal Cord PAGE Profile of "Cervical". IIThoracic" and Il Lumbarll 

11 
Segments. 

To test for any regional di fferences in the b'lue bands produced by 

the carbocyanine dye. spinal cords were separated lnto three segments by 
c 

~utting at the level of the f1rst and the 1ast r1b d1v1d1ng the cord . 
into: "cervical Il (most proximal). "thoracic" (m1ddle), and "lumbar ll 

(distal) segments. Soluble protein extracts from'each segment were run 

separately. There was no dHference, among these fhree level s or between 

any of these divisions and the entire cord (Figure 3.5). 

1 
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3.2.1 Polyacrylam1de Gel E1ectrophoret1c Profile of Rat Cerebellum. 
\ 

Based on the fact that calcium binding proteins on SOS-gels are 
.. 

sta1ned b1ue by the carbocyan1ne dye (Campbell. MacLennan and Jorgensen, 

1983). 1t shou1d be possible to demonstrate a b1ue staining band 
, ' 

correspond1ng to CaBP (Thomasset. Parkes and Cuisinier-Gleizes. 1982) 
28K 

1n the PAGE profile of the soluble fraction from rat cerebellum. 

:The cerebellum fr9m rats of the fo1low1ng ages: 28.35.42.49.56, 

and 70 days were prepared as descr1bed 1n the methods for the spinal 

cord. '300 lJg of total soluble pr~te1n was run in each well on the 

rational that th1s Quantity permitted goo~ separation of proteins 1n the 

spinal cord ex'periments. The concentrations of CaBP in the cerebellum 
28K 

""" 1s reported to be 15 lJg/mg total soluble protein (Baimbridge. Miller and 
, / 

Parus. 1982) hence it i s estimated that 4.5 lJg of CaBP 8 i s present per 
• 2 K 

lane. 4 lIg of calsequestrin stains very strong1y with th; s dye 
. 

(Campbell. HacLennan and Jorgensen. 1983). 

The PAGE profile showed four blue staining bands of the follo~tng 

estimated molecu1ar we'ights: 116. 51. 28 and = 14 kiloda1tons (Figure 

3.6). These four bands were present in samples from rats of all the ages 

between 28 and 70 days that were tested. 

The 28 Id loda ltons band can represent CaBP 
28K 

" 

Th; s band does not 

correspond to the molecular weight of any other soluble ca1c'ium binding 
l 

prote1n of the rat central nervous system that is described in the 

literature (Van E1dik. Zendegui. Harshak and Watterson. 1982). 

3.3 Partial Pur1fication of Bands that Stain Blue w1t.h, the Carbocyan1ne 

Dye. 



Figure 3.5. Separation of the soluble fraction from spinal cord segments 

of two 40 day female rats. The first three lanes From left to right are 

"cervical", Uthoracic" and "lumbar" segments of one rat. The next three , 

lanes represent samples from another rat, run in the same order. 

Figure 3.6. 
, "-

The soluble fraction of male rat cerebellum sepârated by PAGE 

as described ~n Figure 3.1. Each lane represents the sample From a rat 7 
. 

da ys older than the one run in the lane ta the 1mrned1ate left. The sample 

from a 28 day rat 1s run in lane 1. 
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3.3.1 Anion Exchange Batch Chromatography. 

Batch chromatography, us1ng DEAE-cellulose (d1ethy1am1no-

ethyl-cellulose), was performed on the soluble fraction of spina 1 tord 

homogenates from 60 day old male. rats in an attempt to partially purHy 

prote1ns that stain blue with the carbocyanine dye. - This exper1ment 

demonstrates that the blue staining ban(ls are only e1uted off the anion 

exchange resin ~ith 0.5 M sodium ch1oride, suggestin~ that they are high1y 

acidic" proteins (Figure 3.7 A). Acidity of the protein however does not 
-

corre1ate with blue staining, a 'finding that has been reported prev1ous1y , 

(Campbell, Maclennan and Jorgense~, 1983). 

3.3.2 Barium Sulfate Precipitation of Proteins. 

Bar1um sulfate is used to prec1-pitate proteins that contain a ,high 

proportion of garrma-carboxyglutamic acid res1d.ues. It 1s a method most 

fre'quently used for the puri fication of clotting factors From plasma 

(Malhotra, 1979; Lian, Reit, Roufosse, Gl1mcher and Gallop, 1979). W1th 

tn1s technfque it was possiblELrto demonstrate that only' macromolecu1es 

which form t'he J complex with the carbocyanine dye are barium sulfate 

precipitable (Figure 3.8 A). 

