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ABSTRACT ;

< ;
\\

Rats vitamin D deficient from utero were cbmpared to vitamin D

W;‘e{ﬂete controls to test for vitamin D dependent calcium binding proteins

PRFRSEEPS |

in the so]ub]er(wo 000 X g supernatant) fraction from cerebellum, spinal
cord and sciatic nerve. The proteins were subjected to‘l polyacrylamide gel

e'lectt;}ophoreﬂs‘ (PAGE) 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).

°Sampw1es prépared from three antet:oposterior div‘isions,'

“cerv1:a1", “thoracic® and "“lumbar" of the spinal cord, showed six blue
staining bands of molecular weight: 107, 101, 80, 75, 60 and = 14
kilodalfons. The rat younger than 49 days postpartum did not show this 80
kilodaltons band on carbocyanine dye stained gels. A1l the blue bands:
present in the spinal cord PAGE profile except the 80 kilodaltons band wére
a]s'o found in the sciatic ner\;e. The cerebellum has four blue staining
bands of the following molecular weights: 116, 51, 28 and = 14
kilodaltons. In this study blue staining Hands were found to represent -
acidic proteins which can be precipitated with barium sulfate as can
calcium binding proteins of plasma and bone (Malhotra, 1979). After
removal of sodsl/um dodecyl sulfate (SDS) from gels, calcium ligating bandsu
were located by a radioautog/raphic method (Anthony and Babitch, 1984). The
cerebellum co;lta‘ined a 28 and a 14 kilodaltons band detectable tin ,thiﬁs
way. This 28 °kilodaltons calcium /bind1n’g band may represent the 28
kilodaltons calcium binding prote‘in"(CaBP%K) of rat kidney and brain

(Baimbridge, Miller and Parkes, 1982; Schreiner, Jande, Parkes, Lawson and

——
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Tyhomﬁss‘et? 1983) "for which vitamin D dependence has been shown in the
\

: .
kidney (Thomasset, Parkes and Cuisinier-Gleizes, 1982). Only one calcium
binding band "of 14 kilodaltons molecular 'weight was found in the spinal

. 1 ,
cord or the sciatic nerve. Neither the 28 nor the 14 kilodaftons bands‘

could:be shown to be vitamin D dependent. ~ .

\\\Tr: results of this study show that blue staining by the
carbocyanine dye can not be used as-a reliable indicator of calcium binding

" proteins and §uggest*‘that CaBPZBK ‘does not exist in the spiml cord or

sciatic nerve of the rat.

\*
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¢ — ’ RESUME

La présence de protéines 1iant le calcium a été comparée dans
la fraction soluble (100 000 X g) d'extraits de cervelet, de moelle
-y, épiniére et de nerf sciatique entre des rats carencés en vitamine D dés le
début de* la vie intra-utérine, et des rats témoins non carencés. Les
protéines de ces fraction{yont ééé séparées sur gel polyacrylamide %
électrophorése puis colorées au garbocyanine. Les proté;hes liant 1le
(¢? calcium forment des complexes en forme de J avec de colorant eﬁ
apparaissent sous forme de bandes bleues sur des gels “de polyacrylamide
(Cahpbe]]. MacLennan and Jorgensen, 1983). ~

—~ Led échantillons préparés & partir des régions "ceryicale",
ef‘ E “thoracique" et "lombaire" de 1la moelle épiniére, montrent six’ bandes
bleues dpnt']es poids molécylaires sont: 107, 105} 80, 75, 60 et =~ 14
kilodaltons. Les échantillons prélevés de rats‘agés de moins de 49 jours
aprés 1la najssangz-ne montrent pas la bandé de 80 k1loda1tons\§ur les gels
o ég<folorés a 1a carbocyanine. A 1'exception de cette bande de 80 kilodéltons,
toutes les autres bapdes bleues présentes dans le patron élect¥ophorétique
i@ de la moelle épiniére sont aussi retrouvéés dans celui du' nerf sciatique.
Le cervelet a quatre bandes bleues correspondant aux poids moléculaires
§h1vhnts: 116, 51, 28 et = 14 kilodaltons. Dans “cette JétudeJ 11 est

apparu que les bandes bleues représentent des protéines acides, lesquelles
peuvent &tre précipitées par le sulphate de bartum tout comme les pfotéines

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

( .
Aprés 1'élimipation du sulphate de sodium dodécylé des gels, les bandes
- 4
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’11antl le calcium ont' été révélées par radiocautographie (Antgﬁny and
Babitch, 1984). Par cette méthode, des bandes de 28 et 14 kilodaltons ont
été mises en évidence dans le cervelet. If est_;;ssﬁble que la bande de 28
kilodaltons 1liant 1le calcium soit 1la mémﬁlproté1ne que celle (CaBPééK)
retrouvée dans le rein et le cerveau du rat (Baimbridge, Miller and Parkes,
1982; Schreiner, Jande, Parkes, Lawson and Thomasset, 1983) et pour
Taquelle uné déﬁendance a ia vitamine D a été démontrée dans le rein .
(Thomasset, Parkes and Cuisinier-Gletzes, 1982). Une seuie bande de 14
kilodaltons liant le calcium a été retrouvée dans la moelle épiniére ainsi
que dans le nerf sciatique. Aucune des deux bandes de 28 ou de 14
kilodaltons n'a montré de dépendance & la vitamine D..

Les résultats de cette étud;\montrent que, la coloration bleue
obtenue avec 1le colorant carbocyanine ne - beut‘ 8tre uti11sée comme
1indicateur fiable pour 1'identification des protéines 1iant leacalcium. et

suggérent que la protéine CaBPZBK n'‘existe pas tant au niveau de la‘moelle

épiniére que dans le nerf sciatique du rat.
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STATEMENT OF THE PROBLEM

[

-3 ; 4 ' ’
Only two soluble calctum binding proteins are known to be

vitamin D dependent. They are the 28 kﬂodaﬂtons protein (caBPZBK) first

discovered in chick intestine (Wasserman and Taylor, 1963; Wasserman, 1980)

and the mammalian intestinal 9-10 kilodaltons calcium binding protein
(CaBPgK) (Warembourg, Perret and Thomasset, 1985). Imunoreéctivity}to

both these proteins exist in the rat kidney, and the antigen is vitamin D

* dependent’ (Thomasset, Desplan and Parkes, 1983). In the brain- there 1is

immunoreactivity to the 28 kilodaltons protein but it is not vitamin D

dependent (Taylor, 1974; Thomasset, Parkes and Cuisinier-Gleizes, 1982).
I‘rﬁabﬂity to demonstrate a vitamin D dependence for caBPZBK in
the brain, has been attributed to the Fact that central nervous system
neurons do not divide aft§5 embryonic deve]opmgnt (Taglor. 1974). Cells of
the intestinal mucosa and the kidney continue to divide during the life of
the rat (Messier and LeBlond, 1960). The 1implication of Taylor's
hypothesis is that; whether a cell wiﬂ‘ have v1ta;m1n D dependent calcium
binding protein 1im the Go state or not ;s depenldent on whether the gene
coding for this protein is induced ¥n the preceding G] pertod of the cell

+

cycle.

Unlike vitamin D deficient §n1ma1 models used fn the past. The
rats in this study have not been expo;ed to vitarr;;n D during development in
the’ womb or throughout their "postpartum 1ife. ,T'he experiments described in
this thesis were designed to -determ1ne if any soluble (100 000 X ¢
supernatant) calcium binding proteins ,présent in the nervoys system of

vitamin D replete rats are absent from these vitamin D deficient an1mais.



INTRODUCTION -~ ,

/'/“

1.1.1 Source, Fate and Action of 1,25-Dihydroxycholecalciferol in the Rat.
— . ' .
Cholecalciferol (vitamin .03) regulates calctum and pposphorus
homeostasis in the rat and other species (DeLuca and Schnoes, 19’83;- DebLuca,
1985; Karsenty.- Lacour, Ulmann, Pterandre; and Drueke, 1985). In vitamin
D deficiency, the intestinal absorption of calcium and phosphorus is
reduced, producing a~drop in the product of calcium and phosphorus in ghe'
extracellular fluid (Weinstein, Underwood, Hutson and Deluca, 1984).
Symptoﬁrs"‘of neuromuscular irritability, tetany and sometimes seizures are

produced; bone mineralization is impaired and growth is retarded (DeLuca,

1984). ) _ —
. Vitamin 03' is thought to be derived from

1-dehydrocholecalciferol by a photochemical reaction in the malpighian

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

" Scholer, 1985). Ultraviolet irradiation of 290-320 nm wavelength splits

the bond between cafbon atoms 9 and 10 1in 7-dehydrocholecalciferol
(Uskokovic, Partridge, Narwid and Baggiolini, 1980). The product is a
previtamin D, that slowly equilibrates with cholecalciferol (Holick,
Frommer, McNeill and Potts, 1977; DeLuca, 1985). Conversion to
cholecalciferol requires the rotation of ring A by .180° around the single
bond between carbon atoms 6 and 7, and the formation of a double bond
between carbon atoms at positions 10 and 19 (Uskokovic, Partridge, Narwid
arid Baggiolini, 1980). Presumably cholecaliciferol 4is absorbed into the
subepidermal microcirculation and Itrans;faorted to the liver via the plasma

(Norman, 1979; Stanbur'y, Mawer, Taylor and de Silva, 1980). To date,
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regu]ation of the photochemical reaction 'has not been demonstrated (Deluca,
1985).

Cholecalciferol 1;5 inactive and must be metabone*dﬂt:) its
active form, 1,25—d1hydroxycho1eca1;1fe.ro1. via an intermediate metabolite '
25-hydroxycholecalciferol (DeLuca and Schnoes, 1983;" DeLuca, 1985). Two
systems are capable of hydroxylating cholecalciferol at carbon 25; -one a
50 kilodaltons, -microsomal, mixed function monoxygenase dependent on
flavoprotein "and a cytochrome P-450 (Yoon and Deluca, 1980; Hayashi,
Noshiro and Okud;. 1986), the other a m1tochond\r1a1 system which
hydroxylates cholecalciferol and otheﬁr sterols at carbon 25 (Bjorkhem,
Holmberg, Oftebro and Pederson, 1980). Which of the two is ‘physviolognaﬂy
most important has been a'controversa1 issue '(Fraset;_.,'_l(’geo; Henry, 1980)
and a lot of work“haﬁ.' ;Je?n done to support one system or the other. _The
picture that emerges from these reports 1is that the mitochondrial
hydroxylase 1is of "“high capacity, 1low affinity" and the microsoma?
hydroxylase "low capacity, high affinity" (Fukushima, Nishil, “Suzuki. and
Suda, 1978; Bjorkhem and Holmberg, 1979). This being true, it would be
logical to conclude that the microsomal syster;a is more important whep‘ the
concentration of cholecalciferol is low 'and the mitochondrial system 1s
important when the concentration is high (Bjorkhem, Holmberg, Oftebré and
Pedersen, 1980; DelLuca, 1985).