3.4.1 Bind1ng of Radioactive Calcium to Bands on POlyacrylam1de Gels: 

A rad1oautograph1c method wh1ch has been ,shown ta detect calc1um 

.. 

.. 
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Figure 3.7 A,a. Elution of J comp-lex forinlng bands off DEAE cellulose. 
~ 

Standards are run on the far left. Non-adsorbed macromolecules are 1n 

. lane l, subsequent lanes show prote1ns eluted us1ng 0.025, 0.05, 0.1, 0.2 

and 0.5 H sod1um chlor1de. The rJ and 101 kl1odalton bands are not 

~pparent in any of the collecte? fractions, indicating t~at they have 

e1ther not eluted off the DEAE c~l1ulose or that they have deteriorated. 
" '" \ 1 \ 

(A) Gel sta1ned with the carbocyan1ne dye and (B) its coomassie blue 

sta1ned duplicate . 
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Figure 3.8 A,B. Barium sulfat:e p,recip1tated prote; ns. (A) Carbocyan1ne .. 
sta1ned gel with standards run in the first lane.Z The fraction of 

• prote1ns that precipitated from solution are run in lane 3 and the rest in 

lane 2. (8) Coomassie blue stained duplicate to the gel described in A. 

The h1gh molecular weight bands are missing, indicating that they are 

either strongly adsorbed to bartum sulfate and can not be eluted even with 

the 0.2 M sodium citrate that, was used, or that they have deteriorated. 
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b1nding prote1ns in polyac~y1amide gels (Schibec1 and Martonos1, 1980; 

Anthony and 8abitch, 1984) was used to determine whether the carbocyan1ne 

dye stained blue band's b1nd 45ca1cium. 50, 100, 250, and 500 ).Ig of 

total protein .trom soluble extraets of spinal cord homogenates were run in 
"; 

separate lanes on a 10% aerylamide gel. No labelling above background was 
, 

detectable in lanes contàining 50 and 100 ).Ig of total protein. The lane 

1n which 500 pg of protein was run had 1 about twiee the quantity of .. 

radioactive calcium bound as the lane containing 250 pg of protein 

(Figure 3.9). The label1ing: is markedly higher than the' backgro'und, 

resembles a PAGE band, and is absent From the lane in which standards were 

run (Figure'3.10, 'lane,l). 'It 1s specifie to ·lanes in whi[h protein 
~ , . . . , , 

samples were run and direct1y dependent on the quantity of protein run in 

the lane (Figure 3.9). These factors argue aga-inst any artef~ctual 
, ~ 

precipitation of the radioactiv~ calcium or binding to thi tr~~king dye. 

When ·a' radioautographic experiment was performed on a 10% acryla­

m1de gel in which barium sulfate preeip1table proteins were run separate 

from non barium sulfate adsorbed proteins, again Jonly one band was 

lab~l1ed (Figure 3.10). The band was in the lane with the barium sulfate 

" -prec1pitable prôt-eins an~ it had a relative ),mobility of 1. Although this 
) 1 .. 

calcium binding band found 1n the spinal cord of the rat stains b1ue w1th 

the carbocyanine dye, every blue sta1ning band does not b1nd calclum~ 

\' 

o' , 

\ 

. .. 



Figure 3.9. Radioautograph of a gel w1th d1fferent amounts of total 

spinal cord 'solub1e fraètion protein in each 1ane. Lanes l, 2, 3 and 4 

have 500, 250, 100, and 50 ~g of samp1e respect1vely. labell1ng ,can be 

• detected only in the lanes with 250 and 500 ~g of total protein. 

~1gure' 3.10. Rad1oautograph of a s1mllar gel ta that shown in Figure 3.8 

A. The labelled band 1s in the lane with barium sulfate prec1p1table 
> 

pr9te1ns. Standards are run in 1ane l and show no label1ed bands. 
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3.5 Calcium Binding Proteins of the Vitamin 0 Oeficient Rat. 

3.5.1 The Vitamin 0 Deficient Rat Model. 

The parental. and the F 1 generat ion rats show 'reta rded growth such 

thaf after 8 week.s on the vitamin 0 free d1et they' are less than 70% the 

weight of rats on plJrina rat cNow (Glijer, Peterfy and Tenenhouse, 1~85). 

~ 
At 8 weeks bath generations have calcium in the1r serum that 1s a~out om: 
half the normal concentration (Glijer, Peterfy and Tenenhouse, 1985). 

Thei r serum phosphorus concentrati on i s norma land they have secondary 

hyperparathyroid;sm as evidenced by the high level of parathyro1d hormone 

(PTH) in their serum (Glijer, Peterfy and Tenenhouse, 1985). 

\ Oisappearance of l,25-dihydroxycho1ecalcifero1 in the serum of rats 

From the parental generation is slow. After 8 weeks on the vitamin 0 free 

diet the serum concentration of l,25-dihydroxycho1ecalciferol is 13.3 

pg/m1, approximate1y 25% of that found in the serum of control rats 

{Glijer, Peterfy and Tenenhouse, 1985)." Twe1ve weeks· after they are 

started on the vitamin 0 deficient diet, l,25-d1{1ydroxycho1ecalcHerol 1s 

still detectable in the serum of parental generation fema1es although in 

amounts clos'e to the detection limit of the assay (10 pg of 
" 

l,25-dihydroxycholecalciferol in a 10 ml plasma sample). The F 
1 

generation has no detectable l,25-dihydroxycholecalcHerol in their serum 

(Glijer, Peterfy and Tenenhouse, 1985). 

Symptoms of severe vitam1n 0 def1ciency are apparent in the F rats. 
2 

Anima1s of th1s co10ny exhibit retarded growth (Figure 3.11), have. an 

awkward gaU and are the only generat10n on the .vitam1n 0 free d1et that 
1 

develop full motor seizures. F rats are severely hypocalcem1c, with 
2 ' " 

plasma calcium one half of contro1s (Table 3.1), they have PTH levéls in 

the plasma elevated 3 fold and their phosphate is normal (Table 3.1). 
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Figure 3.11. Body we1ght of F

2 
rats as a percent of contro1s. Each point 

represents a mean + the standard er.ror of the mean CN = 4-25). 
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2 

RAtS 

..r RELATIVE TO CONTROLS 

• MALE 
1" 

o FEMALE 

39 

~~l---'----.----r ____ r-__ ~ __ ~ __ ___ 

4 6 8 10 

AGE (WEEKS) 

'. 

J 

SERUM SERUM \ SERUM ) 

CALC IUM PHOSPHORUS '--PARATHYROIO 
HORMONE 

mg/dl mg/dl pmole/L 

10.40 .t. 0.35 (3) 9.17 ±. 1.01 ( 3) 62.4.t. 14.30 (3) 

4.52 ±. 0.32 (11 ) 7.93 ±. 0.45 ( 4) 180.0 .t. 25. 50 (4) 

Table 3.1 Serum concentration of calcium, phosphorus and parathyroid 
·hormone in control and vitam;n 0 deficient rats used in th1s study. The N 
values are given in brackets. 
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3.5.2 Binding of Radioactive Calcium tb Parvalbum1n and the Soluble 

Fraction of Cerebellum From Vitamfn D Replete and Deficient Rats. 

A known calcium b1nding protein was u_ to test this 

't radioautographic techntque. Seven micrograms of parvalbumin, on a 10% 

acrylamide gel, was clearly labelled with the radioactive calcium (Figure 

3~12). The soluble fraction of cerebellums from F male rats and vitamin 
2 

D replete controls were then compared. They are 1dentical as demonstrated 
-

by the calcium binding bands on the radioautogr"aph (Figure 3.12). Four 

hundred m1crograms of soluble prote;n from vitam1n 0 deficient and vt-1!ilmin 
4 , 

D replete rat cerebellum subjected to PAGE, showed label at Rf=1.0 and at 

a site of Rf=0.70. These sites correspond to the 28 kil'odaltons and dye 

front bands that stain blue with the carbocyanine dye (Figure 3.6). 

, 
3.5.3 The Soluble Fraction of Spinal Cord and of Scfatic Herve from 

Vitamfn 0 Deficient Female Rat. 
~ 

The soluble fraction from spinal cord and sciatic nerve of vitamin 0 

replete and F vitamin 0 deficient female rats were compared. Among 35, 
2 

60, and 90 day old rats, there was no difference between the pattern of 

samples run on polyacrylamide gels (Figure 3.13 shows only 90 day old 

rats), or the number and molecular weight of the calcium ligat1ng bands. 