’ The rate Yimiting reaction in the synthesis of 1,25-dihydroxy-
cholecalciferol 1‘s the 1-hydroxylation, the site of which 1in the
non-pregnant rat is the kidney (Henry, T980; Deluca, 1985). The

1-hydroxylase is a mitochondrial enzyme, and the data compiled thus far

support either a mixed function oxidase or a peroxidase mechanism for

P

cytochrome P-450 1in catalazing this hydroxylation (Warner, 1983). The

1-hydroxylase activity {is vregulated in response to the organism's
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requirement for Za1c1um and phosphorus (DeLuca, 1984). At least eleven
different factors have been 1implicated in controlling the 1-hydroxy)ase
activity (Henry, 1980; Fraser,'1980; Kumar, 1984). These include plasma
levels of: calcium, phosphorus, parathyroid hormone, 1,25-dihydroxychole-
calciferol and other hormones.

When synthesis o% 1,25-dihydroxycholecalciferol is suppressed,
tée 24-hydroxylation of 25-hydroxycholecalciferol is— activated and
“24-hydroxylation 1s 1inhibited when 1,25:d1hydrqucholeca1c1fero1 synthesis
s stimulated (DeLuca, 1985). No biologicaly significant role has been

—

found for the 24-hydroxylated metabolite (Jarnagin, Brommage, Deluca,

5 Yamada and Takayama, 1983: Brommage, Jarnagin, DelLuca, Yamada and
Takéyama, 1983; 6§Luca. 1985).
1,25;d1hydroxych01eca1c1fero] enters the plasma where it is
transported by vitamin D binding protein  (DBP) (Cooke, 1986).
1,25~dihydroxycholecalciferol 1is taken up by intestine, bone, kidney and
possibly other tissue; in which it may also have a function (Stumpf, Sar,
Reid, Tanaka and Deluca, 1979; Stumpf, Sar, Clark, Lieth and Deluca, 1980;
Jande, Maler and Lawson, 1981; Peterfy and Tenenhouse, 1982; Deluca and
Shnoes, 1983; Tsoukas, Provedini and Manolagas, 1984; Costa,.'Blau. and
Feldman, 1986; Warembourg, Perret and Thomasse?. 1986). The action of
1,25-dihydroxycholecalciferol has been best studied in ghe intestine, where
the hormone binds to a high affinity (Ky = 5x10"'' M) and low capacity,
cytosolic receptor that is likely to be required for the translocation of
the hormone into the nugleus (Kream and Deluca, 1977; Walters, Hunziker and
Norman, 19?0). The 1mp9rtance of this receptor has been dgmonstrated in

man. Individuals defective in the cytosolic receptor (vitamin 63—dependent,

rickets type II) are hypocalcemic and have secondary



* Cuisinier-Gleizes, 1982).
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hyperparathyroidism although plasma levels of 1,25-dihydroxycholecalciferol
may even be higher than normal in some cases (Pike, Allegretto, Kelly,
Donaldson, Marion, Mangelsdorf and Haussler, 1984).

Termination of 1,25-dihydroxycholecalciferol action 1{is by
conversion, mainly 1in the 1liver, kidney and intestine, to inactive
metabolites (Kumar, 1984). Within a 24 hour period, 25-30% of a
1,25-dihydroxycholecalciferol dose will be oxidized to calcitroic acid
(9,10—secocholesta—5,7,10(19)tr1eni—24,25,26,27—tetranor—1a,33—23—ogte) and
excreted in the bgle (Onisko, Esvelt, Schnoes -and Deluca, 19?0). Of the
remainder, about 10% will be hydroxylated to 1,24,25~
trihydroxycholecalciferol by renal mitochondria (Kleiner-Bossaller and
DeLuca, 1974; Kumar, 1984) and 20-25% will be excreted in the bile as
glucuronide and sulfate ﬁetabo]ites (Kuma}. } Nagubandi, Mattox and
Londowski, 1980). 15-20% of the glucuronide derivative. is probably reused
by the rat after hydrolysis to the free vitamin (Kumar, 1984).

In mucosal cells of the intestine, 1,25-dihydroxychoie-

calciferol induces the synthesis of a specific calcium binding protein

(CaBﬁgK) (Wasserman, Corradino and Taylor, 1968; Thomasset, Parkes and

r

—

.2. P dC ‘of Rat.
1.2.1 The CaB 9K an aqPZBK' ?at

]

Constituting 2% of the soiub1e prote1n§ in the absorptive layer

of the duodenal mucosa in the rat‘(Marche. Le Guern and Cassier, 1979;

Taytor, Gleason and Lankford, 1984; Warembourg, Perret -and Thomasset,

1985), is a 7 500 - 13 500 daltons molecule CCaBPgK) with two high affinity

(Kg =1 x 108 -1 x07 M) calcium binding sites (Thomasset, Desplan,
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Mqukhtar and Mathieu, 1981; Despaan. Heidmann, Lillie, Auffray and
Tngasset. 1983). CaBP9K is also found in the jejunum, ileum and cecum but

fn less than one fifth the amounts of the duodenum (Thomasset, Parkes and

.Cuisinier-Gleizes, 1982). The function of CaBP9K remains unknown. It was

demonstrated that 1,25-dihydroxycholecalciferol mediated calcium transport
is independent of .de novo protein synthesis (Bik]g, Zolock, Morrissey and
Herman, 1978) indicating that CaBPgK cannot be direct19 responsiéle for the
1,25-d1h§droxycholeca1c1fero] stimulated transport.

., "Antibodies raised against CaBPgK will immunoreact wfth antigens
in the ‘segments distal to the loop of Henle and proximal to the mid
colletting duct in the rat renal cortex (Schreiner, Jande, Parkes, Lawson
and'Thomasset. 1983). The’distribution of this immunoreactivity correlates
well with thé location of renal cells that have been shown to take up
1,25-d1hydcoxycholeca1cifero] into the nucleus (Stumpf, Sar, Narbaitz,
Reid, DgLuca and Tanaka, 1980; Mani]]jer. Farman, Bonjour and Bonvalet,

1985). Anqﬁhér investigation found no correlation between cells that take

up " 1,25-dihydroxycholecalciferol gnd the distribution of the

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

could not distinguish between specific nuclear uptake and non—specifi&

“

cytosolic uptake in their homogenates (Schreiner, Jande, Parkes, Lawson and

“Thomasset, 1983). A study using cytosol from whole kidney has demonstrated

a 3.3 S high affinity binding component for 1,25-dihydroxycholecalciferol

which is believed to be the cytosolic receptor for the hormone (Chandier,

Pike and Haussler, 1979). L

- v

In the rat kidney and cerebellum there iJs a cytosolic 28
kilodaltons calcium binding protein (caBPZBK) with four high affinity

calcium binding sites (K, = 1 x 108 -1 x1073 M) (Baimbridge, Miller and

v

Parkes, 1982; Thomasset, Desplan and Parkes, 1983). CaBPzaK
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binds alkaline earth metals, in order of decreasing affinity, as follows:
calcium > strontidm > barium > magnesium (Taylorzn1980). It also exists
in duodenal enterocytes but in smal]er‘amounts {(Moriuchi, Yamanouchi and
Hosoya, 1975; Thomasset, Parkes and Cuisinier-Gleizes, 1982; Schreiner,
Jan&e. Parkes, Lawson and Thomasset, 1983). rThis 28 kilodaltons protein 13
localized in the renal cortex and is found almost exclusively in the distal

\ L\ -
convoluted tubule with some- amounts detectable in the collecting duct

(Schreiner, Jande, Parkesi Lawson and Thomasset, 71983). The kidney and
cerebellar CaBP28K have been compared: they are identical immunologicaly
and behave similarly - 'on two dimensional isoelectric focusing/
electrophoresis, they are acidic (plI = 4.3) and have very similar amino
. acid compositions with a high content of aspartic and gqlutamic acid
residues (van Eldik, Zendegui, Marshak and ﬁatterson. 1982; Intrator,
Baudier, Elion, Thomasset and Brehier,!1985). The peptide maps obtained
after tryptic and chymotryptic digestion, in the aﬁgénce of calcium, are
fdentital and the amino terminal sequence of both proteins 1§ 1dent1ca[§
The major difference is their vitamin D dependence; the @ﬁdney
protein is dependent on the vitamin D status of the animal and the
cerebellar protein is not (Thomasset, Parkes and .Cuisinier-Gleizes, 1982).
Thirty day old vitamin D ‘deficient rats have in their cerebellum CaBP28K
equal 1in quantity to controls and the amount does not change after the rats
_are 1pjécted ‘1ntraper1tonea11y wjth 100 ng/100 g body weight of
1,25-dihydroxycholecalciferoi (Thomasset, Parkes and Cuisinfer-Gleizes,
1982). The serum calcium concentration in the treated animals rose from:
about 7 to 12 mg/d]l and the CaBP28K in the gut and the kidney rose to

normal levels. When the distribution of radiolabelled

1,25-dthydroxycholecalciferol, ~ in the brain, 1s compared to that of
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1
immunoreactive CaBP K there is a poor relationship (Jande, Maler and

Lawson, 1981). Notably no detectable f,25-d1hydroxycholeca?c1Fero] or its

receptor has been reported in. the cerebellum where CaBP28K is found in

.large amounts (Stqmpf, Sar, .Ctark, Lteth and DeLuca, 1980; Thomasset,

Parkes and Cuisinier-Gleizes, 1982).

In the brain CaBP28K is specific to neuéons. with the highest
quantities in the Purkinje cells of the cerebellum (15 ug/mg total soluble
cerebellum protein) and the dentéfe gyrus of the hippocampus (1.71 wg/mg
total soluble protein) (Baimbridge, Miller and Parkes, 1982). The CaBP28K
concentration increases linearly from embryonjc day 17 to a maiimum at post
gestational day 30, remains constant until day 70 and has dropped markedly
by day 210 (Thomasset,wParkes and Cuisinier-Gleizes, 1982). There, is no
correlation between the period over which the concentration of this

cerebellar protein rises and the period in which Purkinje cells

proliferaté.! The Purkinje cell population originates on emhryonic day. 14

(Rodier, 1977). ’

A role that has been suggested éor CaBP28K in the central
nervous system is one of intracellular buffer for ca1c1um.(Jande. Mater and
Lawson, 19871; Baimbridge and Mi]Aer, 1984).. In attempting to correlate
CaBP28K levels with hyperexcitability of neurons, Baimbridge and Miller
conducted the following series of experiments. When kindling stimuli via
electrodgs chronically implanted in the midline commissural pathway were
given to rats, CaBPz8K céntent decreased progreésive]y and was
significantly lower (16.6%, P < 0.01) than controls after only 10 kindling
trials (Baimbridge ang Miller, 1984). °Ir_1 the hippocam%us CaBP28K is found

exclusively in the dentate granule and CA1/CA2 pyramidal cells, together

. with scattered “ ' interneurons (Baimbridge "and Miller, 1984).



Commissural kindled ,r‘ats loose CaBPZBK selectively from dentate granule
0 cells (Miller and Baimbridge, 1983). It is nsignificaﬁni that the major
projection of the dentate gyrus is to the CA3/CA4 pyramid::ﬂ region which 1s
a focus for epileptiform activity (Wong, Traub and Miles, 1984). 1t needs

to be determined however, whether the drop in CaBP28K following kindling is

a causative faC¢tor or a consequence to the seizure activity.

1.3.1 Solublp NonVitamin D Related Calcium Binding Proteins of the

’ Nervous System. ;

Four low molecular weight, soluble calcfum q*inding prote1n;:
parvf'-ﬂbumin, calmodulin,. CaBPZBK, and the heterogenousl group of 'proteins
designated S5-100 (the acronym signifies their partial solubility in
saturated ammonium sulfate at neutral pH, Van Eldik, Zendegui, Marshak and

o Watterson, 1982), are known to exist in the nervous system of “the rat.
Other than CaBp?BK' for which vitamin D-dependence has been shown in the
kidney, there is no evidence that they are vitamin D dependent (Van Eldik,
Zendegui, Marshak and Watterson, 1982). Nucleotide sequence homologies

- within the genes coding for these four calcium binding proteins suggests
that they have evolved from a common progenitor (Desplan, Heidmann, Lilldie,
Auffray and Tho‘r‘nasset, 1983; Epstein, Means and Be;chtow. 19867.~

They share a calcium binding structure des%gnated an EF hand
that was originally described in parvalbumin (Kretsinger, 1981). This

Efm1n is formed by two helical regions, whilch‘m parvalbumin are the’

L

E-helix, the F-helix, and a twelve amino acid Tloop cqnnect‘ing them.
CaBPzaK contains an additional calcium binding structure that differs from

o the EF hand by the nature--of the calcium ligating atoms (Seamon and
Kretsinger, 1983). In the EF hand 1t is mainly oxygens from amino acid
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side chains that 1ligate the calcium and 1in the second type of calcium

b1nd‘1ng stte ﬁi CaBP 8K the calctum chelating atoms of oxygen are dérﬁived
from carbonyl groups in the peptide backbone (Van Eldik, Zendegui, Marshak

1

and Watterson, 1982).

1.3.2 Parvalbumin. \>

— Parvalbumin is a 12 kilodaltons, écidic, calcium binding
protein which in mammals is found 1in high concent.rations in fast twitch
;nu.;,cle (Blu;n. Lehky, Kohler, Stein and ‘Fiscrher. 1977; Heizmann, 1584).

An immunologically identical protein bhas been found in the
central nervous system (ﬁosseH‘h—Rey, Piront and Gerday, 5978; Celio and
Heizmann, 1981). Very small immunoreactive neurons and positive punctate
"structures can be seen in Rexed lamina IIb of - the spinal cord dorsal
horns. Motoneﬁ?::)n terminals in the ventral horns and myelinated axons in
the dorsal funiculi were also labelled. I°n spinal ganglia, immunolabelling
was restricted to the large cells and in the peripheral nerves to large
diameter axons (Celio and Heizmann, 1981). During development, brain’
‘parvalbumin begirns to increase at postnatal day 5, reaches a maximum at
postnatal day 20 and remains constant thereafter (Berchtold and Means,
1985). The .increase during development is only slight and the maximum
parvalbumin level is much lower than in fast twitch muscle.

Type three parvalbumin is the best studied, the properties of

the others are assumed to be indistinguishable from the carp muscle

o

protein. Carp parvalbumin binds two calciums with a dissociation constant
of 1 x 10—7M. The dissocidtion constant for magnesium is 1 x 10'4 and that

for sodium is 1 x 10—2M (van E1dik, Zendegui, Marshak and Watterson,

1982). The parvalbumin molecule consists of six alpha helical regions
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denoted by 1letters A-F. Calcium ions are bound by the peptide regfions

between helices C and D and-between:hé1ices E and F (Epstein, Means and

‘Berchtold, 1986). i
Y ..‘y?

The CD and EF hands each form octahedral calcium binding

®structures that are related to each other by an approximate 2 fold axis
(Seamon and Kretsinger, 1983). The six 11§ands in the octahedral structure
are mainly side chain oxygen atoms of the protein (aspartaté-90,
aspartate-92, aspartate-93 and‘g1utamate—101). A peptide carbonyl oxygen
Z]ysine—gﬁ) is the 1ligand at one ve}te;, and water bonded to glycine-98 is
the oxygen 1ligand at the other vertex of the loop (Van Eldik, Zendegui,
Marshak and Watterson, 1982). Although a lot is known about the three
dimensional structure of parva]pumin, its function in the central nervous

system is still obscure (Berchtold and Means, 1985).

1.3.3 Calmodulin.

Calmodulin, a monomeric proteip, has been purified and
characterized from several mammalian sources including brain (Klee, Crouch
and Richman, 1980; Means, Tash and Chafouleas, 1982). It is a 148 residue,
16 790 &altons, acidic protein (pI = 3.9-4.3) conta1n1nq-27 g]utam1c:ac1d
and 22 aspartic acid residues (Watterson, Sharief and Vanaman, 1980;
Corm1er,‘ 1983). Partition of calmodultin Dbetween tﬁe soluble and
particulate fractions 1in brgin, bepe;ds on the presence of calcium or
ethylene glycol-bis (aminoethylether)N,N'-tetraacetic ac1di (EGT%) in the

homogenizing medium. In rat brain 58% of the total caimodulin 1is

particulate in the presence of 0.1 mM calctum chloride, versus 78% in the

presence of 2 mM EGTA (Kakiuchi et al, 1978).°

®

%
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Calmodu]in‘1s resistant to elevated temperatures. A solution
containing calmodulin can be heated for 5 minutes at 90°C with no
appreciable loss of biological activity, as assessed by the ability to
stimulate phosphodiesterase or myosin 1ight chain kipase (Means, Tash and
Chafouleas, 1982). Although calmodulin is heat resistant, it is not truly
heat stable. The half 1ife of the protein at 100°C is 7 minutes (Beale,
Dedman and Means, 1977). In the presence of calcium, calmodulin wil)
restst denaturation by 8 mo]ar.hrea o; 1% sodium d;decyl sulfate (Dedman,
Potter, Jackson, Johnson gnd Means, 1977).

It is established that calmodulin cont;1ns four metal ion
binding sites of the EF hand type (Van Eldik, iendegui, Marshak and
Watterson, 1982). These calcium binding sites are in pomains I (beginning
a¥ the NHz-terminal portion) through IV (the COOH-terminal portioen of the
prote1nfﬁ(Watterson. Sharief and Vanaman, 1980). Abogt 70% of the amino
acids 1in QOma1ns I and III are. identical and a similar homology exists
between domains Il and IV (Means, Tasq an% Chafouleas, 1982). Reports on

the affinity and specificity of the bihding sites for calcium vary

considerably (Klee, Crouch’ and Richman 193d; Prozialeck and Weiss, 1985).

‘The latesfﬁ model predicts that: the four sites are equal, bind both

calcium and magnesium with positive cooperativity and have dissociation

constants in the micromolar and millimolar range for calcium and magnesium

respectively (Iida and Potter, 1986). -

In the absence of calcium, 40X of the protein exists in an
a-helical configuration (Dedman, Potter, Jackson, Johnson and Means,
1977). The binéing of calctum to calmodulin increases ;he helicity to
greater than 50X and exposes a highly lipophilic region of the nm]gcule

\
(Tanaka and Hidaka, 1980). This change in conformation is mandatory for the

)
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regulation of all calmodulin modulated molecules described thus far (Means,
Tash and Chafouleas, 1982). Calmodulin is view;; as an intracellular
receptor for calcium, regulating the activity of various molecules 1in a
calcium dependent manner (Kretsinger,/1981).

- . / © -

1.3.4 5-100 - (

\

o

5—106 describes a heterogenous 'poputation of acidic (pl = 4.1), low
molecular weight, calcium binding proteins, composed of two structurally rela-
ted subunits o« and B (Van Eldik, Zendégui. Marshak and Watterson, 1982).

*S$S-100b constitutes almost 90% of thé S-100 proteins and is a dimer
composed of two 10 SOb daltons B-subunits (Baudier,» Labourdette and Gerard,

1985). Each B-subunit contains one high affinity (K, = 2x107°

M) and two low
affinity (Kd = 1x10-4 M)-calcium b1ndqu sites of which the high affinity site'
ts of the EF hand type (Isobe, Ishioka and Okuyama, 1981; Baudier, Labourdettep

and Gerard, 1985). S-?OOaﬂjyvtein is @ dimer of a and B-subunits (Masure,
Head_and Tice,_1984), The 10 400 daltons «-subunit is characterized by: the
presence of‘a tryptophan which is absent from the B-subunit, and the presenc;
o; a single cysteine unlike the B-subunit which has two (Isobe, Ishioka and
Okdyama, 1981). Thr€e percent of the S-100 proteins is formed.by S~100o which
is an ajsubunit dimer (Masure, Head and Tice, 1984).

Originally isolated from brain and thought to be specific® to glial
cells, S-100 protein has now been reportéﬁ to be presént in a number of
tissues (Suzuki, Nakajima and Kato, 1982). In the rat, the highest levelsaof'
S-100 protein are found in the central nervous system, adipose tissue and the

trachea while in the 1liver 1t is absent (Hidaka et al., 1983; Michetti,

Dell1'Anna, Tiberio and Cocchia, 1983). The folliculostellate.cells of the
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pituitary (Nakajima, Yamaguch! and—Takahashi, 1980), satellite cells of the
adrenal medulla (Cocchia and Michetti, 1981), and the skin (Suzuki, Nakajima
and Katd, 1982) contain lower amounts but significantly higher than several
other tissues that were tested from the raf (Hidaka et al., 1983). The larger
portion of S-100 in the central nervous 'system is in glia, although a small
amount exists in neurons (Packman, Blomstrand and Hamberger, 1971; Tabuchi and
Kirsch, 1975). 1In the peripheral nervous system, it is primarily a neuronal
protein (Miani et al, 1972). " S

The majority of these studies have used antibodies raised against
$-100 protein and can not make a distinction between the distribution ‘of
$-100a from that of S-100b. The function of S-100 in these tissues is not
known (%yzuk1, Nakajima and Kato, ,1982; Van E1dik, Zendegui, ,Marshak and

Watterson, 1982; Baudier, Labourdette and Gerard, 1985).