All the J complex forming bands present in the spinal cord pattern, except 

one, were found in the PAGE profile of th~ sc1atic nerve. The 80 

1c11odaltons b1ue band was absent From the sciatic nerve. The sciat1c 

nerve samples 1i1<e, ·the spinal cord had only one calcium bindfng prote1n 

( F 1 g u re 3. 1 4) . 
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F1gure 3.12. Rad1oautograph of parvalbumin and the soluble fraction of 

cerebellums From vitamin D rep1ete and vitamin 0 deficient male rats .. 
) 

lane 1 has 7 1I9 of parva1bumin while lanes 2 and 3 contain 400 1I9 of 

total protein from the cerebel1ar soluble fraction of vitamin 0 replete 

and vit,amin 0 deficient rats respective1y. 
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Figure 3.13. Separation of the soluble fraction of sciatic nerve and 

spinal cord proteins, from vitamin 0 deficient and control rats. Run in 

the f1rst two lanes are spinal cord' samPles" from 90 day' female. vitam111 D 

deficient rats. Run in the third lane is the pooled soluble .fraction of 

sciatic nerve proteins from these two animals. The last lanes arespinal 

cord and sciatic nerve samples of 90 day control rats. 

J 

Figure 3.14. 'Radioautograph of a gel on which spinal cord and sciatic 

ne,rve samples From 90 day old female. vitamin 0 deficient and control rats 

are run. Four lanes are present: the first two lanes are samples from 

vitamin 0 deficient· rat spinal cord and sciatic nerve respectively, the 

second two are spinal cord and scfatfc nerve samples From control" rats. 

" All the lanes contain only one band that binds radioactive calcium. In 

each lane the band has a relative mobi11ty of 1. 
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DISCUSSION 

The objective of this project was to rapid1y sereen several segments 

of the rat nervous system- for ealeiul'Q binding proteins and to detenn1ne 

whether these proteins ean be shown to be vitamin 0 dependent using th1s 

model. The methods that were used, though somewhat crude, are rap1d and 
f 

sufficiently sensitive for our purposes. As all th'e J complex fonning 

, bands did not bind calcium in the radioautographic exper1ments, blue 
1 

~ning by the carbocyanine dye can not' be used as a reliable indicator 

of ca l ci um binding protei ns·. It appears that any acidic protein with 

several anionic sites will stain blue. 
,~, 

'" v The J-state ari ses ~rough reaction of individual dye molecules with 

particular sites and ;s a function of dye configuration and concentration 

(Bean, Shepard, Kay and Walwick, 1965; Campbell, Maclennan and J.orgensen, 

19B3). As the average spacing between anion;c groups in macromolecules is 

increased, there is a shift from the alpha band to the J band (Green, 

Pastewka and Peacock, 1973). The carbocyanine dye interacts with anion"c' 

.sites on chromotropes that include: carboxyl, phosphate, sulphate and 

cyste1c acid groups. Carboxyl groups are most frequently associated w1th 

the J-state (Bean, Shepard, Kay and. Walwick, 1965). 

Knawn calcium binding proteins: calsequestr1n, calmodulin, tropon;n 

C and 5-100, on polyacrylamide gels,. _;nteract with the carbacyan1ne dye 

and appear as blue bands with absorbance maxima at 600-615 nm (Campbell, 

Maclennan and Jorgensen, 1&83). The carbocyanine dye fonns J complexes 

with six SOS gel bands of the soluble fraction from spinal cord 

homogenates of rats 49 days of age or older. 

• 
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Al' the known soluble calcium binding proteins of --; the Er hand type 

are ac1dic (Krets1nger, 1981; Wasserman, 1980) but all acidic proteins: 

need not be "calcium binding proteins" (Williams, 1980). Having se~ral 

-- g,lutamic acid residues wH'l make the protein: capable of interacting with 

the carbocyan1ne dye to produce the J state and precipitable by bar1um 

sulfate (Figure 3.8 A) (Malhotra, 1979). 

The 80 kilodaltons band that appears on carbocyan~ne dye sta'ned 

gel s. 1n rats older than 49 da ys , does not correlate with any known 

vitamin 0 related phenomenon and does not correspond in molecular weight 

ta any of the central nervous system soluble EF han' type, calcium binding 

proteins (Van Eldik, Zendegui, Harshak and watte~n, 1982). It is not 

l~kelY ta be a high affinity calcium binding protein since it did not bind 

calcium in the radioautographic experiments. 