¢



: METHODS

"

2.1.1 Experimental Animals. .

-—

Twenty-one qay old female Sprague Dawley rats were maintained on a
v1tam1pn D free diet (ICN Nutritional Biochemicals, Clevaland, Ohio, diet
AIN‘ 76A to which vitamin D has not been supplemented) for B8 weeks (Table
2.1). These rats, termed the parental generation, were then mated w1}h
male Sprague Dawleys receiving Purina Rat Chow (#50}2.< Ralston Purina Co.,
U.S.A.) and all subsequent generat%ons from these fnat1ngs was kept on the
vitémin D fn;?e diet. The first fﬂ'!_:i.] genera;don (F]) females‘were mated

with normal males to produce the vitamin D deficient rats (F2) used in

this study. Rats were housed in a colony room, isolated from external

1ight and 11t by an incandescent source filtered for UV wavelengths. The

vitamin D deficient rats used for experimentation were between 35 and 90
days old. The Spragug Dawley con‘éro]s were purchased ﬁ;rom Charles River
(Charles River Canada Inc., St-Constant, Que.) and maintained on Pu.r1na'
Rat Chow. Both experimental and control animals were on a 12 hour dark

and 12 hour 1ight schedule in rooms maintained at 22°C.

-

2.2 Preparation of SampTes.‘

2.2.1 Dissection.
/
During the dissection speed and preventidp of contamination with

other tissues was a preoccupation. Rats were exsanguinated by

o
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AMERICAN INSTITUTE OF NUTRITION
AIN-76 SEMIPURIFID DIET, Rat or Mouse

This diet may be modified but will be listed as a modified AIN-76

Semipurified Diet *Tademark pending
Composition: )

Casein PurifiedHigh Nitrogen . ................ 20.0%
DL-Methionine .....c.oiiiiieeniiiiennenennn, . 0.3%
CornStarch ... ot e e 15.0%
SUCIOSe .. .t it s et e e, 50.0%
Fiber (Alphacel non-nutritivebulk) ............. 5.0%
CornOil. ... e e 5.0%
AINMineralMix ... ... .. coiiiiiiiiia, 3.5%
AINVitamin Mix. .. ... ittt i e iiitaiaionns. 1.0%
CholineBitartrate. . ..............coeinnn, - 02%

The exact formulation for this diet recommended by the American
Institute of Nutrition is intended for growth and maintenance dur-
ing the first year of life Investigators should be aware that diets
high insucrose can be caricgenic, ond that some strains of rats fed
such diels may develop kidney lesions after extended periods.

The diet has been found to be satisfactory for reproduction and
lactation in both rats and mice.

If used for deficiency studies, modifications will be necessary. If
uvsedinultira-clean environment, several trace elements should be
added (Fed. Proc. 33, 1748, 1758, 1767, 1773, 1974).

Note: See Second Report of the ad hoc Commuttee on Slondords
for Nutritional.Siudies. |

AIN MINERAL MIXTURE 76

Composition: gm/Kg of muxture
Calcium Phosphate, Dibasic (CaHPO.) ... . .... 500.00
SodiumChlonde (NaCl) ........ S . 74.00
Potassium Cilrate, Monohydrote .70 .. ...
(HOC(COOK)CH.COOK)a® H:Q ..... ....... 220.00
Potassium Sulfate (KaSQ4) ........... A 52.00
Magnesium Oxide (Mg0O) . ..., .. ... 24,00
Manganous Carbonate (43- 48% Mn) ..... e 3.50
FerricCilrate (16-17% Fe) .-.................. 6.00
ZincCorbonole (70% ZnO).. ................. 1.60
CupricCarbonate (53-55% Cu). ................ 0.30
Potassium lodate (KIO,)... ... .....0.. ...... 0.0!
Sedium Selenite (No:Se0:*5H.0) ............ 0.0!
CHromium Potassium Sulfate (CrK(SO.); ® 12H,0 . 0.55
Sucrose, finelypowdered ..................... 118.00

-

“AIN VITAMIN MIXTURE 76 -

Composition: . per Kg of mixture
ThiomineHCl ... ... .o, 600.0 mg
Ribbflavin . .. ... . i e 600.0 mg
PyridoxineHCl ................. Ceeeetenenn 700.0 mg
NicotinicAcid . ...........coinviennnn ieeenes 3.0gm
D-Calcium Pantothenate.........c.ooevvnnnn.. 1.6gm
FolicAcid ... .ottt 200.0 mg
D-Biotin. ... i i e e e 20.0mg
Cyanocobolamin (Vit. B-12) ... ................ 1.0mg
Retinyl Polmitate (Vit. A), Pre-\mi}(250.000 iU/7gm) 1.6gm

dl-a-Tocopheryl Acetate

Table 2.1 Composition of the vitamin D deficient diet.

S

@
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decapitation after 1ight ether anaesthesia. Using scissors, the vertebral
column was separated from the animal and. the spinal cord removed. The
cords were but into Sorval centrifuge tubes containing the appropriate
med ium fnd kept on fice. Ap?rox1mate1y 400 mg of spinal cord was obtaingd
from a 250 gm rat apd one spigal cord homogenized in 700 ul of medium
produced a soluble Jfraction with a concentration of about 4.5 mg/m!

protein.
2.2.2 Homogenizing Medium.

250 mM sucrose was used as the hoqggen1zing medium. It was prepared
fn 250 m1 volumes aﬁd kept refrigérated. In the experiments where the
homogenizing medium was changeg, the additives were pipetted from stock
solutions adjusted to pH 7.2 The protease inhibitor  PMSF
(phenyimethanesulfonylfluoride) was purchased from Sigma Chemical Co.,

St.touis, U.S.A..

2.2.3 ‘So]ubi}jzation.u

Using a Brinkman polytron set at maximum ,épeed, the tissue was
homogenized on fice with 4-5 strokes of about fhree seconds each. The
polytron tip was c]eaneduafter each tube to prevent cross contamination.
The homogenate was centrifuged; fi:st at 800 X g for 15 minutes then twice -

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

each centrifugation step \and fransferred to a new tube, The ftnal

\
\
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‘ collected sample was about 250 wl in vo'lhme. This was pipetted into a
4 )

- glass tube, 1labelled and kept in the freezer (-20°C) if it was not used

" immediately.

2.2.4 Concentration of Samples.

Only when necessary, samples were concentrated using vacuum

dtalysis on ice with 800 nm pore size (12 000 MW cutoff) col‘lodBon bags:.

—— Although proteins smaller than the cutoff such as C<aBPQK would’be Tost

during dialysis, there was no apparent difference between the PAGE profile

of concentrated samples and those that were not dialysed. _

&

€

2.3 Po]yacn\]amide‘ee] Electrophoresis.

[¢]

2.3.1 Preparation and Running of Polyacrylamide Gels.

A discontinuous buffer system was used for sodium dodecyl sulfate
polyacrylamide gel eiectrophoresis (SDS—PAGE) by the method of Laemm)i
(1970) " as described by Hames and Ricwood (1981).. 250 ul1 samples wer‘e'
prepuared in the fc;ﬂomng way: an altiquot of the cyt‘osoHc fraction was
diluted in a solution of 2% SDS, 1% DTT (dithiot'}hreitol). 0.08% tracking
dye *(bromophenot—blue), 10% glycerol and completed to 250 ul wusing
reservoir buffer. The samp1e; were immersed in boﬂin;; water for 5

minutes and &llowed to cool to room temperature pHor to loading into

N

wells. I

Polyacrylamide gels (1.5 mm thick) of 5% stacking and 10% separating

gel were prepared from 30X acrylamide stock solution, 0.38M Tris-HC1 (pH

e e

é.a. separating gel buffer), 0.125M Tris-HC1 (pH 6.8, stacking ge) buffer)
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and SOS (0.1% in separating gel, 0.05X stacking gel). Polymerization was

catalyzed us1ng~TEHED (N,N.N]

,N].—tetramethylethy]ened1am1ne) and ammontum
persulfate. ‘

The reservoir buffer. contained 0.0075M SDS plus 0.41M glycine and was

. adjusted to pH 8.3 with Tris;Base. Ten well slab ‘gels with 100 w1

sample/well were run at 1215 mA/gel through the stacking gel and 35 mA/gel
through the separating gel. . l
. The fol]ow%ng molecular weight standards (Biorad Chemical Division,
Richmond, Cal. 94854) were used: phgsphory]ase B (92 500), bovine serum
albumin (66 200), ovalbumin (45 %00). carbonic anhydrase (31 000),
soybean trypsin inhibitor (21 500), and lysozyme (14 400).

L4 B

2.3.2 staining of Gels. ’ .

[

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

alcohol for 24 hours, then with 10% acetic acid and 10% isopropyl alcohol
for. 24 hours, and finally with 10% .1isopropyl alcohol for 12 hours.

9

Duplicate gels were stained individually 1in solutions of Coomassie
Brilliant Blue (Reisnel, Nemes and Bucholtz, 1975) or the light sensitive
carbocyanine dye (Stains-all) (Campbell, MaELennan and Jorgensén, 1983).

The carbocyanine dye (Sigma Chemiga] Co., St.}ouis); was prepared as
described by Campbell, Maclennan and Jorgensen (1983). This procedure has
been optimized for blue staining of calcium binding proteins. The ge}s
were stained by shaking overnight in a plastic box’k19x14x16cm) containing
250 ml of solution and wrapped in a]uh1n1um foil.

The duplicate gel was stained for 30 minutes with 200 m1 0.5%

coomassie brilliant blue (Biorad R;250) in a pyrex dish (22x12x5¢m) and by

@
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shakiﬁ&. The coomassie stained gels were destained using 250 ml of 20X

acetic acid 10% methanol solution, changed frequently over a 12 hour

period. ) ) .
‘i

]

2.3.3 Drying of Gels. .

Gels were dripd at 80°C using the Biorad Slab Gel Drier. The drier
was connected to al vacuum pump through a 1000 m1 flask which was immersed
in methanol coole? with dry ice. Biorad Fi]t;r Papeﬁ‘Backing was wetted
and spread on the drier. The gel was placed onto the backing directly

\
from the solution in which it .was sitting and covered with Biorad Dialysis

Membrane Backing. /

2.3.4 Dens1toméiry.

ey

U

Densitometry of the carbocyaniﬁe dye stained gels were performed in
the dark. The absorbance pattern at 605 ﬁm, of gel tracks were produced’
using an EC910; densitometer and a Pharmacia pen recorder (Pharmacia,
Uppsala, Sweden). Different proteins will bind the carbocyanine dye to
different extents, hence quantitative determination of the amount ?f a
particular protein after it is stainéd requires a standard curve for that
protein. Because none of the proteins were purified, it was not possible

to produce a standard curve thus the rélative quantitat1on of protein’

bands by this method is not precise.

v v

&



* 2.3.5 Photography of Gels.