The bands that were shown to bind calcium are composed of 

macromolecules that bind calcium selectively~ The other bands that stain 

'blue with the carbocyanine dye are not labelled with the radioactivé 

calcium, possibly because the magnesium in the incubation medium is able 

to compete effectivel'y with calcium for the non-specifie anionic sites. 

Reports have appeared in the 1 iterature that demonstrate renaturation of 

pro~e1ns af~er removal of SOS from the gel by washing. Olden and Yamada 

(1979) showed that several proteins reta in thei r antigenic properti es. 
1 

while lacks and Springhorn (1980) have reported that several monomeric 
\ 

enzymes regain their activity. The original radioautographic method. ta 

the one that was used in' this thesis. wa~ shown to detect as little as 2 

,,,,g of the high affinity calcium binding protein of sarcoplasmic reticulum 

(Sch1becl and Martonos1. 1980). This sens1t1v1ty was increased 40 fold by 

the modification of Anthony and Babitch (1984). With the radioautographic 
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4 ~ , 
method that was used in this thesis they were able to ,detect as little as 

0.5 pg of any EF hand type calcium binding protein. 

Like calmodulin. parvalbumin and $-100. the Rf c 1.0 bands (Figures 3.9 

and 3.12) migrate in the 14 kilodaltons range and bind calcium. The above 

three proteins have difFerent properties (8erchto1d. Hei zmann and Wilson, 

1983) that can be used to determine whiéh oF them if any. constitute this 

Rf = 1.d band. Because this band was~'also present in rachitic rat samples 0 

1t was not ana1yzed further. 

In this 1aboratory. the deFinition of vitamin 0 deFiciency in 
r 

experimental rats, requires that no 1 ;75-dihydroxycholecalcHer61 be 
li 

detectahle in a samp1e oF serum. The as~y whic'h 1s used has a detect10n 

limU of 10 pg 1,25-dihydrOXYChOlecalcfferol in a lO ml plasma sample. 

Although no serum 1.25-dihydroxycholecalcifero1 as say was done For the 
'" 

animals that were used as vitam;n 0 deFicient. the F rats have been 
1 

), 

repeated1y examined by members of the laboratory (Glijer. Peterfy. 

Tenenhouse. 1985) and were found to have no detectab le 

l,25-dihydroxycho1ecalciferol in their serum. Furthermore the serum 

leve1s of calcium that were measured in the F rats ,(Table 3.1), and the 
2 . 

growth they exhibit (Figure 3.11). strongly,argue that the se rats 

in vitamin O. The F rats are the only generat10n that show 
4 2 

full motor se1zures. indicating that the effects of vitam1n 0 defic1ency 

are ~ven more severe in this generation than those preceding it. 

It is demonstrated that the rat cerebellum has a 28 kilodaltons 

calcium bind1ng protein which 1s absent From the spinal cord (Figures 3.~ 

and 3.12). The labelling in the 28 'k1lodallons range appears as a , . 
doublet. The' signific'ance of this is noti known, however 1t has, been 

observed For---taBP in thsue homogenates sUbjected to PAGE (Celio, 
28K , 

$charer, Morrison, No!","an and 8loom 1986). The only cerebellar calcium 

~ , . 
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b'1nding prote1n of 28 Idlodaltons molecular weight that is described in 

the 11terature is CaBP The calcium binding band that was detected in 
28K 

th1s study, migrates on gel e1ectrophoresis as 28 k11oda1tons and the band 

is split as 1s ttle CaBP band when the homogenate fraction containing 
28K 

Ca,BP 28K l.s sUbjected to PAGE. No 28 k i 10da1tons ca 1cium binding protein 

other than CaBP 28K ha s been reported fqr the rat cerebe 11 um. These 

observa}ions suggest that the 28 kilodaltons calcium binding prote;n wh1ch 

was found in the cerebe11um (Figure 3.12) 1s CaBP , however there is no 
d' 28K 

1nmuno10gica1 study in this ·thesis to confirm it. 'The' 28 kilodaltons 

, pratein is present in both the vitamin 0 def;cient rat cerebellar samples 

~ and the .... itamin 0 replete ones .. As previous -studies which did not use 

th1s animal model, no vitam1n 0 dependent calcium bind1ng protein was 

found in the cerebellum, the spinal cord or sciatic nerve of the rat. 