20

Photographs were taken in the department using gels “directly from
destaining (Coomassie Blue stained gels)' or tpé carbocyanine dye
solutions. Gels were i1luminated from beneath and during photography of
the carbocyanine dye stained- gels all ambient 1ight was removed.
Kodacolor VR100 or Ektachrome 200 fiIlm was used with a yellow filter.
Processing of the film Qas done at a commercial photography laboratory.

7

2.4.1 Calmodulin, Parvalbumin and Radioactive Calcium.

The radioactive calcium was purchased from ICN Biomedicals (ICN
Biomedicals Inc..,Irvine California 95715). The radionuc11d1c=pur1ty is
99+%¥ and' the specific activity of the 1lots that werea used range from
6.18-9.42 mCi/mg calcium. Calmodutin (phosphodiesterase 3':5-cyclic

Q
nucleotide activator from bovine brain) was bought from Sigma as was

rabbit muscle parvalbumin. .
2.5 Assays and Molecular Weight Determination.

2.5.1 Determination of Protein Concentration.

~

Protein concentrations were determined with a modified Lowry asséy
(Lowry, Rosebrough, Farr and Randall, 1951). Two percent sodium
carbonate in &éo (solution A), 1% copper sulfate (solution B]). 2% sodium
c1£rate (solution 82), IN sodium hydrozide, andlphéno1 reagent diluted 1:2

with H20 were used. 200 1l of the protein sample dilutions
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were made alkaline with 200 w1 of IN sodium hydroxide. After 10 minutes,
2 m of solution C (98% salution A, 1% solution B;.n1% solution B,) was
added. 10 minutes later 200 w1 of the folin reagent was pipetted and the

absorbance was read at 750 nm 20 minutes afterwards.

2.5 Serum Assays.

Calctum and phosphorus. in the serum were measured using specific
diagnostic kits from the Lancer d1v{;10n of Sherwood Medical, St.Llouis,
MO. Serum parathy§o1d hormone (PTH) was measured wjth the midmolecule
rad1o1mmunoas§ay kit (Immuno Nuclear Corporation, Stillwater, MN). No -
serum assays for vitamin D were conducted, as this animal model has been

repeatedly tested in this laboratory for serum vitamin D ‘and has been

shown to be vitanin D deficient (Glijer, Peterfy and Tenenhouse, 1985).

—

;3

2.5.3 Determination of Protein Band Molecular Weights.

1:20 dilutedraiorad Tow mo]ecu]ar weight protein standards were run
adjacent to samples on each gel. With the relative mobility (Rf=distance
migrated by the band/distance migrated by the dye front) of these
standards and the 1log of their known molecular weights, a 1linear
regression program of the Hewlett Packard model 33E calculator was used to
form a standard curve. Using individual curves for each gel and the
calculator program, the molecular weight of identifiable bands was
determined by their relative mobility. The mean of separate molecular

weight determinations was used as the molecular weight of that band.

v

b



2.6 Detection of Calcium Binding Proteins.
2.6.1 Batch Chromatography.

Batch chromatography was performed on ice. In a Sorval tube 1.5 ml
of DLAE Cellulose (Whatman) wés equilibrated to pH 8.2 by washing 10 times
with 5 ml of phosphate buffer. 900 ug of protein s@fple (400 wl) was
added. The tube was sealed with parafilm and inverted repeatedly over 10
mintttes to allow mixture of‘ the sample with the gel. The m1xt_ure was
centrifuged (= 1 min, 800 X gq) a)nd tr)e supernatant collected for
analysis. This process was repeated with 500 wl of 0.025, 0.05, 0.1, 0.2
and 0.5M sodium chloride solutions, the: supernatant being collected each

i

time for analysis. - ,

2.6.2 Bebrium Sulfate Precipitation of Proteins.

Barium sulfate precipitation of proteins was performed on ice by a
modification of the method of Li and Olson (1967). " 35 mg/ml of Barium
su]rfa_te was added to the 100 000 X g supernate in a conical tube, and
covered with parafilim. The‘ mixture was inverted intermittently over a
period of 2 hours. The solution was transferred to a centrifuge tub_e and
spun for 20 minutes at 1 500 X g and 4°C. The pellet was washed twice
with 0.25 times supernate volume of 0.1M potass‘i‘um oxalate in 0.15M sodium
chloride solution. Using a fine tip spatula the pellet was stirred in the
potassium oxalate during each washing and then centrifuged for 2 minutes

. v L\ ,
at 800 X g. The resultant pellet was washed twice, using “the same

technique as above in 0.25 times supernate volumes of 0.15M sodfum ct'ﬂoﬁde



D

v ) 23

solution. Protein was eluted from the Barium sulfate by a wash with 0.25-
times lshpernate volume of 0.2M sodium citrate solution. Durning this wash
the pellet was disrupted wusing a _fime tip spatula and 1nverted'
fntermittently over\\a 1 hour .period. The mixture was centrifdged at 800 X

g for 2 minutes and \\the supernatant collected.
L \

45 ~
2.6.3 Detection of Calcium Binding Proteins by Calcium Radioautography.

/)
' A1l incubations were done at room temperature with solutions prepared

that day. Following electrophoresis 45ca1c1um binding was performed as

described by Mnthony and Babitch (1984) which is a modification of two
previously reported methods (Schibeci and Martonosi,‘ 1980; Maruye;ma,
‘Mikawa and Ebashi, 1984). A non-stained gel was put into a plastic box
{19x14x6¢cm) and washed for 24. hours by shaking with 250 ml of 25%
isopropyl alcohol-10% acetic acid; then with 250 ml of 10% isopropy1l
alcoho1-10% acetic acid for a second 24 hours. A third wash was perf’o;'med

<

in 250 m) of H_O for 30 minutes. For 60 minutes the éels were incubated
with 0.4mCi/L of 45ca1c1dm chloride with g)nstant shaking, - in non SDS
reservoir buffer (pH 8.4) containing 1mM magnesium chloride and O0.1M
potassium chloride. The ge{ was. theh washed with non SDS buffer,
containing TmM magnesium chloride and 0.1M potassium chloride, by shaking
fo/r 80 rpinutés. A final wash was performed in 250 ml 'of H20 by shaking

for 10 minutes: The gels were dried and. exposed to Kodak X-AR fiim for-.

varying lengths of time (2-7 days).
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RESULTS
3.1.1 Polyacrylamide Gel Electrophoretic Profile of the Rat Spinai Cord.

Soluble -protein from spinal cord was subjected to PAGE and stained
with the .carbocyanine dye to determine 4if any bands will stain blue.
Female and male spinal cords from animals of ages between 21 and 90 day's
old were analyzed. Gels stained with the carbocyanine aye éxh1b1ted both
pink and blue bands although there were fewer bands a;‘:parent than on
coomassie blue stained gels. Tt;e bands that stain blue are believed to
represent interaction of the carbocyanine dye with macromolecules in a
one—to—gne ratio of dye to anion site a:wd have absorbance maxima between
t'>00-€>15~ nm (Bean, ‘Shepard. Kay and Walwick, 1965; Campbell, MaclLennan and
Jorgensen, 1983). Calmodulin was run on a gel ‘and stained with the
carbocyanine dye. It appears as a blué band at the dye fror;t (Figure 3.1
A). .

Tissue obtained from male and fem§1e rats were indistinguishable from
one another on gels stained with either coomassie blue or the carbocyanine
dye (Figures 3.1 and 3.2). Protein samples from spinal cords of rats
younger than 49 days show five blue staining bands on gels stained with the
carbocyanine dye (Figures’3.1 B and 3.2 A). These bands are of the
following eStimated molecular weights: 107, 101, 75, 60 and = 14
kilodaltons. The molecular weights are the means calculated from a

statistical sample of 222-260 rats. Samples from rats older than 49 days
exhibit an additional ’band 6f 80 kilodaltons, but no 28 kilodaltons- blue

staining band was detected in either aﬁe group (Figure 3.3 A,B). Duplicate

gels stained with coomassie blue show no difference between spinal cords

from young or mature animals (Figures 3.1 C and 3.2 B).

H



4

4 e

Figure 3.1. A,B,C. PAGE of the soluble fraction of spinal cord protein;
from male rét. and of calmodulin. These are 10X acrylamide gels (29:0.8
ratio of acrylamider bis-acry1am1d§) and migration 1is toward the anode.
(A) Calmodulin run adjacent to pr;}ein standa?ds and .stained, with the

carbocyanine dye. (B) Gel stained with the carbocyanine dye. In lanes 1,

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 80 kilodaltons blue band appear?V

in the 49 and 56 ”day animal' samples. (C) Coomassie blue stained

duplicate to the gel shown in Figure 3.1 A.
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Figure 3.2 A,B. Separation of female rat spinal cord- éroteins as
described in Figure 3.1. Lanes 1, 2, 3, 4, 5, 6, 7 and 8 represent
samples from 21, 28, 35, 42, 49, 56,L63 and 70 day old rats respectively.
(A) Gel stained with the carbocyahine dye. An 80 kilodaltons blue band is
present in samples fro& 49, 56 and §3 day old rats. (B) Coomassie blue

stained duplicate to the gel shown in Figure 3.2 A.
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Figure 3.3 A,B. _Densitometric analysis of uge1s stained with the
carbocyanine dye. (A) Sample from a 31 day old male rat. (B) A sample

taken from a 52 day old male rat, showing both 80 and 75 kilodalton bands.

¢

¢



Ve .
ANOHA JAQ4'——=— T

:
= R i . T e -t
S SCEE LI EENO A . A
(I . ......_._.w L ' KR | ta '
i i HE v | . 1o ' .
vn-- -A t ..“ 4 ' R .- N
P T, 0 : . . R
B R “.. t _"" .
T R T ) .

-

') :';"_'_
A
| “

: vx/'\J Al
Bl
L\KE/?L

|

MIGRATION ——

-



"-\vp‘ .

' RN
- 28

3.1.2 Effect Produced on the PAGE Profile by Different Homogenizing Media.

The original medium used was 0.25M sucrose a non-ionic solution
jsotonfc with plasma. Divalent cations are known to affect the activity
of hydro1yt1c enzymes (Fullmer, Wasserman, Hamilton, Huang and Cohn, 1975;
Van Eldik, Zendegui, Marshak and Watterson, 1982) that alter the tertiary
structure of the ca1;1um binding proteins and divalent cations may.
interfere with the staining of macromolecules by the carbocyanine dye
(taday and Steiner,  1985). Once the PAGE profi]e\of the spinal cord in

the absence of added cations was established, experiments were conducted
to determine what effect addej?f%tions or chelation of metal jons have on

th¥s profile.