From the samples. which ,were dia1y:red, any protein which is smaller than 
\ v 

the 12 ~iloda'tons cutoff will be 10s~' No attempts were made to look for 
oN 

, 
~ proteins sma11er than 12 ki10da1tons in this stydy. 

The dHferent CaBP response of tissue,>, ta changes in vitamin 0 
28K 

status, has been- attr"ibuted to different rates tIf cell turnover (Taylor, 

1914; Thomasset, Parkes and Cuisinier-Gleizes, 1982). CaBP 
28K 

found in the chick intestine, kidney and brain (Taylor, 1980). 

and Taylor (1912) found that the rate of disappearance of CaBP 
n 28K 

i s also 

Was serman 

from the 

intestine and kidney of rachitic chicks ~~e1ates with the rate of 

el1mination of 3H-thymidine from prelabelled 'ONA ln cells containing 

CaBP
281C 

n';oma~lset and< her
u

C011eagues (1982) re~orted that although the 

1evel of CaBP in the kidney and intestine of the rat 1s reduced by 
28K ' 

'. vitam1n 0 deprivation, the caBP
28K 

in the cerebepum 1s not. Cells of the 

gut turnover at a rate of about onc'e every 48-~& hours (B1rge and Alpers, 

1973; lawson, 1978) while those of the central nervous system do not turn 

over (Messier and leb~nd, 19(0). 
• <l 
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-- , 
These- -authors make a correlation between vitam;" 0 dependence of 

CaBP in the t 1 s sue and ce 11 turnover but gi ve no suggest ions why the 
281< 

two should be related. Clues may be obtained f.rom work that has been done 
'1 

in other hormone systems. As described by Palmiter (1983), exposure of 
) 

the avlan oviduct at day 14 ta estrogen for two days, 1eaves the ovlduct 
o 

permanently committed to respond to proges.terone. Simllar. i rrevers i bl e 

stero1d effects are the bas1s of phenotypic sex detertnination by androgens 

(Pafmiter, 1983). In both these systems the changes pers1st in the 

absence of the primary hormone stlmu1 us. It has b'een suggested that these 

hormones. produce changes in c'hromati l')f protei ns (e. g. methylat10n of 

cyt6sïne residues) that results in the continual transcription of the 

effected gene (Palmiter, 1983). If induction of genes by vitamin D 1s 

permanent, then prain cells exposed to vitamin 0 at any part of their cell 

"cycle will continue producing CaBP 
, 28K 

• In renal and ,.intestinal tissue 

there are always ,new cells that are born wh~have not been exposed to 

vitamin 0 and who will respond to the hormone. The vitamin 0 defic1ent 

samples that were tested in this thes.is are from tissue whose cells have 

'. not been exposed ta vitam;n 0 at any part of the cell cycle. 

If the 28 kilodaltons calcium binding prote1n that was found 1n the 

cerebéllum is CaBP ,why then could it not be shawn ta be vitam1n 0 
28K 

dependent. The answer to th;s is not known, however H 1s reasonable to 

speculate the following. Although the serum 1,25-dihydroxycholecalclferol 

level may be an indication of the llver and kidney hydroxylase actlvlt1es, 

other enzymes may -be synthes1zing 1,25-d1hydroxycholecalciferol in 
,..0 'il 

specifie parts of the brain. How well the serum 1,25-dihydroxychole-
.. 

calciferol 'reflects the level at target sites in the central nervous 

system 1s not known. The brain may be uself-sufflc1ent u "1n v1tam1" D. 



.. 

Q o 

48 

A point to consider i5 the fact that the pH optima for calcium 

b1nding by caBP
28K 

1s pH 6.3 and pH 9.3 (Ingerscll and Wasserman, 1971). 

The gel and radioautographic experiment5 were conducted at pH 8.4. To 

detenmine the pH optima for calcium binding Ingersoll and Wasserman (1911) 
, 

used the !helex 100 a5say. The 1nterpretation of thi5 assay 1s d1ff1cult 

because 1t does not mea5ure specifical1y caBP28K binding, of calcium. 
~ 

B1ndi~g by other molecules will be measured as we11. However. they 

produce data showing that the maximal b1nding activity of CaBP i5 'at pH 
28K 

, \ 

6.3 and at pH 8.3 only 84% of this max1mum is obtained. Th1 s difference 

1n pH 1s not likely to be responsible for the absence of any detectable 

CaBP 1n the sp1nal cord. The activity at pH 8.4 1s still h1gh and if 
28K 

the protein did ex; st 1t would appear in the carbocyanine dye sta1ned 

gels. The rational for using pH 8.3 is tha-t 1t is a pH.well above most 

protein 1soe1ectric points. All calcium binding proteins are lH:ely to be 

capable of chelating calcium at th1s pH a1though 1t may not be optimal for 

'any particular one. 

Absence of the b100d-brain barrier and a different ~euroglia type 

from that of the central nervous system were reasons why the sciatic nerve 
1 

~ 

of the two animal types was compared. - The sciatic nerve is compQsed of 

two ind1vidual nerves, the Tibial and Common Peroneal bound in a sheath of 

connective tissue. The origin of these nerves 1s the spinal cord. They 

are'fonmed by the fusion of spinal nerves from the 1eve1 of l4 to S3. The 

neuroglia in the periphery, the Schwann cells, are phys10log1cally 

d1fferent from the central 011godendroglia (Raine; 1981). The sciatic 

nerve samples show a Rf :: 1.0 calcium binding band and although this 

tissue 1s free of the blood brain barrier. no vitamin 0 dépendent calcium 

b1nd1ng prote1n could be detected. It can not be said if the Rf = 1.0 

t 
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bands in the central and peripheral nervous systems represent the same 

protein nor if the proteins are located in neuron or glia. 

Although 'after intravenous injection 1,25-dihydroxycholecalc1ferol 

can be traced in central neurons (Stumpf, Sar, Clark, L1eth and DeLuca, 

1980), the ability of 1,25-dihydroxycholecalciferol and 25-hydroxychole­

calc~ferol to cross the blood brain barrier is small (Taylor, 1914). Only 

2.2% of '[3~]1 ,25-dihydroxycholecalciferol injected into the carotid 

artery was taken up after a single passage through the brain (Gascon-Barré 

and Huet, 1983). The radiolabelled hormone that does cross the blood 

brain barrier is 10calized at sites that corre1ate poor1y with the 

distribution of CaBP immunoreactivity (Jande, Maler and Lawson, 1981). 
28K 

, ' 

Furthermore no receptor for l,25-dihydroxycholecalci ferol has been found 

in the cerebellum (Thomasset, Parkes and Cuisinier-Gleizes" 1982). Thus a 

reassessment of 1,25-dihydroxycholecalciferol target cell s and of current 

concepts for its mode of action is required. 

Severa1 proteins of comparable molecular weight can share 

determinants but need not be identica1. It 15 important therefore, to 

estab1ish which of these brain antigens, recognized by CaBP antibody, 
28K 

is indeed calcium binding. A radioautographic method such as the one used . 
in this study is usefu1 for such an analysis. Using calcium bin.ding 

function together with an assay for the 1,25-dihydroxycholecalc1fero1 

receptor, it may be possible to make a better correlation between vitam1n 

o target ce11s and CaBP in the central nervous system. 
28K 

Sorne investigators have suggested that a role of CaBP 28K in the 

manma1ian central nervous system is one of intracellular calcium buffer, 

poss1b1y preventing the spread of 1ntracellular calcium (Jande, Haler and 

lawson , 1981) and that reduct10n of 1ntrace11u1ar CaBP produces 
28K 
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hyperexc1tab111ty of the neuron (Ba1mbridge and Miller, 1984). 

S1gn1f1cantly, Purk1nje cells show tetrodotox1n (TTX) 1nsensit1ve 

spontaneous burstjng (L 11nas and Sug1mor1, 1980a). Calcium spiking and 

calcium dependent potassium changes are the main' events underlying this 

behavior (L11nas and Sugimori, 19806). Entry of ca lci um through voltage 

depe~dent channels triggers a potassium conductance that moves the 

membrane potential away from threshold. This calcium and potassium 

act1vity 1s viewed as the most signHicant self-regulatory mechanism in 

long term excitability of Purkinje cells (llinas and Sugimori, 1980a). 

When the calcium cu~rent is surpressed. however, Purkinje cells behave in 

an err~tic fashion, pro'ducing prolonged and unregulated periods of high 

frequency firing. These observations do not support the buffer hypothesis 

for CaBP 
28K 

The calcium activated potassium channel is found in nearly 

every excitable cell (HUle, 1984) making control of meffiPrane excitability 

universally possible through this mechanism. This leavés the protein 

w1thout an attractive hypothesis for its funct1on. 