Four divalent cations were tested separaie]y: 1 mM calcium chloride,

5 mM magnesium chloride, S_mM manganese chloride, 1 mM barium chloride and
the chelator of metal ions EDTA (ethylenediamine tetraacetate)'was tested
at 2 mM concentration. '

This experiment demonstrated that, the EXBE 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 identically. The 107 and 101 kilodalton bands are not visible
on gels stained with either the carbocyanine dye or coomassie blue, when
divalent cations are added to the homogenizing medium (lanes 2 and 4 in
Figure 3.4 A.B). When the tissue 1is homogenizeds with added divalent
cations, there is no apparent blue band.at 75 kilodaltons when the gel is
stained with the carbocyanine dye, and at 60 kilodaltons the blue staining
s weaker on both coomassie and carbocyanine dye stained gels (lanes 2 and

4 in Figure 3.4 A and B). .0f the media thai were tested 0.25 M sucroée



%iqure 3.4 A,B. The effect produced on the PAGE profile of the quésl
cord soluble fraction by different ho?ogen1zing media. Samples run in
lanes 2, 3 and 4 had in the homogenizing medium, in addition to 0:25 M
" sucrose, 1 mM calcium chloride, 2 mM EDTA and 5 mM magnesium chloride
respectively. (A) Gel stained with the carbocyanine dye. The 107, 101
and 75 kilodaTton blue bands are n:)t. visible ’and blue staining at the 60
kilodaltons site is weaker’in the samples to whtch divalent cations were
added to the homogenizing medium. (B) -Coomassie blue stained duplicate to
the gel shown in A. The staining fn the 60 kilodaltons area is reduced

and the 107 and 101 kilodalton bands have not stained in lanes 2 and 4.
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and 0.25 M sucrose with‘2 mM EDTA produced the greatest number of blue
bands in carbocyanine dye stained gels. There was no apparent advantage
to adding EDTA thus Q.ZS M sucrose by itself was used as the homogenizing
medtum. In this system too many bands are present to determine if there

¥s a migration shift of any macromolecule as described by -Byrgess and

coworkers (1980) for calmodulin after it has bound calcium.

3.1.3 Use of Protease Inhibitor.

Addition of the protease inhibitor PMSF (phenyimethane-
sulfonylfluoride) to produce a final concentration in the homogenizattion
medium of .1 mM, did not alter the spina1 cord soluble fraction pattern
as see& on PAGE. The samples shown in Figure 3.4 A and Figure 3.4 8
contain PMSF. Note that the sucrose lane profile is not different from

previous figures in which PMSF was not present, hence no PMSF was used in

subsequent experiments.

I3

3.1.4 Spinal Cord PAGE Profile of “Cervical*, “Thoracic" and “Lumbar®

-~

Segments.

To test for any regional differences in the blue bands produced by

the caercyan1ne dye, spinal cords were separated into three segments by
gutting at the level of the f1}st and the last rib dividing the cord
into: “cervical" \(most prox%ma]), “thoracic" (m1dd1e)i and “lumbar*
(distal) segments. Soluble protein extracts from-each segment were run
separately. There was no difference among these three levels or between

any of these divisions and the entire cord (Figure 3.5).
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3.2.1 Polyacrylamide Gel Electrophoretic Profile of Rat Cerebellum. \
Based on the fact that calcium binding proteins on SDS-gels are

sta1aed blue by the carbocyanine dye (Campbell, MacLennan and Jorgensen,

1983), 1t should be possible to demonstrate a blue staining band

corresponding to CaBPZBK (Thomasset, Parkes and Cuisinier-Gleizes, 1982)

in the PAGE profile of the soluble fraction from rat cerebellum.
-The cerebellum frgm rats of the following ages: 28, 35, 42, 49, 56,
////%;:; and 70 days were prepared as describeq in the methods for the spinal
cord. * 300 ug of total soluble protein was run 1in each well on the
ratfonal that this quantity permitted good separation of proteins in the
. spinal cord experiments. The concentrations of CaBP28K in the cerebellum
is repo;zed to be 15 ug/mg total soluble protein {Baimbridge, Miller and
Parkes, 1982) hence it is estimated that 4.5 ug of CaBP is present per

28K
lane. 4 wug of calsequestrin stains very strongly with this dye

(Campbell, HacLénnan and Jorgensen, 1983).

The PAGE profile showed four blue staining bands-of the following
estimated molecular weights: 116, 51, 28 and = 14 kilodaltons (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 kilodaltons band can represent caBP28K° Th?; band does not

correspond to the molecular weight of any ather soluble calcium binding

t
protein of the rat central nervous system that 1is described in the

1iterature (Van Eldik, Zendegui, Marshak and Watterson, 1982).

3.3 Partial Purification of Bands that Stain Blue with the Carbocyanine

‘tjg -, 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', “thoracic" 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 sepsrated by PAGE
as described in Figure 3.1. Each lane répresents the sample from a rat 7

days older than the one run in the lané to the immediate left. The sample
¢

A}

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

Batch‘ chromatography, using DEAE-cellulose (diethylamino-~
ethyl—cel]u]&se). was performed on the soluble fraction of spinal cord
homogenates from 60 day old‘ma1e»rats in an attempt to pariia{ly purify
proteins that stain blue with the carbocyanine dye. - This experiment
demonstrates that the blue staining banﬂg are only eluted off the anion

exchange resin with 0.5 M sodium chloride, suggesting~ that they are highly

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

correlate with blue staining, a ‘finding that hés been reported previously

(Campbell, MacLennan and Jorgensen, 1983). —

3.3.2 Barium Su]gate Precipitation of Proteins.
Barium sulfate is used to precipitate proteins that cqnta1n a high
proportion of gamma—carboxyglu;qmic acid residues. It 1s'a method most
frequently used for the purification of clotting factors from plasma
(Malhotra, 1979; Lian, Reit, Roufosse, Glimcher and Gallop, 1979). With
this techﬁiﬁue it was possible.-to demonstrate that on]j‘nwcromolecules
which form the J comb]ex with the carbbcyanine dye are barium sulfate

precipitable (Figure 3.8 A).

3.4.1 é%ﬁding of Radjoactive Calcium to Bands on Polyacrylamide Gels.

©

Ee]

A radioautographic method which has been shown to detect calcium

1 <
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Figure 3.7 A,B. Elution of J complex forming bands off DEAE cellulose.
Standards are run on the far left. Non—ad';orbed macromolecules are in
- lane 1, subsequent lanes show proteins eluted using 0.025, 0.05, 0.1, 0.2

and 0.5 M sodium chloride. The 5%7 and 101 kilodalton bands are not
f

ractions, indicating that they have
. {
either not eluted off the DEAE ¢ Ht{lose or that they have deteriorated.
X D SRY J
(A) Gel stained with the carbocyanine dye and (B) its coomassie blue

apparent in any of the coHectez

stained duplicate.
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Figure 3.8 A,B. Barium sulfate nfecipitatedgproteins. (A) Carbocyanine
statned gel w{th standards run in the first 1ane.z The fraction of
proteins that 6rec1p1tated from solution are run in lane 3 and the rest in
lane 2. (B) Coomassie blue stained duplicate to the gel described in A.
The high 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.

et
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binding proteins in polyacrylamide gels (Schibeci and Martonosi, 1980;
Anthony and Babitch, 1984) was used to determine whether the carbocyanine

45ca]cium. 50, 100, 250, and 500 ug of

dye stained blue bands bind
total protein from soluble extracts of spinal\cord homogenates were run in
separate lanes on a }0% acrylamide gel. No lzbelling above background was
defectab1e in lanes containing 50 and 100 pg of total protein. The lane
in which 500 wg of protein was run had:about twice the quantity of
radioactive calcfum bound as the 1lane containing 250 ug of protein
(Figure 3.9). The labelling: s markedly higher than the  background,
resembles a PAGE band, and is absent from the {éne in which standards were
run (Figure' 3.10, fane ﬂ1f. "It 1s specific gg -lanes in which protein
sémples were run and directly dependent oa fhe quantity of pfofein‘run in

the lane (Figure 3.9). These factors argue against any artefactua]
precipitation of the radioactive‘calcium or binding to fhé‘trgcking dye. !
When .a° radioautographic experiment was performed on a 10% acryla-
mide gel in which barium sulfate precipitable proteins wererrun separate
from non barium sulfate adsorbed proteins, again ,only one band was
labelled (Figure 3.10). fhe band was in the lane with the barium sulfate
precipitable prdféins and it had a relativ;\mobility‘of 1. Although this
ca1£1u6 binding band found in the §p1na1 cord of thg rat stains blue with

the carbocyanine dye, every blue staining band does not bind calciume



o
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Figure 3.9. Radioautograph of a gel with different amounts of total
spinal cord 'soluble fraction protein in each lane. Lanes 1, 2, 3 and 4
have 500, 250, 100 and 50 ug of sample respectively. Labelling can be

detected only in the lanes with 250 and 500 ug of total protein.

-

Eigure 3.10. Radioautograph of a similar gel to that shown 1n Figure 3.8
A. The 1labelled band is in the lane with barium sulfate precipitable

proteins. Standards are run in lane 1 and show no labelled bands.

* ‘ s
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3.5 cCalcium Binding Proteins of the Vitamin D Deficient Rat.

]

3.5.1. The Vitamin D Deficient Rat Model.

The parental. and the F] generation rats show ‘retarded growth such
that after 8 weeks on the vitamin D free diet they are ‘less-than 70% the
weight of rats on purina rat ctiow (Glijer, Peterfy and Tenenhouse, 1985).
At 8 week? both generations have calcium in their serum that is about ong
half the normal concentration (Glijer, Peterfy and Tenenhouse, 1985).
Their serum phosphorus concentratiion s normal and they have secondary
hyperparathyroidism as evidenced by the high level of pérathyrow hormone |
(PTH) in their seru;r; (Glijer, Peterfy and Tenenhouse, 1985).

Disappearance of 1,25-dihydroxycholecalciferol in the serum of rats
from the parental generation is slow. After 8 weeks on the vitamin D free
diet the serum concentration of 1,25-dihydroxycholecalciferol is 13.3
pg/ml, approximately I25% of that found in" the serum of control rats
(Glijer, Peterfy and Tenenhouse, 1985)., Twelve weeks- after they are ’
started on the vitamin D deh’c‘ient di\et, 1.25—d“¢hydroxycho]eca1c1f’erol is
stil] detectable in the serum of parental generation females although 1in
amounts close to the detection 1imit of the assay (10 pg of
1,25-dihydroxycholecalciferol in a 10 ml plasma sample). The F1
generation has no detectable 1,25-dihydroxychotecalctferal in their serum
(Glijer, Peterfy and Tenenhouse, 1985).