Although the study. reported here did not show any vitamin 0 

dependent calcium b1nding protein in the spinal cord, cerebellum, or 

sc1atic nerve, the idea of vitamin 0 having an action on neurons is highly 
, 

1ntriguing. Vitamin 0 induced alterations of the lipid composition of 

membranes has been demonstrated as early as 1972 in the ch1ck intestine 

(Goodman, Haussler and Rasmussen). Subsequently Rasmussen and his 
\ 

collaborators (1982) have reported that administration of 

1,25-dihydroxycholecalciferol to isolated brush border membrane ves1cles 

produces the following pr1mary effects: an increase in the rate of 

phosphat1dylcho11ne synthes1s and an 1ncrease in the content of 
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polyunsaturaied fatty acids in the phosphatidylcho11ne fraction. Both 

these events can be demonstrated in the presence of cycloheximtde. 

More recently Orueke and his colleagues (1985) showed in the rat, 

simultaneous increases of the influx veloc~ty of calcium and the ratio of 

\ phosphatidylcholine to phosphatidylethanolamine .aFter enterocyte vesicles 

taken From vitamin 0 replete rats were incubated in a medium conta1n1ng 

100 pM oF 1.25-dihydroxycholecalciferol. Other 1nvestigators (Hay, Mawer 

and Hassam. 1982) have reported that vitamin 0 deFicient animals fed a 

diet in which essential Fatty acids were replaced by saturated fatty 

acids, do not show an increase in intestinal calcium absorption when 

treated with 1,?5-dihydroxycolecalciferol. tiFurther, O'Ooherty (1979) has 

shown that l,25-dihydroxycholecalciferol stimulates the activity of 

phosphatidylcholine deacylation and reacylation enzymes in intestinal 

mucosal cells of the vitamin 0 deprived rat. 

The membrane effects of 1,25-dihydroxycholecalciferol have been 
, 

1ntegrated into ,a working tlypothesis (Rasmussen, Matsumoto, Fontaine and 
. 

Goodman, 1982). l,25-dihydroxycholecalciferol stimulates the synthes1s of 

phosphatidylcholine in the brush border membrane, and this phospholip1d 

fraction undergoes metabolism involving deacylat1on-reacylation. The 

reacylat10n leads to an increase in the content oF polyunsaturated fatty 

acids in the phosphat1dylcholine fraction. These two changes 1n membrane 

phospholipid composition result in an 1ncrease in membrane Flu1dity, which 

in turn brings about a change in the rate oF calcium transport across the 

brush border membrane. Rasmussen and coworkers (1982) speculate that the 
• 

composition of annular 11pids surrounding calcium carriers 1s effected by 

vitam;n O. 
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These studies prompted B1.kle and his collaborators (1984) to test 

whether membrane flufdity p1ays a ro1e in regulating calcium flux across 

the chick intestinal brush border membrane. Many observations they made 

agree with previ ous reports, however. there was a di screpancy intime 
-

between the 1 ,25-dihydroxycholecalc~ferol stimulated increase in calcium 

transport and the increase in membrane fluidity, unl1ke Matsumoto's study 
. 

(1981) which found that membrane fluidity preceded or increased 

simultaneously with the increase in calcium transport rate. Bikle \and 
\ 

coworkers (1984) concluded that modulation of membrane fluidity is an 

important means of regulating calcium transport across the intestinal 

brush border membrane, but the means by which 1,25-dihydroxychole-

calciferol regulates calcium transport across this membrane does not 

1nvolve a genera1 increase in membrane fluidi~y. Together' these reports 

demonstrate that 1,25-dihydroxycholecalcifero1 affects the' 1ipid 

compos ition of i ntestina l membranes, however the re l ationship of these 

changes to calcium transport is still controversial. 

An action on the membrane of neurons producing a change in the 

membrane resistance to ions can have drastic effects on the membrane 

potentia1 and conduction of the action potentia1 (Hille, 1984) .. Thus the 

classical thought of vitamin 0 action (ie. induction of genes) as well as 

the hypothesis in which 1,25 ... d1hydroxycholecalciferol produces effects via 

an action directly on membranes, raise many fascinating questions that 

need to be addressed in relation to the nervous system. Only further 

investigation will detennine the importance of vitamin 0 in nervous system 

phys iology. 
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