Ssymptoms of severe vitamin D deficiency are apparent in the F2 rats.
Animals of this colony exhibit retarded growth (Figure 3.11), have_an

awkward gait and are the only generation on the .vitamin D free diet th:at
develop full motor seizures. F2 rats are severely hypocalcemic, with
plasma calcium one half of controls (Table 3.1), they have PTH levels in

the plasma elevated 3 fold and their phospﬁate is normal (Table 3.1).
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Figure 3.11. Body weight of F2 t:'a'cs as a percent of controls. Each point
represents a mean + the standard error of the mean (N = 4-25).
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- l_/'l T T T T T T 1
4 6 8 10
AGE (WEEKS)
' /
VITAMIN D SERUM SERUM | SERUM
STATUS " CALCIUM PHOSPHORUS PARATHYROID
HORMONE
mg/d1l ' mg/d1 pmole/L
D+ 10.40 + 0.35 (3) 9.17 + 1.01 (3) 62.4 + 14.30 (3)
D- 0 4.52 £ 0.32 (1) (7.93 + 0.45 (4) 180.0 + 25.50 (4)

Table 3.1 Serum concentration of calcium, phosphorus and parathyroid
4ormone in control and vitamin D deficient rats used in this study. The N

values are given in brackets.
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3.5.2 Binding of Radioactive Calctum tb Parvalbumin and the Soluble
Fraction of Cerebellum from Vitamin D Replete and Deficient Rats.

'A known calcium binding protein was u‘ to test this
radioautographic techn?qué. 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 F2 male rats and vitamin
D replete controls were then compared. nThey are identical as demonstrated
by the'calcium binding bands on the radioautograph (Figure 3.12). Four
hundred micgograms‘of soluble protein from vitamin D def}cient and vitamin
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 kilodaltons 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 Sciatic Nerve from
vitamin D Deficient Feqfle Rat. |
s

The soluble fraction from spinal cord and sciatic nerve of vitamin D
replete and ﬁz vitamin D deficient female rats were compared. Among 35,
60, and 90 day old rats, there’was no difference between the péttern of
samples run on polyacrylamide gels (Figure 3.13 shows only 90 day old
rats), or the number and molecular weight of the calcium ligating bands.
A1l the J complex forming bands present in the spinal cor& pattern, except
one, were found in the PAGE profile of the sciatic nerve. The 80
kilodaltons blue band was absent from the sciatic nervé. The sciatic

nerve samples 1tke the spinal cord had only one calctum binding protein

(Figure 3.14).

£
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Figure 3.12. Radioautograph of parvalbumin and the soluble fraction of

. cerebeltums from vitamin D replete and vitamin D deficient male rats. '

%
Lane 1 has 7 wug of parvalbumin while lanes 2 and 3 contain 400 ug of

total protein from the cerebellar soluble fraction of vitamin D replete

]

and vitamin D deficient rats respectively.
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Figure 3.13. Separatifon of the soluble fraction of sciatic nerve and
spinal cord proteins, from vitamin D deficient and control rats. R‘un in
the first two lanes are spinal cord\ samp?es»from 90 day female, vitamin D
deficie'nt rats. Run in the third lane is the pooled sp]ub]e fraction of
sciatic nerve proteins from these two animals. The last lanes are spinal

cord and sciatic nerve samples of 90 day control rats.

Figure 3.14. -Radioautograph of a 'gel on which spinal cord‘and sctatic
nerve samples from 90 day old female, vitamin D deficient and control rats
are run. Ffour )anes are present: the first two lanes are samples from
vitamin D deficient rat spinal cord and scﬁtic nerve resbective]y, the
second two are spinal cord and sciatic nerve samples from control raEs.
A11 the 1lanes contain only one band that binds radioactive calcium. In

each lane the band ha§ a relative mobility of 1.
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ISCUSSION

The objective of this project was to rapidly screen severa) segments
of the rat nervous system for calcium binding proteins and to determine
whether fhese proteins can be shown to be vitamin D dependent uting this
model. The methods that were used, though somewhat crude, are rapid and
sufficie&t]y sensitive Foﬁ' our purposes. As all the J complex forming
bands ‘did not bind calcium 1in the radioautographic /exper1ments. blue
staining by the carbocyanine dye can not’be used as a reliable indicator
of calcium binding proteins. It appears that any acidic protein with
several anionic sites will stain blue. ::i\“

v The J-state arises zprough reaction of individual dye molecules with
Particular sites and is a function of dye configuration and concentration
(Bean, Shepard, Kay and Walwick, 1965; Campbell, MacLennan and Jorgensen,

1983). As the average spacing between anionic groups in macromolecules is

increased, there 1is a shift from the alpha band to the J band (Green,

Pastewka and Peacock, 1973). The carbocyanine dye interacts with anionic:

sites on chromotropes that include: carboxyl, pho%phate, suiphate and

cysteic acid groups. Carboxyl groups are most frequently associated with
the J-state (Bean, Shepard, Kay and. Walwick, 1965).

Known calcium binding proteins: calsequestrin, calmodulin, troponin
€ and S-100, on polyacrylamide gels, _interact with the carbocyanine dye
and appear as blue bands with absorbance maxima at 600-615 nm (Campbell,
MaclLennan and Jorgensen, 1983). The carbocyanine dye fgrms J complexes
,with six SDS gel bands of the soluble fraction from spinal cord

q&ﬁ%

homogenates of rats 49 days of age or older.

*
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A;% the known soluble calcium binding proteins of_the EF hand type
are acidic (Kretsinger, 1981; Wasserman, 1980) but all acidic proteins:
need not be "calcium binding proteins® (Williams, 1980). Having sevéral
glutamic acid residues wilT make the protein: capable of interacting with
the carbocyanine dye to produce the J state and prééﬁpitab]e by barium
sulfate (Figure 3.8 A) (Malhotra, 1979).

The 80 kilodaltons band that appears on carbocyaniine dye stalned
gels, in rats older than 45 days, does not correlate with any"known
vitamin D related phenomenon and does not correspond in ho]ecular weight
to any of the central nervous system soluble EF hand type, calcium binding
proteins (van tldik, Zendegui, Marshak and watteé%%n, 1982). It is not
I%kely to be a high affinity calcium binding protein sigce it did not bind
calcium in the radioautographi? experiments.

The bands that were shown to bind calcium are composed of

macromolecules that bind calcium selectivelys The other bands that stain

‘blue with the carbocyanine dye are not lahelled with the radioactive

calcium, possibly because the magnesium in the incubation medium is able
to compete effectively with calcium for the non-specific anionic sites.
Reports have appeared 1n the literature that demonstrate renaturation of
proteins af;er removal of SDS from the gel by washing. O0lden and Yamada
(1979) showed that several proteins retain their antigen?c propertiés,
while Lacks and Springhorn (1980) have reported that several monomeric
enzymes regain their acf\vity. The original radioautographic method, to
the one that was used in this thesis, was shown to detect as 1little as 2
4G of the high affinity calcium binding protein of sarcoplasmic reticulum
(Schibect and Martonosi, 1980). This sensitivity was increased 40 fold by
the modification of Anthony and Babitch (1984). With the radioautographic
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method thaf$was used in this thesis they were able to“heiect as little as
0.5 ug of any EF hand type calcium binding protein.

Like calmodulin, parvalbumin and S-100, the Rf=1.0 bands (Figures 3.9
and 3.12) migrate in the 14 kilodaltons range and bind calctum. The above
three proteins have differént properties (Berchtold, Heizmann and Nilsgn.
1983) that can be used to determine which of them if any, constitute this
Rf = 1.6 band. Because this band was "also present in rachitic rat samples
it was not analyzed further. '

. In this 1laboratory, the definition of vitamin D deficiency in
experimental rats, requires that no 1:25—d1hydroxycho]eca]c1fergl be
detectahle in a sample of serum. The assgy which is used has a detection
1imit of 10 pg 1,25-d1hydroxycholeca1cf¢fio1 in a 10 ml plasma sample.
Although no serum 1,25-djhyd:oxycholeca1c1fero] assay was done for the
animals that weré used as v%tamin D deficien?. thé F1 rats ha&e been
repeated1§ examined by members ,of the Tlaboratory (Glijer, Peterfy,
Tenenhouse, 1985) and were found to have no detectable
1,25-dihydroxycholecalciferol 1n' their serum. Furthermore the serum
7

levels of calcium that were measured in the F2 rats (Table 3.1), and the

tarded growth they exhibit (Figure 3.11), strongly-argue that these rats

e in vitamin D. The F2 rats are the only generation that show
'fu11‘motor seizures, indicating that the effects of vitamin D deficiency
are even more severe in this generat;on than those préked1ng it.

It is demonstrated that the rat cerebellum has a 28 kilodaltons
calcium binding protein which is absent from the spinal cord (Figures 3.9.
and ?.12). The 1labelling in the 28 'kilodaltons rangé appears as a
dohblet. The “significance of ihis is notY known, however 1t has been
observed forvtaBP28K in tissue homogenates subjected to PAGk (Celio..
Scharer, Morrison, Norman and Bloom 1986). The only cereb;11ar ta]ciuq

Y
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binding protein of 28 kilodaltons molecular weight that is described in

the l1iterature is CaBPzaK. The calcium binding band that was detected in

this study, migrates on gel electrophoresis as 28 kilodaltons and the band

is split as is the CaBP28K band when the homogenate fraction containing

CapP28K is subjected to PAGE. No 28 kilodaltons calcium binding protein

other than CaBPZBK has been reported for the rat cerebellum. These
observaiions suggest that the 28 kilodaltons calcium binding protein which

was found in the cerebellum (Figure 3.12) is CaBPZBK' however there is no

immunological study in this ‘thesis to confirm it. ' The 28 kilodaltons

, pretein is present in both the vitamin D deficient rat cerebellar samples

<
.~

and the vitamin D replete ones.. As previous -studies which did not use
this animal model, no vitamin D dependent calcium binding protein was
found 1in the cerebe]]uﬁu the spinal cord or sciatic nerve of the rat.
From the samples which .were dfa1y2ed, any protein which is smaller than

4
the 12 kilodaitons cutoff will pg 105%@ No attempts were made to look for

proteiné smaller than 12 kilodaltons in this stydy.

‘ The different CaBP28K response of tissues, to changes in vitamin D

status, has beer attributed to different rates of cell turnover (Taylor,

1974; Thomasset, Parkes and Cuisinier-Gleizes, 1982). caP is also

found in the chick 1ntestiné, kidney and brain (Taylor, 1980). Wasserman
and Taylor (1972) found that the rate of disappearénce of CaBP28K from the

intestine and kidney of rachitic chicks —correlates with the rate of

elimination of 3H—thymidine from prelabelled -DNA in cells containing

caBPZBK’ THoﬁa&set andnﬁer colleagues (1982) reborted that although the

level of CaBPzaK in the kidney and intestine of the rat is reduced by

vitamin D deprivation, the CaBP in the cerebe;]um s not. Cél]s of the

28K
but turnover at a rate of about once every 48-96 hours (Birge and Alpers,

1973; tawson, 1978) while those of the central nervou§ system do'nét turn

over (Messier and Leblpnd, 1960).
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These. authors make a correlation between vitamin D depéndence of
CaBPZBK in the tissue and cell turnover but give no suggestions why the
two should be related. Clues may be obtained from work that has been done

in other hormone systems. As dé;cribed by Palmiter (1983), exposure of
the avian oviduct at day 14 to estrogen for two days, leaves the oviduct
permanently committed to resﬁond to progesterone. Similar. irreversible
steroid effects are the basis of phenotypic sex deterfnination by androgens
(Pafmiter, 1983). In both these systgms the changes persist in the
absence of the primary hormone stimulus. It has been suggested that these
hormones. produce changes in chromatin proteins (e.g. methylation of
cytosine residues) that results in the continual transcription of the
effected gene (Palmiter, 1983). If induction of genes by vitamin D is
permanent, then brain cells exposed to vitamin D at any part of their cell
cycle will continue producing CaBp28K° In renal and,intestinal tissue
there are always new cells that are born which have not been exposed to
vitamin D and who will respond to the hormoné. The vitamin D deficient
samples that were tested in this thesis are from tissue whose cells have
not been exposed to vitamin D at any part of the cé]] cycle.

If the 28 kilodaltons calcium binding protein that was found in the
cerebéllum is ,CaBP28K' why then could it not be shown to be vitamin D
dependent. The answer to this is not known, however it 1is reasonable to
speculate the following. Although the serum 1,25-dihydroxycholecalciferol
level may be an indication o} the liver and kidney hydroxylase activities,
other enzymes may -be synthesizing 1,25-dihydroxycholecalciferol 1in

[ =
specific parts of the brain. How well the serum 1,25-dihydroxychole-

o~

calciferol 'rsflects the Tlevel at target sites in the central nervous

system is not known. The brain may be “self-sufficient* in vitamin D.

-~
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A point to consider is the fact that the pH optima for calcium

binding by CaBPzBK is pH 6.3 and pH 9.3 (Ingerscll and Wasserman, 1971).

The gel and radioautographic experiments were conducted at pH 8.4. To

de?ermine the pH optima for calcium binding Ingersoll and Wasserman (1971)
used the Chelex 100 assay. The interpretation of this assay is d1ff1cu1tl
because it does not measure specifically CaBP28K binding. of calcium.
Binding by other molecules will be measured as well. However, they

produce data showing that the maximal binding activity of CaBP28K is ‘at pH
o, \
6.3 and at pH 8.3 only 84X of this maximum is obtained. This difference

in pH s not likely to be responsible for the absence of any detectable
CaBP in the spinal cord. The activity at pH 8.4 is still high and if

28K
the protein did exist it would appear 1in the carbocyanine dye stained

gels. The rational for using pH 8.3 is that it is a pH.well above most
protein isoelectric points. All calcium binding proteins are 1ikely to be

capable of chelating calcium at this pH although it may not be optimal for

any particular one.

Absence of the blood-brain barrier and a different peurog11a type
from that of the central nervous system were reasons why the sciatic nerve
of the two animal types was compared. The sciatﬁc nerve is compesed of
two individual nerves, the Tibial and Common Peroneal bound in a sheath of
connective tissue. The origin of these nerves is the spinal cord. They
are’formed by the fusion of spinal nerves from the level of L4 to S3. The
neuroglia 1in the periphery, the Schwann cells, are physiologically
different %rom the central o]igodendroglia (Raine, 1981). The sciatic
nerve samples show a Rf = 1.0 calcium binding band and although this

t

tissue is free of the blood brain barrier, no vitamin D dependent calcium
[

binding protein could be detected. It can not be said if the Rf = 1.0

k4
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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 1intravenous injection 1,25-dihydroxycholecalciferol
can be traced in central neurons (Stumpf, Sar, Clark, Lieth and Deluca,
1980), the ability of 1,25-dihydroxycholecalciferol and 25-hydroxychole-
ca]d@fero1 to cross the blood brain barrier is small (Taylor, 1974). Only
2.2% of '[3ﬁ]1,25-d1hydroxycho1eca1c1fero} injected 1into the carotid
artery was taken up after a single passage through the brain (Gascon-Barré
and Huet, 1983). The radiolabelled hormone that does cross th~ blood
brain barrier 1is localized at sites that correlate poorly with the
distribution of CaBP28K immunoreactivity (Jande, Maler and Lawson, 1981).
Furthermore no receptor for 7,25—dihydroxycholecé]cifero] has been found
in the cerebellum (Thomasset, Parkes and Cuisinier-Gleizes, 1982). Thus a
reassessment of 1,25-dihydroxycholecalciferol target cells and of current
concepts for its mode of action is required. .

Several proteins of comparable molecular weight can share
determinants but need not be identical. It is important theregore, to
establish which of these brain antigenst recognized by CaBPZBK antibody,
is indeed calcium binding. A ragioautographic method such as the one used
in ‘this study 1is useful for such an analysis. Using calctum binding
function together with an assay for the 1,25-dihydroxycholecalciferol
receptor, it may be possible to make a better correlation between vitamin
D target cells and CaBPZBK in the central nervous system.

Some 1investigators have suggested that a role of CaBP28K in the
mémma11an central nervous system is one of intracellular calcium buffer,

possibly preventing the spread of intracellular calcium (Jande, Maler and

Lawson , 1981) and that reduction of intracellular caBPZBK broduces

-
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hyperexcitability of the neuron (Baimbridge and Miller, 1984).
Significantly, Purkinje cells show‘ tetrodotoxin (TTX) insensitive .
spontaneous bursting (Llinas and Sugimori, 1980a). Calcium spiking and
calcium dependent potassium changes are the main events underlying this
behavior (Llinas and Sugimori, 1980b). Entry of ca]ciqm through voltage
dependent channels triggers a potassium conductance~ that moves the
membrane potential away from threshold. This calcium and potassium
activity is viewed as the most significant self-regulatory mechanism in
long term excitability of Purkinje cells (Llinas and Sugimori, 1980a).
When the calcium current is surpressed, however, Purkinje cells behave in
an erratic fashion, producing prolonged and unregulated pér1ods of high
frequency firing. These observations do not support the buffer hypothesis
for CaBPzBK. The calcium activated potassium channel is found in nearly
every excitable cell (Hille, 1984) making control of membrane excitabi]ify
universally possible through this mechanism. This 1leaves the protein
without an attractive hypothesis for its function.

Although the study reported here did not show any vitamin 'D
dependent calcium binding ‘protein in the spinal cord, cerebellum, or
sctatic nerve, the idea of vitamin D having an action on neurons is highly
intriguing. Vitamin D 1induced alterations of the 11p;d compos1fion of
membranes has been demonstrated as early as 1972 in the chick intestine
(Goodman, Haussler and Rasmussen). Subsequently Rasmussen and his
collaborators (1982) have reported that \administration of
1,25-dihydroxycholecalciferol to 1so1atgd brush border membrare vesicles
produces the following primary effects: an increase 1in the rate of

]

phosphatidylcholine synthesis and an increase in the content of
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polyunsaturated fatty acids 1in the phosphatidylcholine fraction. Both
these events can be demonstrated in the presence of cycloheximide.

More recently ODrueke and his colleagues (1985) showed in the rat,
simultaneous 1increases of the influx velocity of calcium and the ratio of
phosphatidy]cho11n€ to phosphatidylethanolamine after enterocyte vesicles
taken from vitamin D replete rats were incubated in a medium conté1n1ng
100 pM of 1,25-dihydroxycholecalciferol. Other investigators (Hay, Mawer
and Hassam, 1982) have reported that vitamin D deficient animals fed a
diet 1in which essential fatty acids were replaced by saturated fatty
acids, do not show an increase in intestinal calcium absorption when
treated with 1,25-dihydroxycolecalciferol. [;Further, 0'Doherty (1979) has
shown that 1,25-dihydroxycholecalciferol stimulates the ;ct1v1ty of
‘ phosphatidylcholine 9deacy1ation and reacylation enzymes 1in 1{intestinal
mucosal cells of the vitamin D deprived rat.

The membrane effects of 1,25-dihydroxycholecalciferol have been
integrated 1nto§5 working shypothesis (Rasmussen, Matsumoto, Fontaine and
Goodman, 1982). 1,25-d1hydroxycho1eca1c1férol stimulates the synthesis of
phosphatidylcholine in the brush border membrane, and this phosphotipid
fraction undergoes metabolism involving deacylation-reacylation. The
reacylation {;ads to an increase 1in the content of polyunsaturated fatty
acids in the phosphatidylcholine fraction. These two changes in membrane
phospholipid composition result in an increase in membrane fluidity, which
in turn brings about a change in the rate of calcium transport across the
brush border membrane. Rasmussen and coworkefs (1982) speculate that the

composition of annular 1ipids surrounding calcium carriers is effected by

vitamin D. .
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These studies prompted ’Bikle and his collaborators (1984) to test
whether membrane fluidity plays a role 1in regulating calcium flux across
the chick 1n~testinal brush border membrane. Many observations they made
agree with previous reports, however. there was a discrepancy in time

between the 1,25~dihydroxycholecalciferol stimulated increase in calcium

_ transport and the increase 1in membrane fluidity, unlike Matsumoto's study

(1981) wh%ch found that membrane fluidity preceded or increased
simultaneously with the 1increase 1in calcium transport rate. Bikle \gnd
coworkers (1984) concluded that modulation of membrane fluidity is an
1mportant, means of regulating calcium transport across Lthe intestinal
brush border membrane, but the means by which l,és—dihydroxychole—
calciferol regulates calcium transport across this membrane does not
involve a general increase in membrane fluidity. Together- these reports
demonstrate that 1,25-dihydroxycholecalciferol affects the  1ipid
composition of intestinal membranes, howe\)er the relationship 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
potential and conduction of the action potential (Hille, 1984).. Thus the
classical thought of vitamin D action (ie. induction of genes) as well as
the hypothesis in which 1,25~dfhydroxycholecalciferol 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 determine the importance of vitamin D in nervous system

physiology.
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